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Bypass of the D,D-transpeptidase activity of penicillin-binding proteins by an L,D-transpeptidase (Ldtfm) results in resistance to
ampicillin and glycopeptides in Enterococcus faecium M9, a mutant obtained by nine consecutive selection steps. Resistance re-
quires activation of a cryptic locus for production of the essential tetrapeptide-containing substrate of Ldtfm and impaired activ-
ity of protein phosphatase StpA. Here, whole-genome sequencing revealed a high mutation rate for the entire selection proce-
dure (79 mutations in 900 generations). Acquisition of a mutation in the mismatch repair gene mutL had little impact on the
frequency of rifampin-resistant mutants although the mutation spectrum of M9 was typical of impaired MutL with high trans-
version to transition (40/11) and substitution to deletion (51/28) ratios. M9 did not mainly accumulate neutral mutations since
base substitutions occurred more frequently in coding sequences than expected (�2 � 5.0; P < 0.05) and silent mutations were
underrepresented (�2 � 5.72; P < 0.02). None of the mutations directly affected recognition of the tetrapeptide substrate of
Ldtfm by peptidoglycan synthesis enzymes. Instead, mutations appear to remodel regulatory circuits involving two-component
regulatory systems and sugar metabolism. The high number of mutations required for activation of the L,D-transpeptidase path-
way may strongly limit emergence of cross-resistance to ampicillin and glycopeptides by this mechanism.

Acquisition of resistance to antibiotics is mediated by four
mechanisms, including drug detoxification, efflux and de-

creased cell wall permeability, decreased affinity of the target for
the drug, and bypass of the target. For �-lactams, detoxification of
the antibiotics by �-lactamases is widespread in nearly all bacterial
phyla. In Gram-negative bacteria, �-lactamase production is fre-
quently associated with reduced permeability of the outer mem-
brane and efflux. In the Firmicutes, this permeability barrier does
not exist, and resistance is often due to production of targets dis-
playing a lower affinity for the drug following horizontal gene
transfer or acquisition of mutations. The remaining mechanism,
bypass of the target, has been identified for the first time in mu-
tants of Enterococcus faecium selected for their resistance to ampi-
cillin in laboratory conditions (1). In these mutants, the classical
targets of �-lactams, the high-molecular-weight penicillin-bind-
ing proteins (PBPs) (2), are replaced by an L,D-transpeptidase
(LDT) (3), which catalyzes the essential cross-linking step of pep-
tidoglycan synthesis.

PBPs and LDTs are structurally unrelated and catalyze forma-
tion of peptidoglycan cross-links by distinct catalytic mechanisms
involving active-site serine and cysteine residues, respectively (3–
5). In the first step of the cross-linking reaction, PBPs react with an
acyl donor containing a stem pentapeptide, which displays the
sequence L-Ala1-�-D-Gln2-L-Lys3(D-iAsx)-D-Ala4-D-Ala5 in E. fae-
cium. The enzymes cleave the D-Ala4-D-Ala5 peptide bond, hence
the D,D designation of the transpeptidases, and form an ester bond
between the carbonyl of D-Ala4 and the active site serine. In the
following step, the carbonyl of the resulting acyl enzyme is at-
tacked by the nucleophilic �-amino group of D-iso-asparagine or
D-iAsx in the side chain of the second substrate, the acyl acceptor.
This results in the formation of 4¡3 cross-links (D-Ala4¡D-iAsx-
L-Lys3) that connect the 4th and 3rd positions of stem peptides

located on adjacent glycan chains. In contrast, LDTs use acyl do-
nors containing a tetrapeptide stem (Fig. 1A). E. faecium produces
a single L,D-transpeptidase (Ldtfm), which cleaves the L-Lys3-D-
Ala4 peptide bond (L,D-designation) and forms 3¡3 cross-links
(L-Lys3¡D-iAsx-L-Lys3). Since LDTs are not inactivated by ampi-
cillin (6, 7), the L,D-transpeptidation pathway conveys high-level
resistance to this antibiotic with a MIC of �1,000 �g/ml.

Activation of the L,D-transpeptidation pathway has been ob-
tained in a strain of E. faecium, D344S, deficient for production of
low-affinity PBP5 following spontaneous deletion of the corre-
sponding chromosomal gene (1, 8). Starting with this hypersus-
ceptible strain (MIC of ampicillin, 0.06 �g/ml), five selection steps
on increasing concentrations of ampicillin were required to ob-
tain highly resistant mutant M512 (MIC, �1,000 �g/ml) (Fig. 1B)
(8). The selection procedure did not result in any modification in
the sequence or level of production of the E. faecium Ldtfm (9). The
enzyme was active in the parental strain but only contributed to
formation of 3% of the cross-links due to limited amounts of its
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essential tetrapeptide-containing donor substrate. Bypass of PBPs
by Ldtfm required activation of a cryptic locus, ddc, which is only
present in ca. 20% of E. faecium clinical isolates. The ddc locus
encodes a metallo-D,D-carboxypeptidase, DdcY, related to VanY
encoded by the vanA vancomycin resistance gene cluster of
transposon Tn1546 (10). DdcY generates a stem tetrapeptide by
hydrolysis of the D-Ala4-D-Ala5 peptide bond of the cytoplasmic
peptidoglycan precursor UDP-N-acetylmuramoyl (MurNAc)-L-
Ala1-�-D-Glu2-L-Lys3-D-Ala4-D-Ala5 (UDP-MurNAc-pentapep-
tide) (9). The ddc locus also encodes a two-component regulatory
system composed of a membrane-associated sensor kinase (DdcS)

and a response regulator belonging to the OmpR-PhoB family
(DdcR) (9).

