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A temperature-sensitive mutant of Mycobacterium smegmatis was characterized that contains a mutation in
ddi4, the gene encoding p-alanine:p-alanine ligase. Enzymatic assays using recombinant proteins and b-
cycloserine susceptibility indicate that the A365V mutation in the SMEG35 DdIA protein causes a reduction

in enzymatic activity in vitro and in vivo.

A nearly universal component of bacterial cell walls is pep-
tidoglycan, a macromolecule that is composed of polysaccha-
ride chains that are cross-linked by short peptide bridges. Pep-
tidoglycan gives the bacterial cell its characteristic shape and
prevents the cell from lysing due to high internal osmotic
pressure. Our understanding of how peptidoglycan is synthe-
sized in bacteria is derived mostly from work done with Esch-
erichia coli in which a number of temperature-sensitive mu-
tants have been isolated that are defective in the biosynthesis
of peptidoglycan at 42°C (10, 11, 13, 14, 20). Two hallmarks of
these mutants are cell lysis at the nonpermissive temperature
and suppression of the temperature-sensitive phenotype on
media containing osmotic stabilizers (10, 11, 13, 14, 20).

We previously described the generation of a bank of tem-
perature-sensitive mutants of Mycobacterium smegmatis mc*155
(2, 4). One of the mutants, SMEG35, exhibits the two pheno-
typic characteristics associated with E. coli mutants defective in
peptidoglycan biosynthesis. First, SMEG35 cells grown at 30°C
to an optical density at 600 nm of 0.5 and then shifted to 42°C
lyse after one doubling time, as evidenced by a visual clearing
of the culture and the appearance of flocculent material (data
not shown). Second, the temperature-sensitive phenotype of
SMEG35 can be suppressed on growth medium containing
either 0.5 M sucrose or 0.2 M NaCl (data not shown).

The bacterial strains and plasmids used in this study are
listed in Table 1. To identify the mutated gene, SMEG35 was
complemented with an M. smegmatis genomic cosmid library as
previously described (2). A sublibrary was constructed from
the complementing cosmid pAEB222 and the E. coli-mycobac-
terial shuttle vector pMD30 as described previously (2). The
nucleotide sequence was determined for the insert of the small-
est complementing subclone pAEB224 with an ABI310 auto-
mated sequencer (PE Biosystems, Foster City, Calif.) and gene-
specific primers. The 1,346-bp sequence of pAEB224 contains
a single open reading frame that encodes a protein of 373
amino acids. Database searches using BLAST (1) indicate that
the predicted gene product has similarity to a number of
p-alanine:D-alanine ligases (Ddls) from gram-negative and gram-
positive bacteria. Among the database matches, the M. smeg-
matis gene product is most similar to the Mycobacterium tu-
berculosis H37Rv DdIA homolog encoded by the Rv2981c
gene (3), with 83% similarity. While some bacteria, such as
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E. coli, have two Ddls, DdIA and DdIB (21), M. tuberculosis
(and by inference M. smegmatis) has only one, DdIA (3).
Amino acid alignments with Clustal W (19) indicate that a
number of residues are conserved between M. smegmatis
DdIA and the Ddl proteins of representative gram-negative
and gram-positive bacteria, including those amino acid res-
idues that are mechanistically important (8, 17; data not
shown).

The presence of a mutation in the ddI4 gene of SMEG35
was confirmed by sequencing of the mutant allele. The gene
was amplified from the SMEG35 genome with Pfu DNA poly-
merase (Stratagene) and the primers 5'-TTGTGACTGCCCC
GAACC-3' (forward) and 5'-CGAAAAACCCGTCGAGCC-3’
(reverse) in a PCR mixture supplemented with 5% formamide.
Sequence analysis revealed a single mutation at bp 1095 of
ddlA that changes a C to a T on the top strand. This mutation
results in an alanine-to-valine substitution at amino acid 365 of
Ddl], close to the C terminus of the protein. The alanine that is
mutated in the SMEG35 Ddl is a nonconserved amino acid
residue that does not correspond to any of the amino acids that
were previously shown to be important for function in the Ddls
of other bacteria.

