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O-Acetylation of the MurNAc moiety of peptidoglycan is
typically associated with bacterial resistance to lysozyme, a
muramidase that serves as a central component of innate im-
munity. Here, we report that the peptidoglycan of Bacillus an-
thracis, the etiological agent of anthrax, is O-acetylated and
that, unusually, this modification is produced by two unrelated
families of O-acetyltransferases. Also, in contrast to other bac-
teria, O-acetylation of B. anthracis peptidoglycan is combined
with N-deacetylation to confer resistance of cells to lysozyme.
Activity of the Pat O-acetyltransferases is required for the sep-
aration of the daughter cells following bacterial division and
for anchoring of one of the major S-layer proteins. Our results
indicate that peptidoglycan O-acetylation modulates endoge-
nous muramidase activity affecting the cell-surface properties
and morphology of this important pathogen.

Peptidoglycan, the major component of bacterial cell walls,
consists of a polymer of the disaccharide N-acetylmuramic
acid (MurNAc)2-(�-1,4)-N-acetylglucosamine (GlcNAc) and
associated stem peptides. Neighboring glycan strands are
cross-linked via their peptide moieties, thereby creating a
thick three-dimensional molecular meshwork that surrounds
the cell. The sacculus formed by this polymer comprises a
rigid exoskeleton responsible for bacterial shape and resis-
tance to cytoplasmic turgor pressure. Given the importance of
this structure, its synthesis and maintenance are targets of
numerous antimicrobial compounds. In particular, lysozyme,
which is found at �5 mg/ml in mucosal secretions and serves
as the major effector of innate immunity (1), hydrolyzes the
�-1,4 glycosidic bond between MurNAc and GlcNAc.

Not surprisingly, bacteria have evolved strategies to inhibit
the action of such hydrolytic enzymes (2). One mechanism
involves additional structures such as S-layers or capsules
around the peptidoglycan layer to restrict access of externally

acting enzymes. Another relies on postsynthetic modification
of the peptidoglycan macromolecule. In Bacillus anthracis,
the etiological agent of anthrax, N-deacetylation of the
MurNAc and GlcNAc residues has been demonstrated to
confer resistance to lysozyme (3). A variety of other bacteria,
both Gram-positive and Gram-negative, add acetate to the
C-6 hydroxyl group of MurNAc residues (reviewed in Ref. 4),
which inhibits lysozyme through steric hinderance. The ex-
tent of this modification varies with bacterial strain and cul-
ture age and ranges from 15% to over 70%. A direct correla-
tion between the level of peptidoglycan O-acetylation and
lysozyme resistance has been reported for several bacteria,
including the important human pathogens Staphylococcus
aureus (5) and Neisseria gonorrhoeae (6). Peptidoglycan O-
acetylation is known to be a maturation event, occurring
within the peptidoglycan sacculus following its synthesis and
assembly (4).
Two distinct families of membrane bound O-acetyltrans-

ferases are responsible for peptidoglycan O-acetylation (7).
With S. aureus, mutation of the oatA gene, encoding a puta-
tive O-acetyltransferase, drastically decreases the O-acetyl
peptidoglycan levels and renders the bacteria sensitive to ly-
sozyme (8). The production of OatA for peptidoglycan O-
acetylation appears to be confined to Gram-positive bacteria
and homologs of S. aureusOatA have been found in Strepto-
coccus pneumoniae, Enterococcus faecalis, and Lactococcus
lactis (9–12). Although OatA has not been characterized bio-
chemically, it is classified as a member of the membrane-
bound O-acetyltransferase (MBOAT) family of acyltrans-
ferases (13), and it is thus predicted to be an integral
membrane protein possessing twelve membrane-spanning
helices. Its mode of action has been postulated to involve the
transfer of acetate from cytoplasmic pools of acetyl-CoA to
peptidoglycan followings its translocation across the cytoplas-
mic membrane (Fig. 1).
Rather than using OatA, Gram-negative bacteria produce a

second family of enzymes, called Pat, for the O-acetylation of
their peptidoglycan. Genes encoding these enzymes have been
identified in a number of species, including the human patho-
gens N. gonorrhoeae, N. menningitidis, Helicobacter pylori,
and species of both Campylobacter and Proteus (7). These
proteins are homologs of Alg, proteins involved in the
O-acetylation of the exopolysaccharide secreted by Pseudo-
monas aeruginosa, alginate (7, 14). In their respective genetic
loci, the pat genes are presumably co-transcribed with one or
two genes encoding putative type II secreted proteins, bearing
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esterase motifs in their protein sequences (7). Together, these
genes constitute the O-acetylation of peptidoglycan or OAP
cluster. Studies with N. gonorrhoeae have demonstrated that a
loss of its PatA, a hypothetical integral membrane protein,
results in a decrease of both O-acetylation and lysozyme re-
sistance (15). More recently, PatB was shown to function as
an O-acetyltransferase (16). Thus, it has been proposed that
PatA and PatB function together to translocate acetate from
cytoplasmic pools to the periplasm where it is added to pepti-
doglycan (Fig. 2) (17, 18). A third gene product of the OAP
cluster, Ape, functions as an O-acetylesterase to remove the
O-acetyl groups (16, 17).