Activation of the ddc locus in mutant M512 results from a
mutation in gene ddcS, which impairs the phosphatase activity of
the sensor kinase and leads to production of DdcR, DdcS, and
DdcY (9). This mutation was detected at the 5th selection step that
provided mutant M512 from mutant M4 (Fig. 1). A second mu-
tation was detected in the protein phosphatase gene stpA of mu-
tant M1 located upstream from the Ser/Thr protein kinase gene stk
(11). The stpA mutation of M1 impairs the phosphatase activity of
StpA, leading to hyperphosphorylation of Stk and several uniden-

FIG 1 Activation of the L,D-transpeptidation pathway in response to ampicillin and glycopeptides in Enterococcus faecium. (A) Map of the ddc locus and role of
the encoded proteins in peptidoglycan synthesis. The black boxes represent the undecaprenyl lipid transporter inserted into the cytoplasmic membrane.
Phosphates are indicated by circled Ps. Transcriptional activation by DdcRS involves autophosphorylation of DdcS on a His residue (H�P) and subsequent
transfer of the phosphate group onto an Asp residue of DdcR (D�P). Peptidoglycan cross-linking by L,D-transpeptidase Ldtfm involves cleavage of the
L-Lys3-D-Ala4 peptide bond of a stem tetrapeptide (acyl donor) and formation of an amide bond between the carbonyl of L-Lys3 and the �-amino group of D-iAsn
of the acyl acceptor. (B) Characteristics of the parental strain D344S and mutants M1 to M9. Serial selection was performed with ampicillin (Ap), vancomycin
(Vm), or teicoplanin (Tc) at the indicated concentrations. The resulting increases in MICs for the three drugs are indicated. Selection for resistance resulted in
increased UDP-MurNAc-tetrapeptide (shown as a percentage of the total cytoplasmic pool of precursors) to the detriment of UDP-MurNAc-pentapeptide
following hydrolysis of D-Ala5 by D,D-carboxypeptidase DdcY. NA, not applicable.
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tified proteins (11). Genetic analyses showed that impaired phos-
phatase activities of DdcS and StpA are both required and suffi-
cient for high-level ampicillin resistance (11).

The glycopeptide antibiotics vancomycin and teicoplanin bind
to the peptidyl-D-Ala4-D-Ala5 extremity of peptidoglycan precur-
sors and inhibit by steric hindrance both the elongation of glycan
chains by glycosyltransferases and cross-linking of stem peptides
by D,D-transpeptidases. LDTs use acyl donors containing a stem
tetrapeptide ending in D-Ala4 that do not bind the drugs (12, 13).
However, mutant M512 remained susceptible to glycopeptides in
spite of production of tetrapeptide stems and bypass of PBPs by
Ldtfm (12). Four additional selection steps on increasing concen-
trations of vancomycin or teicoplanin were required to obtain
mutant M9 (12), which was coresistant to ampicillin and glyco-
peptides (MICs of all three drugs, �1,000) (Fig. 1B). Sequencing
of the ddc locus revealed two mutations in ddcY that enhanced the
D,D-carboxypeptidase activity of DdcY and affected the mem-
brane anchor of the protein (9). These modifications led to full
replacement of UDP-MurNAc-pentapeptide by UDP-MurNAc-
tetrapeptide in the cytoplasm, and, consequently, to the exclusive
formation of 3¡3 cross-links by Ldtfm (9, 12) (Fig. 1B). Full elim-
ination of precursors ending in D-Ala4-D-Ala5 is required to pre-
vent inhibition of the transglycosylation reaction by glycopeptides
(12, 14). In this study, whole-genome sequencing was performed
to identify the complete set of mutations acquired by derivatives
of E. faecium D344S in response to selection by ampicillin and
glycopeptides.

MATERIALS AND METHODS
Estimate of the number of generations associated with selection of am-
picillin- and glycopeptide-resistant derivatives of D344S. A total of
nine selection steps were required to obtain mutant M9 (Fig. 1B) (1,
12). For each selection step, we used one colony rather than a fraction
of the population. Briefly, for the 1st subculture, bacteria were
streaked for isolated colonies on brain heart infusion (BHI) agar con-
taining approximately one-eighth of the drug concentration used for
the previous selection step (27 generations). Specifically, ampicillin
was used at concentrations of 0.0625, 0.125, 0.25, 1, and 32 �g/ml for
M1, M2, M3, M4, and M512, respectively. Vancomycin was used at
concentrations of 2, 4, and 64 �g/ml for M6, M7, and M8, respectively.
Teicoplanin was used at 32 �g/ml for M9. For the 2nd subculture, one
colony was inoculated in 10 ml of BHI broth containing the same drug
concentration and grown to saturation (10 generations). In the 3rd
subculture, bacteria were plated on 2-fold increasing inhibitory con-
centrations of the drugs (27 generations). In the 4th subculture, colo-
nies of candidate mutants were streaked for isolated colonies on BHI
agar containing one-eighth the drug concentration used for the selec-
tion (27 generations). In the 5th subculture, one colony was inoculated
in 10 ml of BHI broth containing the same drug concentration and
grown to saturation (10 generations). This culture was used to perform
the next selection step and to conserve the mutants at �80°C. Thus,
each selection step involved five subcultures and ca. 100 generations.

