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The contribution of penicillin-binding protein 5 (PBP 5) to intrinsic and acquired (3-lactam resistance was
investigated by constructing isogenic strains of Enterococcus faecium producing different PBP 5. The pbp5 genes
from three E. faecium clinical isolates (BM4107, D344, and H80721) were cloned into the shuttle vector pAT392
and introduced into E. faecium D344S, a spontaneous derivative of E. faecium D344 highly susceptible to
ampicillin due to deletion of pbp5 (MIC, 0.03 pg/ml). Immunodetection of PBPS indicated that cloning of the
pbpS5 genes into pAT392 resulted in moderate overproduction of PBP 5 in comparison to wild-type strains. This
difference may be attributed to a difference in gene copy number. Expression of the pbp5 genes from BM4107
(MIC, 2 pg/ml), D344 (MIC, 24 pg/ml), and H80721 (MIC, 512 pg/ml) in D344S conferred relatively low levels
of resistance to ampicillin (MICs, 6, 12, and 20 pg/ml, respectively). A methionine-to-alanine substitution was
introduced at position 485 of the BM4107 PBP 5 by site-directed mutagenesis. In contrast to previous
hypotheses based on comparison of nonisogenic strains, this substitution resulted in only a 2.5-fold increase
in the ampicillin MIC. The reversed-phase high-performance liquid chromatography muropeptide profiles of
D344 and D344S were similar, indicating that deletion of pbp5 was not associated with a detectable defect in
cell wall synthesis. These results indicate that pbp5 is a nonessential gene responsible for intrinsic resistance

to moderate levels of ampicillin and by itself cannot confer high-level resistance.

Enterococcus faecium is intrinsically resistant to moderate
levels of ampicillin by production of the low-affinity penicillin-
binding protein 5 (PBP 5). Bacterial growth occurs at 3-lactam
concentrations sufficient to inactivate all the other PBPs, sug-
gesting that PBPS is the only transpeptidase required for pep-
tidoglycan synthesis under such conditions (4, 20). Acquired
resistance to higher levels of ampicillin in clinical isolates of
E. faecium has been associated with increased production of
PBP 5 or decreased affinity for the B-lactam antibiotics (7, 8,
10, 13, 18, 20, 21). The latter mechanism was inferred from
comparison of the pbp5 genes from clinical isolates in which
amino acid substitutions at specific positions near or in the
conserved motifs of the PBP module were associated with
decreased interaction with B-lactams and expression of resis-
tance (8, 13, 18, 21). However, the role of the PBP 5 in the level
of resistance was not rigorously established since isogenic
strains were not constructed. In the present study, pbp5 genes
from E. faecium clinical isolates expressing various levels of
ampicillin resistance were cloned into a shuttle vector and
introduced into E. faecium D344S, a spontaneous mutant in
which the chromosomal pbp5 locus is deleted. Expression of
the different pbp5 genes in this host resulted in similar low
levels of ampicillin resistance, indicating that alterations of
PBP 5 alone do not account for acquired high-level B-lactam
resistance in E. faecium.

* Corresponding author. Mailing address: L.R.M.A./JE0004, Univer-
sité Paris VI, 15, rue de I’Ecole de Médecine, 75270 Paris Cedex 06,
France. Phone: 33-1-42.34.68.63. Fax: 33-1-43.25.68.12. E-mail: laurent
.gutmann(@ccr.jussieu.fr.

2594

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The bacterial strains and
plasmids used in this study are presented in Table 1. Strains were grown in brain
heart infusion (BHI) broth or agar (Difco Laboratories, Detroit, Mich.) at 37°C.
The MICs were determined three times on BHI agar using twofold dilutions of
ampicillin and three additional intermediary concentrations within each twofold
dilution (e.g., 16, 20, 24, 28, and 32 pg/ml) (20). An inoculum of approximately
10* CFU per spot was applied with a Steers replicator. Plates were incubated at
37°C for 18 h. The following antimicrobial agents were kindly provided: amoxi-
cillin (Smith Kline Beecham Laboratories, Paris, France), and ceftriaxone
(Roche S.A., Paris, France).