In addition to protecting bacteria from the innate immune
response of hosts, the O-acetylation of peptidoglycan is postu-
lated to control autolysin activity (19). Autolysins are a collec-
tion of enzymes endogenous to bacteria that cleave pepti-
doglycan. They are required for peptidoglycan biosynthesis, as
well as for cell division and septation and their name is de-
rived from the fact that their nonspecific activity results in cell
lysis (20). Given this lethal potential, autolysin activity must
be tightly regulated during the cell cycle. As with lysozyme,
O-acetylation sterically hinders the function of many autol-
ysins. With B. anthracis, the main autolysins required for cell
separation remain unknown, but it has been suggested that
the Sap protein, one of the two main S-layer proteins, is a cell
wall hydrolase (21).
Previously, it was not known if B. anthracis O-acetylated

its peptidoglycan. However, as noted above, this bacterium
does produce an S-layer, an additional cell wall component
composed of self-assembled proteins that encapsulates the
cell. The major components of the S-layer, the Sap and EA1
proteins, are anchored to the cell wall using a secondary po-
lysaccharide and are required for cell separation (22, 23).
Herein, we demonstrate that B. anthracis does produce

O-acetylated peptidoglycan and that, uncommonly, both fam-
ilies of peptidoglycan O-acetyltransferases, Oat and Pat, are
used by this bacterium for full O-acetylation. Moreover, the
O-acetylation of peptidoglycan is required for separation of
B. anthracis cells, as well as for proper assembly and attach-
ment of its S-layer.

EXPERIMENTAL PROCEDURES

Bacterial Strain Construction—The bacterial strains and
plasmids used in this study are listed in Table 1, while the
oligonucleotides used are listed in supplemental Table S1.
Standard procedures were used to prepare and handle recom-

FIGURE 1. Pathways for the O-acetylation of peptidoglyan. A single
integral membrane protein, OatA, in Gram-positive bacteria translocates
acetate from cytoplasmic pools of acetyl-CoA across the cytoplasmic
membrane and then transfers it directly to peptidoglycan. In Gram-neg-
ative bacteria, an integral membrane protein, PatA, functions like OatA
to translocate acetate across the cytoplasmic membrane, but a second
protein, PatB, localized to the periplasm receives the acetate for its
transfer to peptidoglycan.

TABLE 1
Bacterial strains and plasmids used in this study

Strain Genotype or relevant characteristica Ref. or source

Strains
E. coli BL21��DE3� codonPlus F� ompT hsdSB (rB� mB

�) dcm met gal(�DE3) endA Hte�argU, ileY,leuW� (TetR) Stratagene
JM110 psL (Strr) thr leu thi-1 lacY galK galT ara tonA tsx dam dcm supE44 �(lac-proAB)

�F� traD36 proAB lacIqZ�M15� (StrepR)
Stratagene

B. anthracis JDB1575 Sterne strain 34F2 A. Driks
JDB1871 bas5308(oatB)::aphA3 (KanR) This study
JDB2006 bas1490::aad9 (SpecR) This study
JDB2519 patA1::tetL (TetR) This study
JDB2578 patA2::aad9 This study
JDB1972 patA1::aphA3::patA2 This study
JDB2583 patA1::aphA3::patA2 oatB::aad9 This study
JDB2573 patA1::aphA3::patA2 pML360 This study
JDB2609 patA1::aphA3::patA2 pML301 This study

B. subtilis JDB3 PY79 wild type (50)
JDB1996 oatB::tet This study
JDB2101 oatB::tet amyE::Phyperspank-oatB(Ba) This study
JDB2103 oatB::tet amyE::Phyperspank-patA1(Ba) This study
JDB2104 oatB::tet amyE::Phyperspank-patA2(Ba) This study
JDB2168 oatB::tet amyE::Phyperspank-oatA(Bs) This study
JDB2588 oatB::tet pML360 This study

Plasmids
pKS1 Temperature-sensitive pWV01-based gene inactivation vector; KanR; EmR (25)
pDG1515 pDH32-based B. subtilis integration vector; source of tetL; TetR (51)
pDG1726 pDH32-based B. subtilis integration vector; source of aad9; SpecR (51)
pML301 pAD123 (50) derivative containing patA2- bas0846 on a BamHI/KpnI fragment; CmR; AmpR This study
pML360 pAD123 (50) derivative containing patA1- bas0843 on a BamHI/KpnI fragment; CmR; AmpR This study
pDR111 Insertional vector for IPTG-inducible expression from B. subtilis amyE locus; SpecR (52)

a TetR, tetracycline resistance; StrepR, streptomycin resistance; KanR, kanamycin resistance; SpecR, spectinomycin resistance; EmR, erythromycin resistance; CmR, chloram-
phenicol resistance; AmpR, ampicillin resistance.
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binant DNA and to transform Escherichia coli. B. anthracis
strains were derivatives of B. anthracis Sterne 34F2, and
B. subtilis strains were derivatives of PY79. Competent B. sub-
tilis cells were made by the two-step method (24) and trans-
formants were selected using either MLS (1 �g/ml erythro-
mycin and 250 �g/ml lincomycin), 5 �g/ml chloramphenicol,
100 �g/ml spectinomycin, or 10 �g/ml tetracycline. All re-
agents were from Sigma unless noted.
Mutagenesis of B. anthracis Sterne used the plasmid pKS1