In E. coli, DAIA and DdIB synthesize p-alanyl-p-alanine, a
dipeptide used in the biosynthesis of the peptidoglycan pre-
cursor UDP-N-acetylmuramoyl-L-alanyl-p-isoglutamyl-meso-
diaminopimelyl-D-alanyl-p-alanine (20). Since the specific
reaction catalyzed by the two Ddls is 2 p-alanine + ATP —
D-alanine:p-alanine + ADP + P,, enzymatic activity can be
assayed by quantitating the p-alanine-dependent liberation of
free phosphate from ATP (5, 21). We found that this method
lacked the sensitivity required to measure Ddl activity in crude
mycobacterial extracts. Therefore, to study the consequences
of the A365V mutation in SMEG35 DdIA, the wild-type and
mutant DdIA proteins were overexpressed in E. coli. To make
the protein expression constructs, wild-type and SMEG35 ddIA
genes were first amplified as described above, except that two
nucleotides (underlined) were reversed in the sequence of the
forward primer (5'-TTGTGCATGCCCCGAACC-3’) to intro-
duce an Sphl site. The PCR products were cloned into the
EcoRYV site of pBluescript SK™ (Stratagene), and then the re-
sulting constructs were digested with Sphl and HindIII to lib-
erate the 1.3-kb insert. The DNA fragments from the wild type
and SMEG3S5 were cloned into the corresponding sites of pQE31
to create pAEB242 and pAEB243, respectively. Plasmid pQE31
is an E. coli vector that allows for the overexpression of N-ter-
minal Hisg-tagged proteins from a phage T5 promoter contain-
ing two lac operator sequences (Qiagen, Chatsworth, Calif.).
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid

Relevant features

Source or reference

Strains
M. smegmatis
mc?155 eptl ddIA™ 16
SMEG35 eptl ddlA1(Ts) This study
E. coli XL1-Blue recAl endAl gyrA96 thi-1 hsdR17 SupE44 relAl lac [F' proAB lacI"ZAM15 Tn10 (Tet")] Stratagene, La Jolla, Calif.
Plasmids
pBluescript SK™ E. coli cloning vector Stratagene
pMD30 E. coli-mycobacterial shuttle vector 7
pQE31 Protein expression vector Qiagen, Chatsworth, Calif.
pAEB222 M. smegmatis-derived cosmid containing ddlA This study
pAEB224 1.4-kb Sau3Al fragment containing dd/A cloned into pMD30 This study
pAEB242 Wild-type ddIA gene cloned into pQE31 This study
pAEB243 SMEG35 ddIAI gene cloned into pQE31 This study

Pilot inductions were performed with E. coli cells at 30°C with
1 mM IPTG (isopropyl-p-p-thiogalactopyranoside) for 2 h.
Analysis of cellular protein contents indicated that both the
wild-type and mutant DdIA proteins were overexpressed to
high levels in E. coli under these conditions (Fig. 1).

The temperature sensitivity of SMEG35 could result from
thermolability of the mutant protein, a general folding defect
(as described previously for EcoRI endonuclease and phage
P22 tail spike endorhamnosidase [9, 15]), or a general reduc-
tion in specific activity resulting in a mutant protein that can-
not keep up with the increased metabolic demands of growth
at higher temperatures. To address this, the wild-type and
mutant DdIA proteins were purified and tested for enzymatic
activity at different temperatures. For these experiments, the
proteins were overexpressed at 30°C, since under these condi-
tions, the two proteins are synthesized at similar levels and
have comparable (and high) levels of solubility (>90%); no
inclusion bodies were observed. When expressed at higher
temperatures, less expression of the mutant protein was ob-
served, and a greater fraction of it was insoluble relative to the
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FIG. 1. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis
of protein overexpression and purification. Lanes: 1 and 2, protein profiles of E.
coli containing DNA constructs encoding the wild-type DdIA protein uninduced
(lane 1) and induced with IPTG (lane 2); 3, purified wild-type DdIA protein; 4
and 5, protein profiles of E. coli containing DNA constructs encoding the A365V
protein from SMEG35 uninduced (lane 4) and induced with IPTG (lane 5); 6,
purified A365V protein; M, molecular mass markers (sizes given to the right in
kilodaltons).

wild-type protein (data not shown). While these observations
are consistent with the mutant possessing altered folding pro-
teins, they also complicate any comparison of enzyme activities
when isolated at higher temperatures.