Frequency of mutants resistant to rifampin. E. faecium D344S and
mutants M1 to M9 were grown overnight in BHI broth, and appropriate
dilutions were plated on BHI agar and on BHI agar containing 20 �g/ml of
rifampin. CFU were enumerated after 72 h of incubation at 37°C, and the
frequency of rifampin-resistant mutants was expressed as the ratio of the
number of CFU detected on the rifampin-containing medium to the number
of CFU detected on the antibiotic-free medium. The Mann-Whitney U test
was used to compare frequencies with a value of P 	0.05 for the threshold of
significance. The same procedure was used to obtain the rifampin-resistant
mutants that were characterized by genome sequencing except that plates
were incubated for 1, 2, 3, or 6 days.

Whole-genome sequencing. The Illumina single reads sequenc-
ing technology was used for sequencing. Illumina library preparation
(genomic DNA sample prep kit v1) and sequencing followed standard
protocols developed by the supplier. Briefly, genomic DNA was shared by
nebulization, and sheared fragments were end repaired and phosphory-
lated. Blunt-end fragments were A tailed, and sequencing adapters were
ligated to the fragments. Fragments with an insert size of around 200 bp
were gel extracted and enriched with 14 cycles of PCR before library quan-
tification and validation. Hybridization of the library to the flow cell and
bridge amplification were performed to generate clusters. Single reads of
36 cycles were collected on a GAIIX (Illumina, San Diego, CA). After
sequencing was complete, image analysis, base calling, and error estima-
tion were performed using Illumina Analysis Pipeline v1.6.

Raw sequences files were filtered using programs developed by N. Joly
(Biology IT Center, Institut Pasteur, Paris). Quality-filtered trimmed reads
were mapped on the genome sequence of E. faecium D344SRF (GenBank
accession no. ACZZ00000000), a derivative D344S resistant to rifampin
and fusidic acid. Variant detection was done with CLC Genomics Work-
bench version 5 (CLC Bio, Denmark). Genome sequencing was per-
formed on strain D344S issued from our laboratory collection, in addition
to that of mutant M9, to eliminate differences between the reference ge-
nome of D344SRF and the parental strain D344S. The parameters used for
the detection of variants are reported in Table 1. Assignment of proteins to
functional categories was based on queries in the Pfam database.

Phosphatase activity of StpA. Recombinant StpA containing a C-ter-
minal 6-histidine tag was produced in Escherichia coli BL21(DE3) and
purified by nickel affinity and size exclusion chromatography methods, as
previously described (11). Hydrolysis of para-nitrophenyl-phosphate
(Sigma) by StpA was determined at 37°C in 50 mM Tris-HCl (pH 8.0).
Reactions were initiated by the addition of MnCl2 at 50 �M or 2 mM, and
the absorbance was monitored at 405 nm (ε of 12,500 M�1 cm�1).

Sequence accession numbers. Sequence data have been deposited in
the BioProject NCBI database under study accession number SRP058288
with BioSample accession numbers SAMN03654371 and SAMN03766829
for strain D344S and mutant M9, respectively.

RESULTS AND DISCUSSION
Sequencing of the genome of mutant M9. The genome of mu-
tant M9 differed from that of the parental strain E. faecium
D344S by a total of 79 mutations. Sanger sequencing was per-
formed to confirm the presence of the 79 mutations in M9 and to
assign each of the mutations to one of the nine selection steps used
to obtain mutant M9 (Table 2). The number of mutations ac-
quired in individual selection steps ranged from 4 to 15 with an

TABLE 1 Parameters for detection and mapping of variants

Parameter

Strain

D344S M9

No. of trimmed readsa 9,202,931 8,576,759
Unmapped reads (%)a 7.06 3.89
Mapped reads (%)a 92.94% 96.11
Average coveragea 76 71
Minimum coverage 10 10
Maximum expected variantsb 2 2
Ignore quality scoresb No No
Ignore nonspecific matchesb Yes Yes
Variant probabilityb 80.0 80.0
Require presence in both forward

and reverse readsb

No No

a Mapping program clc_mapper version 4.10 (CLC Bio).
b Detection of variants with CLC Genomics Workbench version 5. The genetic code 11
(bacterial and plant plastid) was used.
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TABLE 2 Mutations detected in mutants M1 to M9

Mutant EDAGa Mutation Predicted impact of the mutation

M1 00077 C302G T101R substitution in Ser Thr protein phosphatase StpA
01693 G5A S2N substitution in ribosome maturation factor RimP
00369 C623T A208V substitution in signal recognition particle-docking protein FtsY
00670 G979T D327Y substitution in mannitol operon transcriptional antiterminator
01067 C34T R12C substitution in glyceraldehyde-3-phosphate dehydrogenase, type I
01287 C486T Silent mutation (member of the xanthine/uracil permease family)

A61T Intergenic, 61 bp upstream from EDAG_00488

M2 02370 C404A A135E substitution in response regulator CroR
00077 C104T A35V substitution in serine/threonine protein phosphatase StpA
00473 C1616A T539K substitution in PBPB
00961 
A1726 Truncation of DNA mismatch repair protein MutL
01903 
A13 Truncation of a putative NADPH-dependent FMN reductase


A360 Intergenic, 360 bp downstream from EDAG_01362

M3 00792 A956G Q319R substitution in a hypothetical protein
02385 A253G T85A substitution in a hypothetical protein
01714 A316G N106D substitution in substrate-binding protein of a putative multiple sugar ABC transporter
00246 iA158 Truncation of a transcriptional regulator of the MarR family
00858 
A19 Truncation of glutamine-binding protein GlnH (ABC transporter)