Molecular biology techniques. Plasmid DNA isolation, digestion with restric-
tion endonucleases (Roche Molecular Biochemicals, Paris, France), ligation of
fragments with T4 DNA ligase (Roche Molecular Biochemicals), and transfor-
mation of Escherichia coli DH5a with recombinant plasmids were performed
by standard methods (3). Genomic DNA of E. faecium strains was extracted
and amplified (2) with oligodeoxyribonucleotide primers (Oligo Express, Paris,
France) by using a PROGENE thermal cycler (Techne, Cambridge, United
Kingdom).

Plasmid construction. Plasmids pSF1, pSF2, and pSF3 were constructed by
cloning the PCR-amplified pbp5 genes of E. faecium BM4107, D344, and
H80721, respectively, into the shuttle vector pAT392. For these constructions,
DNA fragments containing the pbp5 genes were amplified with the Pwo DNA
polymerase (Roche Molecular Biochemicals) and primers ONJP16 (5'-CGGA
ATTCGTATTATGCAAGTATCA-3") and ONJP23 (5'-CGCGGATCCTTATT
ATTGATAATTTTGGTT-3"). The amplified fragments were digested with
EcoRI and BamHI (sites underlined), ligated with pUC19 DNA digested with
the same enzymes, and introduced into E. coli DH5a. The inserts of the recom-
binant plasmids were sequenced on both DNA strands (Genome Express, Paris,
France). The DNA fragments carrying the pbp5 genes were subcloned into
pPAT392 using EcoRI and BamHI.

Site-directed mutagenesis. An ATG (Met)-to-GCG (Ala) mutation was intro-
duced at codon 485 of the pbp5 gene of BM4107 as previously described (19). In
brief, the 3’ terminus of the pbp5 gene of pSF1 was amplified using prim-
ers ONPJ42 (5'-CCGATAATATATATGCGGCACAAGAAACGTT-3") and
ONIJP23 (above). The PCR fragment (595 bp) was used as a megaprimer with
primer ONJP16 (above) to amplify the entire gene which was cloned into pUC19
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TABLE 1. Properties of bacterial strains and plasmids
used in this study®

Strain or _ Source or
plasmid Relevant property(ies) roference
Strains
E. faecium D344 Clinical isolate 20
E. faecium BM4107 Clinical isolate 11
E. faecium H80721 Clinical isolate 18

E. faecium D344S  Spontaneous mutant of D344 (Apbp5) 20

Plasmids
pUC19 Plasmid vector (Ap") 15
pAT392 Shuttle expression vector (Gent" Spc” 1
oriR e OMR  Anipy 0T TRico Ps)

pSF1 PbpS5naros cloned into pAT392 This work
pSF2 Ppbp5 5344 cloned into pAT392 This work
pSF3 PbpSiig0701 cloned into pAT392 This work
pSF4 PbpSpnvarosMagsA cloned into pAT392  This work

“ Abbreviations: Ap, ampicillin; Gent, gentamicin; oriR,y¢, replication ori-
gin of pUCIS; oriRamp1, replication origin of pAMB1 (active in E. faecium);
oriTry», transfer origin of RK2; Spc, spectinomycin.

and subcloned into pAT392 using EcoRI and BamHI, generating pSF4. The
entire insert was sequenced to verify the presence of the expected mutation.

Strain construction. Plasmids were introduced into E. faecium D344S by
electrotransformation (1). Plasmid DNA from clones selected on gentamicin
(100 pg/ml) were prepared and digested with EcoRI plus BamHI to screen for
DNA rearrangements.