that is temperature sensitive for replication (25). Plasmid
minipreps of pKS1 derivative plasmids transformed into
E. coli JM110 cells were used to electroporate B. anthracis
competent cells. The B. anthracis transformants were grown
in LB at the non-permissive temperature (37 °C) without anti-
biotic and selected for resistance to the desired antibiotic (tet-
racycline, kanamycin, or spectinomycin). For each transfor-
mation, 100 CFUs were screened for resistance to the selected
antibiotic and erythromycin sensitivity, indicating that inser-
tion of the plasmid and its subsequent excision had occurred.
Deletion of the desired locus and the excision of the plasmid
were confirmed by PCR using flanking oligonucleotide pairs.
Details for the preparation of B. anthracis and B. subtilis
strains are presented in supplemental materials.
Peptidoglycan Purification—A single colony of B. anthracis

or B. subtilis was grown for 3 h at 37 °C in 3 ml of either
BHI � 0.1% glycerol (BHIG) or Lennox LB, respectively. This
culture was diluted 1:1000 into 300 ml of the same media pre-
warmed at 37 °C. For B. anthracis, cells were harvested at
A600 � 1.0 and for B. subtilis, cells were harvested at A600 �
0.7 by centrifugation (8,000 	 g, 10 min, room temperature),
resuspended and washed once with 50 ml of 25 mM sodium
phosphate buffer (pH 6.5). Peptidoglycan was isolated from
these cells and purified using the boiling SDS procedure as
previously described, taking care to maintain the pH at 6.5
(12).
Measurement of Peptidoglycan O-Acetylation—Purified

insoluble peptidoglycan was resuspended in 25 mM sodium
phosphate buffer (pH 6.5) and fragmented by continuous son-
ication for 2 min using a VCX 130 Sonics sonicator. Samples
were treated with 500 mM NaOH (final concentration) for 30
min at room temperature to release any ester-linked acetate,
neutralized using an appropriate volume of 500 mM H2SO4
and subjected to ultracentrifugation (100,000 	 g, room tem-
perature) using a Beckman Airfuge (Beckman Coulter, Missis-
sauga, ON). Quantification of released acetate was performed
using the Megazyme Acetic Acid Assay kit (Megazyme Inter-
national Ireland, Ltd., Wicklow, Ireland). The extent of O-
acetylation is presented as a percentage of muramic acid con-
tent, which was determined by quantitative aminosugar
analysis of corresponding insoluble peptidoglycan pellets after
their hydrolysis in 4 M HCl at 96 °C, in vacuo, for 18 h (26).
The O-acetylation levels in both B. subtilis and B. anthracis
strains were identical both prior to and following hydrogen
fluoride treatment, thus excluding the possibility that the O-
acetate levels measured originated from secondary cell wall
polysaccharides (27, 28).
Peptidoglycan Hydrolysis by Muramidases—The pepti-

doglycan samples were diluted in 25 mM sodium phosphate

buffer (pH 6.5) to an A600 � 0.5. When appropriate, lysozyme
was added to a final concentration of 200 �g/ml and treated
and untreated samples were incubated at 37 °C for 1 h. The
A600 was measured, and the results expressed as a percentage
of the untreated samples. The mutanolysin and PlyL diges-
tions used the same experimental conditions, but with 5
�g/ml of protein.
Purification of His6-PlyL—A DNA fragment containing

ba4073 that encodes PlyL was obtained by digestion of the
pET-22a derivative (29) with BamHI and NdeI and was li-
gated to pET15b digested with BamHI and NdeI. The result-
ing plasmid was transformed into E. coli BL21 (DE3) strain
(strain JDE758). The His6-PlyL protein was overproduced and
purified using Ni2� affinity chromatography (Qiagen). The
specificity of the purification was verified using SDS-PAGE
followed by Coomassie Brilliant Blue staining and immuno-
blotting against the His tag. The activity of the purified His6-
PlyL was verified by zymogram analysis (30) using peptidogly-
can of wild-type B. anthracis (JDB1575).
In Vitro Modification of Peptidoglycan—To remove the O-

acetyl group from muropeptides, the peptidoglycan was incu-
bated in 80 mM NaOH at room temperature for 3 h followed
by washing with 25 mM sodium phosphate buffer (pH 6.5)
(26). Peptidoglycan samples were N-acetylated according to
the method of Vollmer and Tomasz (31) with the following
modifications. A suspension of 2 mg/ml peptidoglycan in
ddH2O (pH 6.5) was cooled on ice, to which 0.25 volumes of
freshly prepared 5% acetic anhydride and 0.25 volumes of sat-
urated NaHCO3 were added to a final pH of 6.8. The mixture
was first incubated for 30 min on ice with shaking and then
incubated for 1 h at room temperature with shaking. The pep-
tidoglycan was recovered by centrifugation at 20,000 	 g for
20 min, washed 3	 with sodium phosphate buffer (pH 6.5)
and resuspended in buffer.
Fluorescent Microscopy of Vegetative Cells—B. anthracis

cells were prepared for microscopy by growing strains for
16 h at 30 °C on LB agar. A single colony was used to inocu-
late 1 ml of BHIG and further diluted 500-fold into 3 ml of
BHIG. For the strains carrying pAD123 or its derivatives,
chloramphenicol was added to the liquid medium. The cul-
tures were incubated until A600 � 0.5, at which point, samples
were taken. For visualization of membranes, the membrane
dye FM4–64 (100 mg/ml stock; Invitrogen) was added to a
final concentration of 10 �g/ml. The samples were centri-
fuged (3000 	 g, 1 min), and the cell pellet resuspended in
mounting medium (90% glycerol, 1	 PBS) prior to mounting
the cells on poly-L-lysine-coated cover slips. All samples were
observed with a Nikon Eclipse 90i with a 100	 objective.
Phase contrast or fluorescence images were captured by using
a Hamamatsu Orca-ER and recorded and processed using the
imaging software NIS elements BR2.30 (Nikon).
Assay of Autolysis—The autolysis rates of the wild type and