M4 00953 C47T P16L substitution in a putative phosphotyrosine protein phosphatase
00202 T542C V181A substitution in 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase
01377 G559A D187N substitution in a putative DNA-directed DNA polymerase
00066 iA511 Truncation of a hypothetical protein
01651 
A837 Truncation of copper-translocating P-type ATPase
01550 G165A M55I substitution in response regulator DdcR

M512 01551 A481G T161A substitution in sensor kinase DdcS
01065 T102C Silent mutation in RNA polymerase sigma factor 54 gene
01143 C97T R33C substitution in ribosomal protein S21
01730 C98T A33V substitution in a putative phage DNA packaging protein
00694 C1498T Truncation of a putative calcium-transporting ATPase
02113 A1377G Silent mutation (large subunit of a putative phage terminase)
01186 A547G S183G substitution in a putative sensor kinase
00615 A778G T260A substitution in RNase HIII
00746 A549G Silent mutation (putative sensor kinase)
01598 C74A P25H substitution in a phosphoesterase belonging to the DHH family
00511 A530G D177G substitution in glucose-1-phosphate thymidylyltransferase
00961 
A661 Truncation of DNA mismatch repair protein MutL
00469 iG147 Truncation of a putative lipoprotein protein
00089 
A24 Truncation of L-lactate dehydrogenase
00626 
A1994 Truncation of a putative V-type ATPase

M6 00718 
A178 Truncation of a hypothetical protein
01553 G379A E127K substitution in the catalytic domain of DdcY
00728 C1556T A519V substitution in ATP-dependent DNA helicase IV
01753 T623C L208S substitution in a hypothetical protein
01577 C2248T P750S substitution in valyl-tRNA synthetase
02299 A29G H10R substitution in a hypothetical protein
02038 T159C Silent mutation (hypothetical ATP/GTP-binding protein)
01180 
A463 Truncation of a putative member of the YitT family
00623 
A518 Truncation of fructose-1,6-bisphosphatase
02047 
A1033 Truncation of a hypothetical PTS system transcriptional activator
01858 
T20 Truncation of a hypothetical protein

M7 02391 C70T Truncation of a putative sodium/dicarboxylate symporter
00183 C482T P161L substitution in a hypothetical protein
01207 A517G T173A substitution in a hypothetical protein
01042 G901A A301T substitution in a sensor histidine kinase
01754 T86C V29A substitution in membrane-bound protein LytR
00781 
A482 Truncation of a hypothetical protein

(Continued on following page)
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average of 8.8 (Fig. 2). Mutations were stably inherited with
three exceptions involving the stpA and ddcR genes and a putative
NADPH-dependent flavin mononucleotide (FMN) reductase
gene (EDAG_01903), as described below. Mutant M1 acquired a
mutation leading to a T101R substitution in StpA. However, the
corresponding codon seemingly reverted to the wild-type se-
quence in the following step. Mutants M2 to M9 harbored another
stpA mutation that led to an A35V substitution. Purification of
StpA derivatives harboring T101R and A35V indicated that both
substitutions impaired the phosphatase activity of the protein
(Table 3). The impact of A35V, present in M2 to M9, was less than
that of T101R, present in M1, suggesting that residual activity of
StpA A35V might confer a selective advantage. For the ddc locus,
mutant M4 acquired a mutation leading to an M55I substitution in
DdcR. M512 harbored a wild-type codon at this position and ac-

quired another mutation, leading to a T161A substitution in sensor
kinase DdcS. This mutation was subsequently inherited by mu-
tants M6 to M9. The ddc locus was activated to a similar extent in
both mutants (9). Finally, the mutation in EDAG_01903 was de-
tected in mutants M2, M512, M6, M7, M8, and M9 but not in M3
and M4. The exact sequence of events leading to reversion of the
initial mutation and acquisition of a secondary mutation in these
loci remain unknown. The simplest interpretation is that rever-
sion of the initial mutation occurred, but it is not possible to
exclude the possibility that the two alleles coexisted within a bac-
terial population or within a clone following transient gene dupli-
cation. However, such polymorphisms were not retrospectively
detected in the subcultures conserved at �80°C (data not shown).

Mutation rate associated with activation of the L,D-transpep-
tidase pathway under the selective pressure of ampicillin and
glycopeptides. In Escherichia coli, a rate of 2.2 � 10�10 mutations
per nucleotide per generation has recently been reported for neu-
tral mutations based on whole-genome sequencing of 59 bacterial
lines evolved for a total of 2.5 � 105 generations (15). Estimates of
the mutation rate obtained by scoring for resistance to rifampin or
nalidixic acid in classical fluctuation tests were lower (0.33 and
0.21 � 10�10 mutations per nucleotide per generation, respec-
tively). Since ca. 900 generations were required to obtain mutant
M9 (see Materials and Methods), the presence of 79 mutations
implies a mutation rate of 2.9 � 10�8 mutations per nucleotide
per generation. Thus, the observed mutation rate in our selection
procedure is 130-fold higher than the mutation rate reported for
neutral mutations in E. coli (15). It is also higher than the mutation
rate reported for whole-genome sequence analyses of E. coli and
Staphylococcus aureus populations evolved under the selective
pressure of antibiotics (8- to 22-fold) (16–18).

Mutations affecting the mismatch repair protein MutL. TwoFIG 2 Number and spectrum of mutations acquired by mutants M1 to M9.

