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A mutant of Mycobacterium smegmatis has been isolated that is simultaneously resistant to both D-cycloserine
(D-CS) and vancomycin. Genetic complementation with a PBP4 homolog restores sensitivity to both drugs. Re-
sistance to D-CS and vancomycin in this mutant is most likely due to a novel mechanism involving peptidogly-
can assembly at the cell surface.

The emergence of antibiotic resistance is a growing problem
among pathogenic bacteria. Of great concern is the increased
prevalence of multidrug-resistant strains of Mycobacterium tu-
berculosis (4). To complicate this issue further, mycobacteria
are intrinsically resistant to many drugs normally active on
other gram-positive microorganisms, due to their distinctive
lipid barriers composed of bound mycolic acid and free lipids,
which render them impermeable to many substances (3).

To gain greater insight into resistance mechanisms utilized
by mycobacteria, we sought to create a laboratory mutant of
Mycobacterium smegmatis that is resistant to the peptidoglycan
biosynthesis inhibitor D-cycloserine (D-CS). To that end, a col-
ony of wild-type M. smegmatis mc2155 was cultured in minimal
medium with increasing concentrations of D-CS ranging from
10 to 150 mg/ml. Aliquots of cells from each culture were
plated onto 102 mg of D-CS per ml, the concentration of D-CS
that consistently kills wild-type cells. One of the mutants iso-
lated from this selection was chosen for further characteriza-
tion.

The mutant was evaluated for resistance to other drugs
affecting peptidoglycan biosynthesis, including fosfomycin and
vancomycin. From these studies, it was determined that the
mutant is resistant to low levels of vancomycin. Because the
mutant displayed resistance to both D-CS and vancomycin, it
was named Cvr-1 for D-cycloserine and vancomycin resistance.
The D-CS MIC and minimum bactericidal concentration for
wild-type M. smegmatis are both 105 mg/ml, and those for Cvr-1
are 140 and 145 mg/ml, respectively. The vancomycin MIC and
minimum bactericidal concentration for wild-type M. smegma-
tis are 40 and 45 mg/ml, respectively, and those for Cvr-1 are 65
and 70 mg/ml, respectively.

Resistance to both D-CS and vancomycin commonly maps to
the D-alanine–D-alanine ligase (encoded by the gene ddlA) in
many pathogenic bacterial species. The D-alanine–D-alanine
ligase is responsible for catalyzing amide bond formation be-
tween two D-alanine molecules (16). The D-alanine–D-alanine
dipeptides created by the ligase are then added onto the C

termini of UDP-N-acetyl-muramic tripeptides to form pepti-
doglycan monomers that are eventually added to the pepti-
doglycan (16). David performed genetic fluctuation analyses
on D-CS-resistant mutants of M. tuberculosis and concluded
that drug resistance is primarily due to mutations in the D-
alanine–D-alanine ligase gene (7). D-CS resistance mechanisms
common to the ligase include changes in the specificity of the
enzyme such that it is no longer able to recognize and interact
with the drug.

Resistance to vancomycin in other bacteria results from the
replacement of the terminal D-alanine–D-alanine of the pepti-
doglycan pentapeptide precursor with either a D-alanine–D-
lactate depsipeptide or a D-alanine–D-serine dipeptide. These
molecules are produced by resistance plasmid-encoded ho-
mologs of D-alanine–D-alanine ligases with altered specificities,
best described for vancomycin-resistant enterococcal species
(2, 13, 15). Vancomycin has a lower affinity for these modified
cell wall precursors and is therefore unable to interact with
them to inhibit peptidoglycan assembly at the cell surface.

Because resistance to both D-CS and vancomycin commonly
maps to the D-alanine–D-alanine ligase gene, we sought to
discover whether the defect in Cvr-1 leading to its cross-re-
sistant phenotype was due to altered ligase activity. We se-
quenced the ddlA gene from Cvr-1 and compared the sequence
to that of the wild-type parent, M. smegmatis mc2155. Sequenc-
ing analyses demonstrated that there was no mutation in the
D-alanine–D-alanine ligase gene or its promoter in Cvr-1 (data
not shown).

To confirm the sequencing data, D-alanine–D-alanine ligase
activity assays were performed utilizing partially purified D-
alanine–D-alanine ligase extracts from either M. smegmatis
mc2155 or Cvr-1. This assay was originally used to determine
the ligation products of D-alanine–D-alanine ligases present in
vancomycin-resistant enterococci (1, 13, 15). The D-alanine–D-
alanine ligases from both the wild type and Cvr-1 were able to
produce D-alanine–D-alanine dipeptides but not D-alanine–D-
lactate depsipeptides (data not shown). The ligases from both
strains were also unable to synthesize D-alanine–D-serine di-
peptides (data not shown). These results illustrate that the
simultaneous D-CS and vancomycin resistance of Cvr-1 is due
to a novel mechanism that does not involve the D-alanine–D-
alanine ligase.
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High-performance liquid chromatography and mass spec-
trometry were performed on the peptidoglycan precursors
from wild-type and mutant M. smegmatis to determine their
levels and composition. This analysis demonstrated whether
resistance to the two drugs might be due to altered precursor
biosynthesis. In order to perform the analysis, the two strains
were incubated in the presence of 40 mg of vancomycin per ml
to promote the accumulation of the peptidoglycan precursors.
The results demonstrated that the composition and the levels
of the precursors in the two strains were similar (data not
shown), suggesting that a defect in the peptidoglycan precursor
biosynthetic pathway of Cvr-1 is unlikely.