Immunodetection of PBP 5. Strains were grown in BHI broth to an optical
density of 0.5 at 600 nm. Membranes were prepared, proteins were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and Western blotting
was performed with polyclonal antibodies raised to PBP 5, as previously de-
scribed (18).

Analysis of peptidoglycan structure. Muropeptides were prepared from cells
grown at mid-exponential phase in BHI broth, separated by reversed-phase
high-performance liquid chromatography, and analyzed by mass spectrometry
(14). The respective abundance of the muropeptides were expressed as a per-
centage of the area under all the peaks using baselines connecting the lowest
absorbance values at 210 nm.

RESULTS AND DISCUSSION

Complementation of the pbp5 deletion in E. faecium D344S.
E. faecium D344 is a clinical isolate of E. faecium resistant to
moderate levels of ampicillin (MIC, 24 pg/ml). E. faecium
D344S is a spontaneous derivative of D344 lacking the entire
pbp5 gene as shown by Southern blot hybridization and PCR
analysis with various primers (data not shown). Deletion of
pbp5 was associated with an 800-fold decrease in the MIC of
ampicillin (from 24 to 0.03 wg/ml) (Table 2). A similar low

TABLE 2. MICs of ampicillin for various E. faecium strains

MIC [ug/ml] of ampicillin

E. faecium strain S
f (range for derivatives)”

BMA107 oo 2 (ND)
D344 . .. 24(ND)
H80721 .. ..512 (ND)
D344S......... 0.03 (ND)
D344S/pAT392 0.03 (ND)
D344S/DSFL(PBPS gn1a107) evveressvverssroerssreerssreen 6 (8-12)
D344S/pSF2(pbpSy344) .. 12(20-56)
D344S/pSF3(pbpSis721)eevveen .. 20 (40-128)
D344S/pSFA(PbpS snia109MagsA) covvoeeerseerssee 16 (40-56)

“ MIC ranges were determined for derivatives only. Derivatives were selected
on BHI agar containing ampicillin at a concentration two times the MIC. ND,
not done.
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FIG. 1. Western blot detection of PBP 5 in membrane fractions
from various E. faecium strains. Lanes: 1, derivative of D344S/pSF4
(PbpS gama107MagsA) selected on ampicillin (MIC, 56 wg/ml); 2, D344S/
PSF4(pbpS ganar07MagsA); 3, derivative of D344S/pSF1(pbSpgnaior)
(MIC, 12 pg/ml); 4, D344S/pSF1 (pbS5ppmarns); 5, BM4107; 6, D344S;
7, derivative of D344S/pSF3(pbp5yis0721) (MIC, 128 pg/ml); 8, D344S/
PSE3(pbpSisorn); 9, H80721; 10, D344; 11, derivative of D344S/pSF2
(pbpSp3as) MIC, 56 pg/ml); 12, D344S/pSF2(pbpSps44)-

MIC was previously reported for a mutant of Enterococcus
hirae harboring a premature stop codon in pbp5 (12). For
complementation analysis, the pbp5 gene of D344 (pbp5344)
was amplified by PCR and cloned into the shuttle vector
pAT392, generating plasmid pSF2. The amplified fragment
contained the promoter recently identified upstream from the
pbp5 open reading frame by Northern blot and primer exten-
sion analyses (17). Transcription is not expected to originate
from the vector since the P, promoter of pAT392 was deleted
upon cloning (see Materials and Methods) and transcription is
barely detectable in its absence (1, 2). Introduction of pSF2
(pbp5p344) into D344S resulted in a 400-fold increase in the
level of ampicillin resistance (Table 2), confirming that pbp5 is
the major determinant responsible for intrinsic resistance to
ampicillin in D344. Western blot analysis showed that D344S/
PSF2(pbpS5344) produced PBP 5 at a higher (approximately
fourfold) level than the parental strain D344 (Fig. 1). This
difference may be attributed to a gene dosage effect since the
pbp5 gene was present at one copy per chromosome in D344
and on a low-copy-number vector containing the pAMB1 ori-
gin of replication in D344S/pSF2(pbp55344) (16). In spite of
the high-level expression of pbp5 in D344S/pSF2(pbpSpaas),
the MIC of ampicillin was twofold lower in comparison to that
for the parental strain D344.