TABLE 2 (Continued)

Mutant EDAGa Mutation Predicted impact of the mutation

01454 
A234 Truncation of a member of a Spx/MgsR transcriptional regulator family

A32 Intergenic, 32 bp downstream from EDAG_01142

T101 Intergenic, 101 bp downstream from EDAG_05560

A147 Intergenic, 147 bp downstream from EDAG_00488

M8 00248 G139C D47H substitution in acyl carrier protein
00719 G1461A Truncation of glycerol kinase
02004 
A114 Truncation of ferrous iron transporter B
02466 
A9 Truncation of D,D-carboxypeptidase DdcP

M9 01136 G169A G57R substitution in a putative alpha-galactosidase
02125 A278T H93L substitution in a hypothetical protein
00476 G592A A198T substitution in transferase MurG
00308 C342T Silent mutation in permease OpuCB gene
00549 C419T T140I substitution in DNA topoisomerase III
02412 T476A I159N substitution in phosphate-binding protein PstS
02124 
T1893 Truncation of phage tail tape measure protein
01553 T41A I14N substitution in the membrane anchor of DdcY
00606 
A297 Truncation of a hypothetical protein
01532 
A117 Truncation of a hypothetical RNA-binding
01554 C614T A205V substitution in MurAB
01561 
A290 Truncation of beta-glucoside specific transporter
00718 A414T Silent mutation (conserved hypothetical protein)

C122T Intergenic, 122 bp downstream from EDAG_02398

T262 Intergenic, 262 bp downstream from EDAG_00339

a EDAG number as appearing in the D344SRF genome database at http://www.broadinstitute.org/annotation/genome/enterococcus_rice/MultiHome.html.
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mutations were detected in gene mutL encoding the putative 702-
residue MutL ortholog of E. faecium. Deletion of A1726 in M2 and,
additionally, of A661 in M512 led to frameshift mutations in
codons 576 and 221 of mutL (Table 2). To evaluate the impact of
these mutations, we compared the frequency of spontaneous mu-
tants resistant to rifampin (Fig. 3). This antibiotic was chosen
since single amino acid substitutions in the RpoB subunit of RNA
polymerase are known to be sufficient for high-level resistance.
The frequency of rifampin-resistant mutants was ca. 4-fold higher
in mutant M2 than in the preceding mutant (M1) or in the paren-
tal strain (D344S). This difference was statistically significant for
both comparisons (P 	 0.05, Mann-Whitney U test). The 4-fold
difference appears rather modest since a 138-fold increase in the
frequency of mutations per generation has been reported for a
mutL null mutation in E. coli (15). The high mutation rate ob-
served in M2 was not found in the downstream mutants M3 to M9
and the second mutation detected in mutL of M512 had no addi-
tional impact on the frequency of rifampin-resistant mutants. We
therefore looked for compensatory mutations in proteins in-
volved in DNA metabolism. A mutation leading to substitution
D187N in a putative DNA polymerase was detected in mutant M4.
In E. coli, the closest homologue is the translesion error-prone
DNA polymerase V subunit, which causes increased mutagenesis
by promoting translesion synthesis of DNA damaged by UV or

chemicals (19). Impaired activity is predicted to lead to a reduc-
tion in the mutation rate and might therefore act as a suppressor of
the mutL mutation detected in M2.

In conclusion, impaired activity of MutL may have contributed
to the high incidence of mutations observed in our selection pro-
cedure. However, the impact of the mutL mutation on the fre-
quency of rifampin-resistant mutants was moderate (4-fold) and
only detected in one mutant (M2) (Fig. 3). Of note, the number of
mutations obtained at each selection step on media containing
ampicillin fluctuates with 4 to 7 mutations for M1, M2, M3, M4,
and M8 versus 10 to 15 mutations for M512, M6, M7, and M9
(Fig. 2). These differences did not correlate with the frequency of
mutants detected on media containing rifampin. As previously
reported, the mutation rate is elevated in hospital-adapted strains
of E. faecium (4.9 � 0.3 � 10�5 substitutions per nucleotide per
year) (20). In the latter study, the frequency of fosfomycin resis-
tance determined in laboratory conditions for these strains (ca.
5 � 10�7) was similar to the value of 1 � 10�6 obtained for D344S
(Fig. 3), indicating that this strain is not atypical with respect to the
mutation rate.

Mutation spectrum of ampicillin- and glycopeptide-resis-
tant derivatives of D344S. The molecular spectrum of the 79 mu-
tations detected in mutant M9 is depicted in Table 4. Transitions
were predominant (n  40) among single nucleotide substitu-
tions (total of 51), and these mutations were mainly missense
mutations (n  39). Single base deletions (n  24) were more
frequent than insertions (n  4) and all 24 deletions involved As
or Ts. In the coding strand of intragenic sequences, deletions more
frequently involved As (n  18) than Ts (n  2) (data not shown).
To evaluate the relative contributions of neutral and selective mu-
tations to the large panel of mutations detected in M9, we com-
pared the number of single base substitutions in coding (n  49)
and intergenic sequences (n  2) as previously described (15). The
ratio deduced (49/2  24.5) was higher than the ratio of 5.58
deduced from the length of coding (2,506,356 bp) and noncoding
(448,938 bp) sequences (�2  5.0; P 	 0.05). Thus, single base
substitutions occurred more frequently in coding sequences than
expected. In contrast, the observed (23/5  4.60) and expected
(5.58) ratios were similar for deletions and insertions (P  0.69).
To further evaluate whether mutations in M9 were neutral, we
also compared the occurrence of nonsynonymous (n  42) and
synonymous (n  7) mutations. The deduced ratio (42/7  6.00)
was higher than the value of 2.34 deduced from the relative fre-
quencies of transitions and transversions (Table 4) and from the
codon usage in the 835,452 codons encoding the entire proteome