the various mutant B. anthracis strains were analyzed accord-
ing to Mesnage et al. (22). Briefly, the bacteria were grown in
BHIG at 37 °C until an A600 � 0.5. 10 mM of sodium azide was
added to the cultures, and the A600 was measured every 30
min. The results are expressed as a percentage of the initial
value.
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Analysis of Cell Surface and Supernatant Proteins—B. an-
thracis strains were grown on LB agar for 16 h at 30 °C. For
each strain, single CFUs were resuspended in 1 ml of LB and
diluted 1000-fold into 50 ml of LB and incubated in 300 ml of
baffled flasks shaken at 37 °C until A600 �0.5. The bacteria
were centrifuged (3000 	 g, 5 min, room temperature) using a
swinging bucket centrifuge. Filtered supernatant (0.45 �m)
was supplemented with 200 �M phenylmethylsulfonyl fluoride
(PMSF) and was concentrated by trichloroacetic acid (TCA)
precipitation (10% [w/v], 4 °C, 20 min), centrifugation
(20,000 	 g, 15 °C, 5 min), and three washes in 96% ethanol.
The dried pellet was prepared for SDS-PAGE by resuspending
in 1/200 of the initial volume in SDS-PAGE sample buffer (1%
(w/v) SDS, 1 mM EDTA, 10% (v/v) glycerol, 5% (v/v), �-mer-
captoethanol, 0.0025% (w/v) bromphenol blue, and 50 mM

Tris-HCl, pH 7.5); the suspension was then boiled for 3 min at
100 °C and loaded on a 10% SDS-PAGE. LiCl extracts were
made by suspending the cell pellet in 1/100 of the initial cul-
ture volume of 4 M LiCl, 200 �M PMSF, and 50 mM Tris-HCl
(pH 7.5), followed by incubation with constant agitation at
4 °C for 1 h. The cells were removed by centrifugation
(20,000 	 g, 4 °C, 5 min), and the supernatant was concen-
trated by TCA precipitation and prepared for SDS-PAGE as
described above. The protein samples were run on 10% acryl-
amide gels, then fixed and stained using Coomassie Brilliant
Blue.

RESULTS

B. anthracis Peptidoglycan is O-Acetylated—The presence
and levels of O-linked acetate associated with highly purified
peptidoglycan from either vegetative or spore forms of B. an-
thracis Sterne 34F2 were determined. Relative to muramic
acid content, �40% (38.1 
 3.6%) of the muropeptides ob-
tained from growing cells of B. anthracis (A600 � 0.8) were
O-acetylated. The extent of this O-acetylation underwent a
modest, but significant increase 12 h after exiting exponential
phase to 58.1% (
 3.5%). However, the level of muropeptide
O-acetylation was found to be reduced to 33% (
 2.4%) in
spore peptidoglycan.
Identification of Both Oat and Pat Enzymes for the O-Acety-

lation of B. anthracis Peptidoglycan—We searched the B. an-
thracis genome for genes encoding hypothetical analogs of
proteins known to be involved in peptidoglycan O-acetylation
in other Gram-positive species. Thus, using S. aureusOatA
(ZP_06848822) as the querry, a tblastn search led to the iden-
tification of bas1490 (YP_027759), and bas5308 (YP_031545)
as potentially encoding OatA homologs. These two ORFs en-
code hypothetical proteins of 397 and 343 amino acids with
theoretical molecular masses of 46,017 Da and 39,447 Da,
respectively. They are thus considerably smaller than S. au-
reusOatA, which is composed of 604 amino acids and has a
theoretical mass of 69,455 Da. Nonetheless, like OatA, both
are predicted to be integral membrane proteins with ten hy-
pothetical membrane spanning helices (Fig. 2). However, se-
quence analysis revealed that different regions of the two bas
ORFs align with OatA, suggesting that only one, if not both,
may function as an O-acetyltransferase.

A tblastn search of all bacterial genomes using bas5308 as
the query identified a relatively small number of homologs. A
phylogenic analysis generated from an alignment of these hy-
pothetical protein sequences with other OatA homologs indi-
cated a distant relationship. As seen in Fig. 3, the OatA ho-
mologs are confined almost exclusively to the Firmicutes,
with most from either the Bacillales or the Lactobacillales,
followed by the Clostridia; the lone remaining homolog is
from the Actinobacteria family. No OatA homolog has been
found in any Gram-negative bacteria. Whereas the majority of
the bas5308 homologs are also from the Firmicute bacteria
(Bacillales, Lactobacillales, and Clostridia), others are from
the Bacteroidetes and two would appear to be from two differ-
ent families of Gram-negative bacteria. Again, the difference
between bas5308 and bas1490 is reflected in the phylogram,
as the latter was the most distantly related to each of the other
sequences (Fig. 3).
To confirm the function of Bas1490 and Bas5308 as OatA