Comparison of wild-type pbp5 genes of BM4107, D344, and
H80721. The complementation test was used to compare the
resistance phenotypes mediated by the PBP 5 from three clin-
ical isolates with various levels of resistance to ampicillin (Ta-
ble 2). The pbp5 genes of BM4107, D344, and H80721 were
amplified, cloned into E. coli, and sequenced. The complete
deduced amino acid sequence of the three PBP 5 differed in a
total of 28 positions (Table 3). Twelve of the variable positions
were located in the PBP module of the proteins, including
position 485, which was reported to play a role in resistance
(18, 21). As previously discussed, the presence of a Met, Ala, or
Thr residue at this position was associated with low-level
(BM4107), moderate-level (D344), or high-level (H80721) am-
picillin resistance, respectively (18). The pbp5 genes were sub-
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TABLE 3. Differences in the PBP 5 from E. faecium D344,
H80721, and BM4107¢

Amino acid
Position”
BM4107 D344 H80721
Membrane anchor
24 A% A A
25 T A A
27 S G G
34 R Q Q
39 S T T
N-terminal extension
66 G E E
68 A T T
85 E D D
94 A T A
100 E Q Q
144 K Q Q
N-terminal domain
172 T A A
177 L 1 1
204 D G G
216 A S S
324 T A A
C-terminal PBP domain
404 N N D
466’ None None S
485 M< T A
496 N K K
499 A T T
525 E D D
601 N Y N
626 K E K
629 E \'% \'%
654 D N N
663 T A T
667 P S S

“ Deduced amino acid sequence of pbp5 genes from E. faecium H80721 (Gen-
Bank accession no. X84862), D344 (GenBank accession no. AF362954), and
BM4107 (GenBank accession no. AF364092).

> Numbering of PBP 5 from E. faecium H80721. Positions were assigned to the
different domains of the PBP as previously described (21).

¢ A Met-to-Ala substitution was introduced by site-directed mutagenesis at this
position (see pSF4 in Table 1).

cloned into pAT392, and the resulting plasmids were intro-
duced into D344S, leading to moderate overproduction of the
different PBP 5 (Fig. 1) and to 200- to 700-fold increases in the
MIC of ampicillin (Table 2). The MIC was lowest (6 png/ml) for
D344S/pSF1, expressing the pbp5 gene of the low-level-resis-
tant strain BM4107 (MIC, 2 pg/ml); intermediate (12 pg/ml)
for D344S/pSF2, expressing the pbp5 gene of the moderately
resistant strain D344 (MIC, 24 pg/ml); and highest (20 pg/ml)
for D344S/pSF3, expressing the pbp5 gene of the highly resis-
tant strain H80721 (MIC, 512 pg/ml) (Table 2). Qualitatively,
these results indicate that structural differences in the PBP 5 of
BM4107, D344, and H80721 contribute to the difference in the
level of ampicillin resistance observed for these clinical iso-
lates. However, structural differences in the PBP 5 appear to
play only a marginal role, since the MIC ranged from 2 to 512
pg/ml for the clinical isolates and from 6 to 20 pg/ml for
derivatives of D344S expressing the corresponding pbp5 genes.
The pbp5 gene of HM80721 did not mediate high-level ampi-
cillin resistance in D344S in spite of moderate overproduction
of the protein (Fig. 1). Thus, neither the level of expression of
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PbpSiimso7on Dor the structure of the gene product can fully
account for high-level expression of ampicillin resistance in
HMS80721. It may be argued that some accessory factor re-
quired for PBP 5,;y15072;-mediated high-level ampicillin resis-
tance was deleted with pbp5 in D344S. This does not appear
to be the case, since introduction of pSF3(pbp5nso721) into
BM4107 also produced a moderate (fourfold) increase in the
MIC of ampicillin (data not shown).