TABLE 3 Catalytic constants for para-nitrophenyl-phosphate hydrolysis by StpA from parental strain D344S and ampicillin resistant mutants M1
and M2

Substitution in
StpA (strain)

Catalytic constants determined in the presence of Mn2� ata:

2 mM 50 �M

Km (mM) kcat (min�1)
kcat/Km

(min�1 mM�1) Km (mM) kcat (min�1)
kcat/Km

(min�1 mM�1)

None (D344S) 0.66 � 0.09 1,200 � 100 1,800 � 300 0.69 � 0.17 12 � 1 17 � 5
T101R (M1) 1.2 � 0.2 0.83 � 0.04 0.69 � 0.12 NDb ND ND
A35V (M2) 1.0 � 0.4 350 � 40 350 � 140 0.67 � 0.28 0.22 � 0.02 0.33 � 0.14
a Values � SE of regression were obtained by fitting experimental data to the Michaelis-Menten equation, V  kcat ES/(Km � S), where V is the initial velocity and E and S are the
initial enzyme and substrate concentrations, respectively.
b ND, not determined.

FIG 3 Frequency of rifampin-resistant mutants in derivatives of E. faecium
D344S. Bars indicate the median values of a minimum of four experiments.
The frequency is higher in M2 than in the remaining strains (P 	 0.05, Mann-
Whitney U test).
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(2,860 proteins) (�2  5.72; P 	 0.02). Thus, the mutation spec-
trum of mutant M9 (Table 4) indicates that the high mutation rate
observed in our selection procedure did not mainly result from
the accumulation of neutral mutations.

Mutation spectrum of rifampin-resistant derivatives of
D344S. Since long incubations (3 to 6 days) on inhibitory concen-
trations of ampicillin and glycopeptides were required to obtain
mutants M1 to M9, we evaluated whether the number of muta-
tions increased in aging plates. For this purpose, whole-genome
sequencing was performed in four rifampin-resistant mutants
(D1, D2, D3, and D6) that were detected after 1, 2, 3, and 6 days of
incubation, respectively, on rifampin-containing plates. Each mu-
tant harbored one mutation in the rpoB gene among a total of 8, 3,
5, and 4 mutations for D1, D2, D3, and D6, respectively. Thus, the
number of mutations did not increase upon aging of the plates.

The average number of mutations in rifampin-resistant mu-
tants D1, D2, D3, and D6 was 5.0 (20 mutations in 4 mutants).
This observation suggests that an average of 4 mutations were
acquired by the mutants in addition to the mutation required for
rifampin resistance. Since single modifications of RpoB are ex-
pected to be sufficient for resistance, these non-rpoB mutations
may be neutral. The corresponding mutation rate, 1.4 10�8 per
generation and per nucleotide is 64-fold higher than the value of
2.2 � 10�10 reported for E. coli (15). Transitions greatly exceeded
transversions in M9 (40/11  3.64) (Table 4) but not in rifampin-
resistant mutants (6/13  0.46; P  0.00024) (Table 5). Insertions
and deletions were less abundant than single-nucleotide substitu-
tions in M9 (28/51  0.55), but the difference was greater in ri-
fampin-resistant mutants (1/19  0.052; P  0.0075). Of note, 4
transitions and 3 transversions (4/3  1.33) but no deletion were
detected in mutant M1, which harbored a wild-type allele of mutL.
These observations indicate that the mutL mutation of M2 shifted

the spectrum of mutations in favor of both transitions and dele-
tions. In E. coli, transitions and frameshift mutations also pre-
dominate in mutL mutants (Table 6). For example, transition to
transversion ratios of 43 (1,588/37) and 1.3 (131/102) were re-
ported for a mutL strain and its isogenic wild-type parental strain
(15). The ratio of single-nucleotide insertions and deletions to
single-nucleotide substitutions was also increased in a mutL null
mutant (299/1,625  0.18) in comparison to that of the wild type
(19/233  0.08). Together, these observations indicate that the
mutL mutation detected in M2 modified the mutation spectrum
(Table 6), in addition to the moderate increase in the frequency of
rifampin-resistant mutants reported above.

Peptidoglycan synthesis enzymes affected by mutations de-
tected in M1 to M9. A mutation was detected in a class B PBP gene
encoding a putative orthologue of Streptococcus pneumoniae
PBP2x, designated pbpB (21). The mutation led to a T539K substi-
tution (Table 2) located immediately downstream from the con-

TABLE 4 Characteristics of mutations detected in mutants M9

Type of mutation Intragenic Intergenic

Single base substitution (n  51) 49 2
Transitions (n  40)

A:T¡G:C 16 0
G:C¡A:T 23 1

Transversions (n  11)
A:T¡T:A 4 1
A:T¡C:G 0 0
G:C¡T:A 4 0
G:C¡C:G 2 0

A:T sites (n  21) 20 1
G:C sites (n  30) 29 1
Consequence

Synonymous 7 NAa

Missense 39 NAa

Nonsense 3 NAa

Insertion and deletion (n  28) 23 5
Deletions (n  24)

A or T 20 4
G or C 0 0

Insertions (n  4)
A or T 2 1
G or C 1 0

Total (n  79) 72 7
a NA, not applicable.