paralogs, we generated insertional mutations in these genes
and analyzed the level of peptidoglycan O-acetylation of the
resultant strains. Whereas there was no substantial effect of
the bas1490mutation on peptidoglycan O-acetylation, muta-
tion of bas5308 resulted in a significant reduction relative to
wild-type levels (Table 2). Unexpectedly however, this loss
was not complete, as cells were found to retain over 70% of
their original acetylation levels (33% O-acetylation compared
with 46% for the wild type) (Table 2). Nonetheless, these data
suggested that Bas5308 is a functional peptidoglycan
O-acetyltransferase and given that both it and its homologs
are smaller than OatA and that they appear to be distantly
related (Fig. 3), we have renamed Bas5308 as OatB.
As it was clear that B. anthracismust possess an additional

system for the O-acetylation of its peptidoglycan, a tblastn
search of its genome was conducted using P. aeruginosa algI
as the query. Surprisingly, not one, but two genes, bas0844
and bas0845, were identified that have predicted amino acid
sequences with 41 and 59% similarity to AlgI, respectively.
More importantly, these two hypothetical proteins are 27 and
29% identical and both are 62% similar to N. gonorrhoeae
PatA, a putative peptidoglycan O-acetyltransferase (16, 18).
The bas0844 and bas0845 genes would appear to be tran-
scribed divergently and they exist immediately upstream of
bas0843 (YP_027119) and bas0846 (YP_027122) (Fig. 4),
genes that were identified previously as encoding potential
acetylesterases (7). However, it has been demonstrated re-
cently that the N. gonorrhoeae homolog, while resembling an

FIGURE 2. Alignment of potential B. anthracis homologs of S. aureus
OatA. The positions of predicted membrane spanning �-helices are de-
picted, and the regions of amino acid identity between the respective se-
quences are denoted by the dashed connecting lines.
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acetylesterase, actually functions as an acetyltransferase, and
it was subsequently renamed PatB (16).
To investigate the possible role of these gene products in

the O-acetylation of B. anthracis peptidoglycan, we con-
structed strains carrying insertional mutations in either
bas0844 or bas0845, aware that such insertions might have a
polar effect on the expression of bas0843 and bas0846, re-
spectively. Both of these mutant strains exhibited a similar
reduction in O-acetyl peptidoglycan content to �30% (Table
2). Based on both these data and the sequence alignments,
bas0844 and bas0845 were renamed patA1 and patA2, re-
spectively. A strain carrying the double mutations of both
�patA1 and �patA2 exhibited a lower level of peptidoglycan
O-acetylation than the respective single mutant strains, sug-

FIGURE 3. Phylogram of homologs (OatA) and paralogs (OatB) of S. aureus OatA based on hypothetical amino acid sequences. The protein
sequences (accession numbers) of OatA homologs are almost exclusively from the Firmicutes Bacillales (purple), Lactobacillales (blue), and Clostridia
(black), with one from the Actinobacteria family (green). The smaller group of OatB homologs are also represented by these Firmicutes, as well as sev-
eral Bacteroidetes (light blue) and two Gram-negative bacteria (red). The arrows denote the positions of the Oat proteins from B. anthracis, B. subtilis,
and S. aureus.

TABLE 2
Extent of peptidoglycan O-acetylation in B. anthracis mutants

Strain
% O-acetylation

(�S.D.)a
% of

wild-type

JDB1575 (wild-type) 45.8 
 0.65 �
JDB1871 (�bas5308(oatB)) 33.0 
 2.2 72.1
JDB2006 (�bas1490) 46.6 
 1.8 101
JDB2519 (�bas0844(patA1)) 34.0 
 4.0 74.2
JDB2578 (�bas0845(patA2)) 33.1 
 5.2 72.2
JDB1972 (�bas0844(patA1), �bas0845(patA2)) 26.3 
 1.8 57.4
JDB2583 (�bas5308(oatB), �bas0844(patA1),

�bas0845(patA2))
7.40 
 2.3 16.2

JDB2573 (�bas0844(patA1), �bas0845(patA2),
pML360)

35.0 
 5.4 76.4

JDB2609 (�bas0844(patA1), �bas0845(patA2),
pML301)

38.1 
 0.75 83.2

a Mol % of base-labile acetate relative to MurNAc concentration in isolated pepti-
doglycan (n � 3).
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gesting a partial redundancy in the functions of the two gene
products. The triple mutant strain JBD2583 (�oatB, �patA1,
and �patA2) was almost devoid of the modification (Table 2).
As no in vitro assay has been developed to monitor pepti-

doglycan O-acetylation by either the Oat or Pat proteins (16),
we further studied these putative O-acetyltransferases pheno-
typically. Thus, each of B. anthracis oatB, patA1, and patA2
were expressed individually in wild-type B. subtilis, a bacte-
rium that was not known previously to be O-acetylated, and
then measuring the subsequent changes in O-acetylpepti-
doglycan levels. Initially, we measured the peptidoglycan O-
acetylation of B. subtilis (PY79), an organism that is highly
sensitive to lysozyme (32). Surprisingly, this peptidoglycan
was �35% O-acetylated (Table 3). A potential source of this
activity in B. subtilis is yrhL, which encodes a hypothetical
peptidoglycan O-acetyltransferase homologous to S. aureus
OatA (Fig. 3.). Consistent with this assignment, a deletion of
yrhL, which we have renamed oatA, reduced the level of O-
acetyl-muropeptide content by �3-fold as compared with
wild type (Table 3). When this gene was expressed from an
ectopic locus in the �oatA strain, peptidoglycan O-acetylation
was restored to wild-type levels. In contrast, expression of
either the B. anthracis oatB, patA1 or patA2 genes individu-
ally in the B. subtilis �oatAmutant strain led to only a modest
restoration of peptidoglycan O-acetylation (Table 3). The O-
acetylation of B. subtilis �oatA peptidoglycan increased sig-
nificantly only upon co-expression of patA1 with bas0843,
further suggesting that both genes of the putative OAP cluster
are required for peptidoglycan O-acetylation and that the in-
sertion into the patA1 gene results in the inactivation of the
entire OAP1 cluster.