Three classes of D-CS-resistant mutants have been described
for other bacteria, such as Escherichia coli (17), Bacillus subtilis
(8), and the streptococci (14). One of these classes is com-
prised of mutants defective in transport of D-CS. In E. coli,
D-CS is transported by the CycA permease, which also trans-
ports D-alanine, glycine, and D-serine. We found no defect in
the transport of [14C]D-alanine (of which D-CS is an analog) by
the mutant permease suggesting that the mechanism of D-CS
resistance in Cvr-1 was not due to a defective CycA permease
(data not shown).

The other two classes of D-CS-resistant mutants in bacteria
include mutants with alterations in either the D-alanine–D-
alanine ligase or the D-alanine racemase (8, 14, 17). As previ-
ously mentioned, there is no alteration of ligase activity in
Cvr-1. The D-alanine racemase converts L-alanine to D-alanine,
which then serves as a substrate for the D-alanine–D-alanine
ligase. David (7) speculated that in mycobacteria the inhibition
of the alanine racemase by D-CS plays a minor role in the
drug’s mechanism of action. However, Cáceres et al. (6) dem-
onstrated that D-CS resistance in M. smegmatis can be medi-
ated by overexpression of the gene encoding the alanine race-
mase (alr), resulting in a 15-fold increase in the specific activity
of the enzyme. An increase in the specific activity of the race-
mase will alter the levels of D-alanine within the cell, resulting
in a perturbation of the composition or the levels of the pep-
tidoglycan precursors. Because high-pressure liquid chroma-
tography and mass spectrometry demonstrated that there was
no defect in the levels or the composition of the peptidoglycan
precursors, it is unlikely that resistance to D-CS in Cvr-1 is due
to overexpression of alr.

To determine whether resistance to vancomycin in Cvr-1
results from the inability of vancomycin to interact with D-
alanine–D-alanine dipeptides present in the peptidoglycan
precursors of the mutant, vancomycin removal assays were
performed. The assays are based upon a modification of a
technique developed by Payne and Bell to evaluate peptide
transport (12). In their assay, uptake is measured by labeling
the supernatant of the cells with a fluorescent peptide-labeling
chemical to monitor the substrate’s removal from the super-
natant. The method used here is based upon the fact that the
levels of vancomycin in the supernatant can be detected by its
absorbance at 282 nm.

To perform the assay, 20 mg of vancomycin per ml was added
to wild-type and mutant cultures. The concentration of vanco-
mycin used was two times below the MIC for wild-type M.
smegmatis to prevent killing of the wild-type parent during the
assay. The amount of vancomycin remaining in the supernatant
was measured over a period of 5 h. To ensure that the vanco-
mycin remained stable over the 5 h, a control with no cells was
performed simultaneously (data not shown). Figure 1 shows
that after 5 h of incubation, 15% of the vancomycin was re-
moved from the supernatant of Cvr-1. The wild-type parent
removed threefold more vancomycin from the supernatant
(85%) than the mutant. This result suggests that there is either

less substrate (D-alanine–D-alanine of the peptidoglycan pre-
cursors) for vancomycin binding on the bacterial cell wall or
that the substrate is inaccessible to the drug.

One explanation for the reduced removal of vancomycin
from the supernatant of the mutant strain is that the strain has
less target for binding. To examine this possibility, we com-
pared the levels of incorporation of 14C radioactive label into
the peptidoglycan after metabolic labeling of the wild-type and
mutant strains, using a protocol developed by Burns-Keliher et
al. (5). Following incubation of the wild type and mutant with
[14C]D-alanine, the wild-type strain contained 7.05 nmol of 14C
label derived from D-alanine/mg (wet weight), whereas the
mutant strain contained only 5.45 nmol of 14C label derived
from D-alanine/mg (wet weight). As a control, we performed
the same experiment with [14C]D-serine because D-serine is not
usually a component of peptidoglycan. Following incubation of
the wild type and mutant with [14C]D-serine, the wild-type
strain contained 1.90 nmol of 14C label derived from D-serine/
mg (wet weight), while the mutant strain contained 2.14 nmol
of 14C label derived from D-serine/mg (wet weight). The results
from this assay suggest that less D-alanine is incorporated into
the cell wall of Cvr-1; therefore, less target may be available for
vancomycin binding.