TABLE 5 Characteristics of mutations detected in rifampin-resistant
mutants D1, D2, D3, and D6

Type of mutation Intragenic Intergenic

Single base substitution (n  19) 16 3
Transitions (n  6) 1 1

A:T¡G:C
G:C¡A:T 4 0
A:T¡C:G 1 0
G:C¡T:A 5 2
G:C¡C:G 0 0

A:T sites (n  8) 7 1
G:C sites (n  11) 9 2
Consequence

Synonymous 2 NAb

Missense 14a NAb

Nonsense 0 NAb

Insertion and deletion (n  1) 1 0
Deletions (n  0)

A or T 0 0
G or C 0 0

Insertions (n  1)
A or T 1 0
G or C 0 0

Total (n  20) 17 3
a NA, not applicable.
b Including mutations leading to amino acid substitutions P27S, Q473K, Q473K, and
Q473L in RpoB of mutants D1, D2, D3, and D6, respectively.

TABLE 6 Comparison of mutations in wild-type and mutL E. faecium
and E. coli

Type of mutation
(expected)

E. faeciuma E. coli

MutL (Apr

and Vmr)
Wild type
(Rifr)

MutL
(neutral)

Wild type
(neutral)

Mutation rate 2.9 � 10�8 1.4 � 10�8 3.0 � 10�8 2.2 � 10�10

% nonsynonymous (70) 85 88 40 41
% missense (85) 96 84 47 43
% transitions 78 32 98 57
% insertions and

deletions
35 5 15 7

a Apr, ampicillin resistance; Vmr, vancomycin resistance; Rifr, rifampin resistance.
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served KTG motif at positions 536 to 538. In clinical isolates of
streptococci, the L to V substitution in the residue immediately
preceding this conserved motif is a common contributor to ac-
quired penicillin resistance (22–24). A T to A substitution in the
residue following the conserved KTG motif is rarely observed in
clinical isolates although it is responsible for acquisition of low-
level resistance to cephalosporins in mutants selected in labora-
tory conditions (22–24). These observations suggest that de-
creased affinity of PBPB for ampicillin was selected along with
activation of the L,D-transpeptidation pathway. This may appear
counterintuitive since PBPs are fully bypassed by L,D-transpepti-
dase Ldtfm in mutant M512 (1, 6). However, the T539K substitu-
tion was observed in mutant M2, which is only moderately resis-
tant to �-lactams (Fig. 1). In this mutant, the proportion of
L-Lys3¡D-iAsx-L-Lys3 cross-links is increased in comparison to
that in the parental strain D344S, but D,D-transpeptidases retain
an essential role in cross-link formation (8). Thus, the T539K sub-
stitution in PBPB may have facilitated acquisition of ampicillin
resistance in early selection steps although it does not play a direct
role in the L,D-transpeptidation pathway. Alternatively, acylation
of PBPB by ampicillin may inhibit peptidoglycan polymerization
complexes even though this PBP is not required for peptidoglycan
cross-linking. Such a dominant effect has been previously ob-
served for inhibition of bifunctional class A PBPs by moenomycin
(21).

Mutant M8 harbored a null mutation in gene ddcP, which en-
codes the major D,D-carboxypeptidase in E. faecium (25). As de-
scribed in the Introduction, stepwise activation of the L,D-trans-
peptidation pathway in mutants M1 to M9 requires synthesis of
DdcY and optimization of its D,D-carboxypeptidase activity for
full conversion of soluble cytoplasmic precursors into the UDP-
MurNAc-tetrapeptide (9, 12). DdcP and DdcY catalyzed the same
reaction, potentially on different substrates depending on the
specificity and location of the enzymes (9, 25). These substrates
may include UDP-MurNAc-pentapeptide, as demonstrated for
DdcY, lipid intermediates I and II, and stem peptides in nascent
peptidoglycan (9, 25). Selection of a null mutation in gene ddcP of
M8 shows that the D,D-carboxypeptidase activity of DdcP is not
essential to the L,D-transpeptidation pathway. The role of the ddcP
mutation in resistance, if any, remains to be established, but it is
tempting to speculate that DdcY and DdcP compete for the same
localization or cofactor. Of note, deletion of ddcP in a wild-type E.
faecium background has been reported to decrease the MIC of
ampicillin from 43 to 8 �g/ml (24).

An A205V substitution was detected in MurAB, one of the two
UDP-N-acetylglucosamine 1-carboxyvinyltransferases that cata-
lyze the first committed step on peptidoglycan synthesis in E. fae-
cium. In Enterococcus faecalis, inactivation of gene murAA, but not
of paralogue murAB, was reported to decrease cephalosporin re-
sistance (26). Since the respective roles of these two enzymes,
which are both functional for UDP-MurNAc synthesis, remain
enigmatic (26), we cannot propose a mechanism for the possible
contribution of the MurAB substitution to glycopeptide resis-
tance of M9.

Likewise, there is no obvious link between the A198T substitu-
tion in GlcNAc transferase MurG and activation of the L,D-trans-
peptidation pathway since this enzyme, which forms lipid inter-
mediate II, displays little specificity for the peptide stems of
peptidoglycan precursors (27). Thus, MurG is not expected to be
affected by the replacement of pentapeptide by tetrapeptide.

In conclusion, 4 of the 20 enzymes committed to peptidogly-
can biosynthesis were affected by amino substitutions (PBPB,
DdcP, MurAB, and MurG). This proportion is higher than the
incidence of nonsynonymous mutations at the scale of the entire
proteome (20% versus 1.6%, respectively). None of the substitu-
tions had any obvious role in the activation of the L,D-transpepti-
dation pathway. In particular, the substitutions did not involve
enzymes that recognize the peptide stems of peptidoglycan pre-
cursors and, for this reason, might be affected by replacement of
pentapeptide by tetrapeptide stems in the peptidoglycan precur-
sors of the mutants. Such enzymes include D-aspartate ligase,
MraY transferase, and D-Glu and D-Asp amidases that were not
affected by substitutions in M9. Thus, replacement of pentapep-
tide by tetrapeptide appears to be well tolerated by enzymes in-
volved in the late steps of peptidoglycan precursor assembly.