Expression of the pbp5 gene of BM4107 conferred a higher
level of resistance to ampicillin after cloning in D344s (MIC,
6 ng/ml) than in the parental strain BM4107 (2 pg/ml). In-
creased production of PBP5 (Fig. 1) may be responsible for this
difference in accordance with previous studies which showed that
increased amounts of PBP 5 was associated with increased
B-lactam MICs in both E. hirae and E. faecium (6, 10, 12, 20).

Site-directed mutagenesis of the pbp5 gene of BM4107. The
presence of an alanine instead of a methionine at position 485
near the conserved SDN motif (positions 480 to 482) was
proposed to play a critical role in PBP 5-mediated high-level
ampicillin resistance (18, 21). The corresponding mutation
was introduced into the pbp5 gene of BM4107 (Table 3). The
MICs of ampicillin for derivatives of D344S harboring pSF1
(PbPSBMa107) and pSFA(pbpSpnar07MagsA) were 6 and 16 ng/
ml, respectively (Table 2). Thus, the amino acid substitution
led to a significant but limited increase in the level of resis-
tance. These results indicate that the presence of an alanine
residue at position 485 cannot account alone for high-level
ampicillin resistance, at least in the context of the PBP5gy 14107
sequence.

Selection of variants with increased resistance to ampicillin.
Derivatives of D344S harboring pSF1(pbp5gna107), PSF2
(PbP51344); PSF3(PbPS1i80721), and pSF4 (pbpSpmaio7MassA)
were selected on BHI agar containing ampicillin at concentra-
tions twofold higher than the MICs (Table 2). For all four
strains, variants were obtained at a high frequency (10~* to
10~%), and the MICs of ampicillin were increased up to sixfold
(Table 2). Western blot analysis performed for one highly
resistant representative of each type of variant did not reveal
any apparent increase in the level of PBP 5 production (Fig.
1). The highest MIC observed for derivatives of D344S/pSF3
(PbP51180721) (128 ng/ml) was considerably less than that for
clinical isolate HM80721 (512 pg/ml). Thus, production of
PBP5 0150701 In D344S did not restore the wild-type level of
resistance, even after selection of variants with increased am-
picillin resistance.

Structure of the peptidoglycan. The overall structures of
peptidoglycan from D344 and D344S were very similar, indi-
cating that PBP 5 has no specific transpeptidase activity differ-
ent from the other set of PBPs (Table 4). The only difference
was a slight decrease of the proportion of monomers in D344S.
The peptidoglycan of D344 was also analyzed after growth in
the presence of ceftriaxone at 64 pg/ml. This concentration is
10 times higher than that required to saturate at 50% PBP 1,
2, 3, and 4 but significantly less than that required to inhibit
growth or to saturate PBP 5 at 50% (>256 pg/ml) (reference
9 and data not shown). Comparison of the peptidoglycan iso-
lated from D344 grown in the presence or absence of ceftri-
axone did not reveal any significant difference, with the possi-
ble exception of a fourfold increase of the quantity of the
monomer pentapeptide (0.6 versus 2.4%). Thus, PBP 5 was
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TABLE 4. Structures of muropeptides from E. faecium

Amt (% total)*

Peak no.” Peptidoglycan structure
D344 Ooel D3dds
Monomers 41.7 42.0 33.7
1 ds-di 0.9 0.7 0.5
2 ds-tri 6.6 5.8 4.7
3 ds-tetra 2.5 32 34
4 ds-Asp-tri 4.1 2.8 1.5
5 ds-Asn-tri 16.3 16.2 13.0
6 ds-Asp-tetra 2.7 3.4 15
7 ds-Asn-tetra 32 5.5 4.4
8 ds-Asn-penta 0.6 2.4 1.8
9 ds(Ac)-Asp-tri 1.2 0.5 0.4
10 ds(Ac)-Asn-tri 3.6 1.5 2.5
Dimers and 58.3 58.0 66.3
trimers