The Hisq-tagged wild-type and mutant DdIA proteins were
isolated from E. coli cells induced with 1 mM IPTG for 2 h and
purified by nickel affinity chromatography. Proteins were iso-
lated under native conditions by using 10 mM HEPES (pH
8.0)-buffered solutions supplemented with 5% glycerol and 5
mM B-mercaptoethanol according to the manufacturer’s rec-
ommendations (Qiagen), and the specific activities were mea-
sured with a phosphate release assay. We observed that the
wild-type DdIA protein has a high level of specific activity at all
temperatures tested, although it is about twofold higher at
30°C than at 42°C. The specific activity of the wild-type protein
at 37°C is somewhat higher (8- to 19-fold) than that reported
previously for the DdIA and DdIB proteins of E. coli and
Salmonella enterica serovar Typhimurium (5, 21), suggesting
that it is unlikely that the inclusion of the His tag has intro-
duced any significantly deleterious property to the protein or
that a substantial portion of the purified protein is inactive.

The specific activities of the mutant protein show a response
to temperature similar to that seen with wild-type DdIA, with
a temperature optimum at 30°C and approximately twofold
less activity at 42°C than at 30°C (Table 2). These observations
indicate that the mutant protein is no more thermolabile than
wild-type DdIA. Thus, thermolability of DdIA is unlikely to
account for the temperature sensitivity of SMEG35. However,
we also observed that at all three temperatures, A365V DdIA
has almost 30-fold less activity than the wild-type protein, and
the activity of both proteins was linear with time, indicating
that the assay conditions were not limiting (data not shown). It
therefore seems more likely that the mutant substitution in
A365V DdIA interferes with the general catalytic properties of

TABLE 2. p-Alanine:D-alanine ligase activities

a

Sp act (wmol h™! mg of protein~!)

Temp
O Wild type A365V
Ambient 294 10.4
30 410 14
37 236.8 10.4
42 207.2 7.6

“ Each value shown is the average of three independent assays. The values
obtained varied by no more than 7%, except for those obtained for the A365V
protein at 42°C, which varied by 20%.
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the protein, although we cannot rule out additional defects
resulting from altered protein folding. We note, however, that
the alanine at position 365 in DdIA is not well conserved
among Ddl proteins and has not been previously described as
a catalytically important residue.

The specific activities of the DdIA proteins described above
indicate that there is a significant reduction in DdIA activity in
the mutant protein even at the permissive temperature. To
determine if the Ddl activity is low in SMEG35 relative to that
in the wild type at 30°C in vivo, we examined the susceptibility
of the two strains to D-cycloserine, a drug that specifically
inhibits the activity of the DdI enzymes in bacteria, includ-
ing mycobacteria (6, 16). When the MIC of b-cycloserine for
both strains was determined, it was found that the growth
of SMEG35 was inhibited >90% on medium containing 50
pg/ml of the drug, while 200 pg/ml of the drug was required
for the same response by the wild type. The MIC of other
antimycobacterial drugs, such as rifampin, ethambutol, and
isoniazid, for SMEG35 was similar to that for the wild type.
These observations are consistent with the A365V mutant pro-
tein having reduced enzymatic activity relative to wild-type
DdIA at 30°C.

Taken together, these data suggest that the temperature sen-
sitivity of SMEG35 is due to a defect in peptidoglycan bio-
synthesis that is mediated by a mutation in ddl4. The A365V
substitution in the SMEG35 DdIA protein apparently causes
either a catalytic or a folding defect that results in a reduction
in enzymatic activity at all temperatures, such that the temper-
ature sensitivity of SMEG35 does not result from a thermo-
labile DdIA protein. Since M. smegmatis mc*155 grows about
three times faster at 42°C than it does at 30°C (2), we favor the
alternative hypothesis that the reduced activity of the mutant
DdIA protein is insufficient to meet the metabolic demands of
faster growth at the higher temperature, where the overall
level of peptidoglycan synthesis is significantly higher.

Nucleotide sequence accession number. The DNA sequence
of the M. smegmatis ddIA gene has been deposited in GenBank
under accession no. AFO77728.
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