One obvious explanation for the simultaneously D-CS and
vancomycin-resistant phenotype of Cvr-1 is the presence of two
or more unlinked mutations in Cvr-1. To address this issue, we
performed conjugative mating assays. Parsons et al. (11) dem-
onstrated that M. smegmatis mc2155 and its derivatives can act
as donor strains for the unidirectional conjugal transfer of
DNA. The streptomycin-resistant strain MKD8 serves as the
acceptor strain for the DNA from M. smegmatis mc2155 or its
derivatives.

Upon mating Cvr-1 and MKD8, 4.5 3 104 streptomycin- and
D-CS-resistant colonies were isolated, with a transfer frequency
(conjugants per donor) of 1.3 3 1023. To determine whether
resistance to D-CS and vancomycin in Cvr-1 could be trans-

FIG. 1. Vancomycin removal assay. Removal of vancomycin from the super-
natant by M. smegmatis mc2155 (circles) or Cvr-1 (triangles) was monitored at
282 nm at the indicated time points. At each time point, the A282 was converted
to micrograms of vancomycin per milliliter remaining in the supernatant. The
data are the averages of three experiments performed in duplicate. Error bars
are smaller than data points.
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ferred to the recipient strains simultaneously, the streptomy-
cin- and D-CS-resistant colonies were tested for their resistance
to vancomycin. None of the streptomycin- and D-CS-resistant
colonies were resistant to vancomycin, indicating that resis-
tance to D-CS is not linked to vancomycin resistance in Cvr-1.
This suggests that Cvr-1 contains two or more mutations lead-
ing to its simultaneous drug-resistant phenotype.

To gain insight into the nature of the multidrug-resistant
phenotype of Cvr-1, we screened for wild-type sequences that
would restore to Cvr-1 sensitivity to both D-CS and vanco-
mycin. Using a multicopy M. smegmatis mc2155 library, we
screened 600 transformants for resistance to D-CS. One of the
D-CS-resistant clones isolated was subcloned into a multicopy
vector and tested for its ability to restore vancomycin sensitiv-
ity to Cvr-1. This clone, A1-3(10), restored both D-CS and
vancomycin sensitivity to Cvr-1, whereas the vector alone did
not. Although multicopy suppression is not always successful in
identifying actual mutations, the fact that multicopy expression
restores both D-CS and vancomycin sensitivity to Cvr-1 can be
useful in understanding the mechanism of resistance to both
drugs.

Sequencing of the 1.1-kb PstI insert in A1-3(10) revealed an
open reading frame (ORF) with homology (24% identity and
37% similarity) to the E. coli penicillin binding protein 4
(PBP4) gene (10) (Fig. 2). The PBPs are a class of membrane
proteins present at the bacterial cell surface which are involved
in peptidoglycan chain assembly and turnover (16). Kyte-
Doolittle analysis of the putative PBP4 homolog showed that
the 17 N-terminal amino acids displayed a hydrophobic pattern
(data not shown). The hydrophobicity of the N terminus, along

with the presence of several basic amino acids, suggests that
the N terminus may act as a signal sequence, targeting the
protein to the cell wall. This is a common feature of penicillin
binding proteins (9, 10). The critical active-site serine of E. coli
PBP4 is replaced with a similar cysteine residue in the A1-
3(10) ORF (Fig. 2).

In conclusion, a mutant of M. smegmatis resistant to both
D-CS and vancomycin has been isolated. Because the D-ala-
nine–D-alanine ligase from Cvr-1 demonstrated wild-type func-
tion and because no unusual peptidoglycan precursors were
detected, a defect in the peptidoglycan precursor biosynthetic
pathway seems unlikely. The vancomycin removal and pepti-
doglycan labeling assays indicated that there may be less sub-
strate available for vancomycin binding in the cell wall of the
mutant. Therefore, the substrate for vancomycin binding in the
mutant must be altered during a later step of peptidoglycan
biosynthesis, perhaps during cell wall assembly at the cell sur-
face.

Supporting this hypothesis, a multicopy wild-type sequence
that complements D-CS and vancomycin resistance in Cvr-1
displayed homology to the gene encoding the PBP4 enzyme
from E. coli (10). This protein is involved in cell wall assembly
at the cell surface. Further studies of the details of the cell wall
assembly reactions in Cvr-1 will elucidate the mechanism be-
hind the interesting phenotypes of this mutant and lead to an
increased understanding of mycobacterial cell wall synthesis
and architecture.

We thank Keiko Taber of Wyeth-Ayerst Research for the mass
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FIG. 2. Amino acid sequence comparison of the complementing ORF with PBP4 from E. coli. The putative N-terminal signal sequence is underlined, and the
active-site residue is indicated by the asterisk (see text). Identical residues are highlighted in darker boxes, whereas similar residues are highlighted in lighter boxes.
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