Resistance of B. anthracis Peptidoglycan to Lysozyme—By
analogy with other organisms, the resistance of B. anthracis to
lysozyme could be due to O-acetylation of MurNAc within
peptidoglycan. Consistent with the presence of this modifica-
tion, incubation of a suspension of isolated wild type B. an-
thracis peptidoglycan with lysozyme did not result in a de-
crease in turbidity, whereas incubation with mutanolysin, a
muramidase able to digest O-acetylated and N-deacetylated
peptidoglycan, or with PlyL, a N-acetylmuramoyl-L-alanine
amidase, led to a reduction in turbidity (Fig. 5). However, ly-
sozyme did not hydrolyze peptidoglycan isolated from the
single mutant strains �oatB, �patA1, �patA2, the double mu-

FIGURE 4. Genetic map of the region of the B. anthracis genome containing the OAP clusters and the structures of their hypothetical protein prod-
ucts. The bas0843 and bas0844 (designated patA1) ORFs of OAP1 and the bas0845 (patA2) and bas0846 ORFs of OAP2 are separated by 25 and 10 nucleo-
tides, respectively. The intergenic region between patA1 and patA2 is 227 nucleotides. The bas0841/sap and bas0842/eag genes encode for the S-layer pro-
teins Sap and EA1, respectively. bas0847 is a small, non-conserved ORF of unknown function. The bas0848 gene encodes a putative membrane protein that
is not homologous to any known protein, but it is conserved in members of the B. cereus group. The relative sizes of the hypothetical proteins encoded by
the OAP clusters are depicted below and the consensus motifs that define the PatA and PatB proteins (7) are shown.

FIGURE 5. Susceptibility of peptidoglycan isolated from B. anthracis
mutants to lysozyme. A, peptidoglycan isolated from the various B. anthra-
cis strains as indicated, in 25 mM sodium phosphate buffer, pH 6.5, was
treated for 1 h at 37 °C with hen egg white lysozyme (200 �g/ml; hatched
bars), mutanolysin (5 �g/ml; open bars), or PlyL (5 �g/ml; solid bars), and the
resulting turbidity was expressed as a percentage of peptidoglycan incu-
bated in the absence of added enzyme. B, level of hydrolysis by hen egg
lysozyme of native and chemically modified peptidoglycan was determined
as for panel A. The O-acetyl groups of native peptidoglycan were removed
by mild-base treatment (De-O-Ac), while peptidoglycan was fully acetylated
at both the N and O positions by treatment with acetic anhydride (N-Ac
O-Ac) and this material was then de-O-acetylated by treatment with mild
base (De-O-Ac N-Ac).

TABLE 3
Extent of peptidoglycan O-acetylation in B. subtilis PY79 mutants

Strain
% O-acetylation

(�S.D.)a
% of

wild-type

JDB3 (wild-type) 35.5 
 0.71 �
JDB1996 (�yrhl(oatA)) 14.4 
 0.96 40.6
JDB2168 (�yrhl(oatA), oatA(Bs)) 42.1 
 2.62 118
JDB2101 (�yrhl(oatA), oatB(Ba)) 22.1 
 1.5 62.2
JDB2103 (�yrhl(oatA), patA1(Ba)) 21.0 
 1.1 59.1
JDB2104 (�yrhl(oatA), patA2(Ba)) 26.3 
 1.8 74.1
JDB2588 (�yrhl(oatA), patA1(Ba), bas0843) 38.0 
 5.2 107

a Mol % of base-labile acetate relative to MurNAc concentration in isolated pepti-
doglycan (n � 3).
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tant strain �patA1�patA2 or the triple mutant strain
�patA1�patA2�oatB any more than peptidoglycan derived
from the wild type strain (Fig. 5). Similarly, chemical de-O-
acetylation of the B. anthracis native peptidoglycan did not
facilitate its hydrolysis by lysozyme, demonstrating that re-
moval of O-acetyl groups alone is not sufficient to change
peptidoglycan susceptibility to this enzyme.
Previous in vitro studies with B. anthracis peptidoglycan

have shown that N-deacetylation of its MurNAc and GlcNAc
moieties leads to an inhibition of its hydrolysis by hen egg
lysozyme (3). The removal of the N-acetyl group of the
GlcNAc residues is performed in vivo by N-deacetylases (33).
However, the B. anthracis genome encodes at least ten hypo-
thetical N-deacetylases, of which at least six are likely to be
specific for peptidoglycan, making a genetic approach to their
study not feasible. Hence, we adopted a biochemical approach
to investigate the effect of N-deacetylation on peptidoglycan
susceptibility to lysozyme digestion. Under neutral conditions
of pH, treatment of peptidoglycan with acetic anhydride re-
sults in the esterification and amidation of any free hydroxyl
and amino groups, respectively. Incubation of a peptidoglycan
suspension treated in this manner with lysozyme led to a 30%
reduction in turbidity, confirming that N-deacetylation par-
tially blocks the activity of lysozyme (Fig. 5). When this fully
acetylated peptidoglycan was subjected to mild alkaline treat-
ment, leading to de-O-acetylation, it became an even better
substrate for lysozyme, confirming that O-acetylation, in ad-
dition to N-deacetylation, protects B. anthracis peptidoglycan
from lysozyme.
OAP-mediated O-Acetylation Is Required for Cell Separa-