Functional classes of proteins affected by mutations in mu-
tants M1 to M9. Among the 79 mutations detected in M9, 65 were
nonsynonymous mutations (Tables 2 and 4). Assignment of the
corresponding proteins in functional classes (Fig. 4) revealed se-
quence alterations in eight proteins involved in transcription reg-
ulation, including CroR, a response regulator of a two-component
regulatory system that contributes to intrinsic �-lactam resistance
in the enterococci by an unknown mechanism (28–30). As de-
scribed above for amino acid substitution T539K in PBPB, this
modification may not be directly related to the activation of the
L,D-transpeptidation pathway since it was acquired in an early step
of the selection procedure (2nd) by a mutant (M2) which still
partially relies on PBPs for peptidoglycan cross-linking. Nonsyn-
onymous mutations also affected two sensor kinases, suggesting
that regulatory circuits involving two-component regulatory sys-
tems are affected in response to the acquisition of ampicillin and
glycopeptide resistance. Since certain response regulators of two-
component regulatory systems are substrates of Ser/Thr protein
kinases (31), the sensor kinase genes might be targets for compen-
satory mutations in response to the pleiotropic effects induced by
impaired StpA phosphatase activity (11). Ten of the 65 proteins
affected by nonsynonymous mutations were involved in the trans-
port of various molecules through the membrane, including sug-

FIG 4 Functional classes of proteins affected by the 65 nonsynonymous mu-
tations detected in mutant M9.
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ars, amino acids, phosphate, proteins, and metals. Five proteins
were involved in the assimilation of carbon and generation of
energy from carbon sources, including glyceraldehyde-3-phos-
phate dehydrogenase, L-lactate dehydrogenase, fructose-1,6-bis-
phosphatase, and glycerol kinase. These results suggest that the
fluxes through central metabolic pathways, including glycolysis,
might be profoundly remodeled in mutant M9. Of note, a connec-
tion between CroR and the phosphotransferase system (PTS) sys-
tem has recently been reported in E. faecalis mutants hypersuscep-
tible to �-lactam antibiotics (32).

In conclusion, several lines of evidence indicate that multiple
mutations are required for acquisition of high-level resistance to
ampicillin and glycopeptides mediated by activation of the L,D-
transpeptidation pathway. First, it is worth noting that nearly all E.
faecium isolates naturally produce a low-affinity PBP (PBP5) that
confers moderate levels of resistance to ampicillin and high-level
resistance to this drug following mutational alteration of the cor-
responding gene. However, the L,D-transpeptidation pathway
conveys even higher levels of resistance and, additionally, resis-
tance to glycopeptides. Second, nine consecutive selection steps
were required for full conversion of pentapeptide to tetrapeptide
and exclusive formation of 3¡3 cross-links in the peptidoglycan
(Fig. 1). Third, mutants with increased resistance to ampicillin
and glycopeptides were obtained at frequencies ranging from 10�9

to 10�10 in each of the nine selection steps. The frequency of
mutants resistant to rifampin was at least 1,000-fold higher (Fig.
3). These observations suggest that more than one mutation was
required to significantly increase the level of resistance to ampicil-
lin and glycopeptides in each of the nine selection steps. Acquisi-
tion of a null mutation in the gene encoding mismatch repair
protein MutL may have facilitated emergence of resistance by ex-
tending the repertoire of spontaneous mutations in M2 and sub-
sequent mutants. An increase in the mutation rate per se was not
involved since the frequency of mutants resistant to rifampin was
only increased in one of the nine mutants (M2), and this increase
was modest (4-fold) (Fig. 3). MutL appears functional in the pa-
rental strain D344S since the mutL null mutation resulted in an
increase in the frequency of transversions and deletions, which is a
signature of impaired MutL activity (Table 6) (15). Thus, the con-
tribution of the mutL mutation to successful selection of resis-
tance to ampicillin and glycopeptides may have mainly involved
an increase in the frequency of frameshift mutations. This would
imply that loss of function has played a key role in the activation of
the L,D-transpeptidation pathway. Accordingly, two mutations
that impaired the phosphatase activity of DdcS and StpA were
experimentally shown to be required for ampicillin resistance
(11). The impact of other mutations on the expression of ampi-
cillin and glycopeptide resistance remains to be determined.
However, the number and function of the proteins affected by
mutations in M9 (Fig. 4) suggest that activation of the L,D-trans-
peptidation pathway involves profound alterations in the use of
carbon sources and in transcriptional regulatory circuits. This
may limit emergence of this resistance mechanism, which has
never been detected in any clinical isolates, in natural conditions
although a modest contribution of an L,D-transpeptidase distantly
related to Ldtfm to intrinsic cephalosporin resistance has been re-
ported in E. faecium (25). Bypass of D,D-transpeptidases by L,D-
transpeptidases has been a viable evolutionary option for myco-
bacteria since the peptidoglycan of these organisms mainly (75 to
80%) contains 3¡3 cross-links (33–35). In this case, �-lactam

resistance might not have been the main selective pressure for the
emergence and maintenance of the 3¡3 mode of peptidoglycan
cross-linking since these bacteria produce broad spectrum �-lac-
tamases (36–38) and the L,D-transpeptidation pathway is inhib-
ited by �-lactams that block production of tetrapeptide stems by
D,D-carboxypeptidases belonging to the PBP family (35, 39).
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