11 Bis-ds-tetra-Asn-tri 4.5 6.3 32
12 Bis-ds-Asp-tetra-Asn-tri® 43 3.6 52
13 Bis-ds-Asn-tetra-Asn-tri 17.1 18.2 19.6
14 Bis-ds-Asp-tetra-Asn-tetra® 14 1.6 1.3
15 Bis-ds-(Ac)-tetra-Asn-tri 1.1 1.7 1.1
16 Bis-ds-Asn-tetra-Asn-tetra 4.2 7.0 8.6
17 Bis-ds-(Ac)-Asp-tetra-Asn-tri 1.8 2.1 1.4
18 Bis-ds-Asp-tetra-Asn-tetra® 1.7 1.9 35
19 Bis-ds-(Ac)-Asn-tetra-Asn-tri 6.4 4.0 6.7
20 Ter-ds-Asn-tetra-Asn-tetra-Asn-tri 6.2 5.6 6.5
21 Bis-ds-(AcX2)-Asp-tetra-Asn-tri 2.7 2.5 4.0
22 Bis-ds-(AcX2)-Asn-tetra-Asn-tri 6.9 35 52

“ The values are presented as a percentage of the sum of all peaks presented
in the table and are the means of two experiments.

b Muropeptide peak designations as in reference 14.

¢ Abbreviations: ds, disaccharide (N-acetylglucosamine-B-1.4-N-acetylmu-
ramic acid); Bis, dimeric form; Ter, trimeric form; di, dipeptide (L-alanyl-p-
isoglutamine); tri, tripeptide (L-alanyl-pD-isoglutamyl-L-lysine); tetra, tetrapeptide
(r-alanyl-p-isoglutamyl-L-lysyl-p-alanine); penta, pentapeptide (L-alanyl-D-iso-
glutamyl-L-lysyl-p-alanyl-p-alanine); Asn, D-asparagine; Asp, D-aspartate; Ac,
O-acetylation located on N-acetylmuramic acid; ACx2, O-acetylation on both
N-acetylmuramic acids of the dimer.

9 D344 was grown in presence of 64 pg of ceftriaxone per ml (CRO64).

¢ Assignment of Asp and Asn residues to either stem peptide is arbitrary.

able to compensate for inhibition of PBP 1, 2, 3, and 4 by
ceftriaxone. In Staphylococcus aureus, saturation of all PBPs
except the low-affinity PBP 2A is associated with a virtual
disappearance of oligomers (5), suggesting that PBP 2A, in
contrast to PBP 5, is unable to assume all the transpeptidase
functions involved in peptidoglycan synthesis.

Conclusions. Analysis of peptidoglycan indicated that the
D,D-transpeptidase activity of the PBPs is largely redundant in
E. faecium, since similar structures were obtained under con-
ditions under which the full complement of the PBPs was
active, PBP 5 was absent, or all PBPs except PBP 5 were
inhibited by ceftriaxone. In contrast, PBP 5 strikingly differs
from other PBPs by its low affinity for B-lactams (7, 18, 21).
Accordingly, deletion of pbp5 was associated with an 800-fold
reduction in the MIC of ampicillin. The deletion was comple-
mented by a copy of pbp5 cloned on a plasmid, confirming that
PBP 5 was responsible for intrinsic resistance. Use of this
complementation test also confirmed that modification of the
level of expression of pbp5 or alterations of the amino acid
sequence of the protein near conserved motifs may lead to
increased resistance to ampicillin. However, neither of these
mechanisms could account alone or in association for the ac-
quired high-level ampicillin resistance found in the clinical
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isolates (18). Thus, it is likely that other factors are necessary
to obtain full expression of resistance.

10.

11.

12.

13.
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