tion and Activity of Autolysins—The colony morphologies of
B. anthracis �oatB and �patA1�patA2 strains grown on agar
plates were indistinguishable from the wild type and liquid
cultures of B. anthracis �oatB exhibited similar growth kinet-
ics as the wild type (data not shown). However, under identi-
cal conditions of growth, liquid cultures of the �patA1 and
�patA2mutant strains contained longer chains of cells com-
pared with the wild type (24.6 
 6.3 and 20.7 
 6.1 cells per
chain, respectively, versus 10.7 
 2.9 cells) (Fig. 6). Moreover,
both �patA1�patA2 and �patA1�patA2�oatBmutant
strains displayed even longer chains than the single mutants,
and these cells were often twisted and hence not countable
using routine microscopic procedures. Expression of patA1
alone under the control of its own promoter in the �patA1
and �patA1�patA2mutants did not restore the wild-type cell
morphology even though the protein was produced at levels
comparable to wild-type (data not shown). However, wild-
type morphology was restored in both of these mutants when
patA1 was co-expressed with bas0843 (viz. the complete
OAP1 cluster) (Fig. 6). This requirement of proteins to restore
wild-type morphology is consistent with the finding that the
co-expression of their genes significantly increases the
O-acetylation level in both the B. anthracis �patA1�patA2
and B. subtilis �oatAmutants (Tables 2 and 3). Similarly,
while expression of patA2 alone did not complement either
the �patA2 or �patA1�patA2mutations, co-expression with
bas0846, representing the entire OAP2 cluster, resulted in
complementation of each (data not shown).

MurNAc O-acetylation has been suggested to control the
activity of autolysins (12, 19, 34). We therefore tested the au-
tolytic activity of B. anthracis and the putative peptidoglycan
O-acetyltransferase mutants by addition of sodium azide, a
known inducer of autolysis (35), to growing cultures. The
�patA1, �patA2, �patA1�patA2, and �patA1�patA2�oatB
mutant strains did not undergo lysis under these conditions,
as the optical density of the cultures did not change after 140
min of incubation (Fig. 5 and not shown). In contrast, cultures
of the B. anthracis �oatB strain underwent autolysis at a level
comparable to that of the wild type (Fig. 7).
OAP-mediated O-acetylation Is Required for Anchoring of a

S-layer Protein—B. anthracis is known to produce an S-layer
mainly comprised of two proteins named Sap and EA1 (22,
23). Under the growth conditions tested, Sap, with an appar-
ent size of 94 kDa as determined by mass spectrometry, was
found to be mostly cell-associated with only a minor fraction
detected in the extracellular milieu (Fig. 8). This pattern of

FIGURE 6. Morphology of B. anthracis mutants deficient in peptidogly-
can O-acetylation. A, phase contrast microscopy of B. anthracis wild type
and �oatB, �patA1, �patA2, �patA1�patA2, and �patA1�patA2 pML360
mutant strains. B, B. anthracis wild type and �patA1�patA2 mutant strain
treated with FM4 – 64 and examined by fluorescence microscopy. Scale
bars, 20 �m.

FIGURE 7. Autolysis of B. anthracis mutants. Autolysis was induced with
the addition of 10 mM sodium azide to cultures of B. anthracis, (F) wild type;
(f) �oatB; (Œ) �patA; and (E) �patA1�patA2 strains and cell lysis was moni-
tored by loss of turbidity at A600.
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localization was found to be similar in each mutant strain that
was shown to have only partial loss of peptidoglycan O-acety-
lation (Fig. 8). Thus, the majority of Sap remained cell associ-
ated in each of the single �patA1, �patA2, and �oatBmu-
tants. However, the distribution was noticeably different in
the �patA1�patA2 double mutant. This strain exhibited a
4-fold reduction in the amount of cell wall associated Sap and
a corresponding increase in the amount found in the extracel-
lular milieu (Fig. 8). This difference was not seen in the single
�patA1 and �patA2 strains, indicating a possible functional
redundancy. Consistent with this interpretation, Sap was as-
sociated with the B. anthracis cell wall when either OAP1 or
OAP2 was produced. Thus, a minimal amount of O-acetyla-
tion appears to be sufficient but necessary for the proper as-
sembly of the S-layer in B. anthracis.

DISCUSSION

In this study, we have demonstrated for the first time that
the peptidoglycan of both B. anthracis and B. subtilis is O-
acetylated, and that B. anthracis is the first bacterium known
to use both of the O-acetylation systems found in bacteria,
viz., OatA of Gram-positive organisms and the two-compo-
nent system of Gram-negative bacteria encoded by the OAP
gene cluster. This is also the first report of bacterial cells re-
quiring a minimal level of peptidoglycan O-acetylation for the
proper assembly of an S-layer.
B. anthracis Peptidoglycan O-Acetylation—Peptidoglycan

O-acetylation is observed in a wide variety of bacterial species
including the human pathogens S. aureus, Campylobacter
jejuni, H. pylori, N. gonorrhoeae, N. menningitidis, species of
Enterococcus, and in all Proteus species (4, 7, 18). The re-
ported extent of this modification ranges between 15 and 70%
relative to the MurNAc content, although whether this varia-
bility reflects the particular growth phase of the cell cultures
or actual differences in the extent of O-acetylation of these
species is not known. Peptidoglycan derived from exponential

phase growth of B. anthracis was �40% O-acetylated, consis-
tent with the presence of this modification in the closely re-
lated bacterium B. cereus (7). This modification increases
along the growth curve and peptidoglycan derived from B. an-
thracis cells �12 h following exit from exponential phase was
more O-acetylated (�60%). This difference could reflect dif-
ferential activity during these growth phases of the O-acetyl-
transferases and/or the possible existence of O-acetyl ester-
ases. Alternatively, the increased level of O-acetylation could
simply be a result of reduced peptidoglycan turnover in post-
exponential growth (36), resulting in an accumulation of the
modification.
In contrast, spore cortex peptidoglycan is produced de novo

during a late phase of sporulation, suggesting that the ob-
served O-acetylation must be the result of an active enzymatic
process. Consistent with this hypothesis, the genes of both
OAP clusters are also expressed during sporulation (37), al-
though we do not know which specific OAP cluster is respon-
sible for the modification, if not both. The observation of cor-
tex O-acetylation is, to our knowledge, the first report of this
modification in spores, and it could play a role in the known
high resistance of these cells (38). Interestingly, the pepti-
doglycan of VBNC (viable but non culturable) E. faecalis cells
is highly O-acetylated and this modification has been sug-
gested to play a role in the resilience of this important patho-
gen (16).
As noted above, we are reporting for the first time the pres-

ence of O-acetyl groups on the peptidoglycan from both
B. anthracis and B. subtilis. Peptidoglycan of vegetative cells
and spores of B. subtilis and of B. anthracis has been analyzed
in previous studies but this modification was not mentioned
(39–41). However, O-acetyl groups are labile when subjected
to basic or acidic pH (34). To analyze the peptidoglycan of
both species, we kept the pH around 6.8 throughout our ex-
periments. The protocols used for isolating peptidoglycan in
the earlier studies were performed under basic conditions or
without any buffering system, thus likely stripping any
O-linked acetate that would have been present and thereby
explaining the apparent discrepancy with our results.
B. anthracis O-acetyltransferases—Proteins homologous to

either S. aureusOatA or to N. gonorrhoeae PatA/B (i.e. prod-
ucts of the OAP gene cluster) mediate the O-acetylation of
peptidoglycan. We describe here the unusual coexistence of
these two unrelated types of peptidoglycan O-acetyltrans-
ferases in B. anthracis. Not only are both present, but also
they are both necessary for full peptidoglycan O-acetylation
during growth. The lack of a detectable phenotype associated
with the second hypothetical Oat homolog, Bas1490, suggests
that perhaps this protein is not synthesized under the growth
conditions examined here. Alternatively, it is possible that,
despite its significant, but distant sequence similarity to all
other OatA/B homologs as depicted in Fig. 3, Bas1490 does
not function as a peptidoglycan O-acetyltransferase.
The B. anthracis Pat proteins may have evolved by lateral

gene transfer as suggested for their N. gonorrhoeae counter-
parts (16). Interestingly, PatA homologs are also found in the
genome of B. cereus, while absent in the genomes of other
Bacillaceae, like S. aureus, B. subtilis, or L. monocytogenes (7).

FIGURE 8. Localization of the S-layer protein, Sap, by B. anthracis mu-
tants. Equal amounts of cell-surface proteins (panel A) obtained by LiCl ex-
traction and proteins released into the extracellular milieu (panel B) were
analyzed by SDS-PAGE. Lanes (1) wild type; and mutant strains (2) �patA1;
(3) �patA2; (4) �patA1�patA2; (5) �patA1�patA2 expressing patA1-bas0843;
and (6) �patA1�patA2 expressing patA2-bas0846. Molecular mass markers
are indicated on the left in kDa. The arrow denotes Sap.
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The O-acetylation of peptidoglycan in B. anthracis involving
the PatA homologs also required functional bas0843 or
bas0846 genes of the putative OAP clusters. Although the
proteins encoded by bas0843 and bas0846 do not share
enough identity with PatB to identify them as homologs, they
nonetheless possess the conserved motifs of SNGH acyltrans-
ferases, importantly including the predicted catalytic triad
residues Ser, His, and Asp (Fig. 4). Our findings thus suggest
that these two proteins function as O-acetyltransferase paral-
ogs. Accordingly, we propose that they function like PatB as
part of a two component system (16) to receive translocated
acetate from PatA and subsequently transfer it to peptidogly-
can (Fig. 1). Unfortunately, the complexity of manipulating
both an integral membrane protein with an associated periph-
eral membrane protein for the acetylation of a completely
insoluble substrate has, to date, precluded the development of
an in vitro protocol to assay peptidoglycan O-acetylation for
any bacterium and thus, our postulate cannot be tested
biochemically.
Whereas a functional PatA1 or PatA2 appear to be re-

quired for the proper separation of dividing cells (discussed
further below), this was not the case for OatB. Why the
different phenotypes? One possibility is that the two en-
zyme systems associate with different peptidoglycan syn-
thesizing complexes. While little is known about pepti-
doglycan biosynthesis in B. anthracis, two enzymatic
systems are thought to act in E. coli, one for lateral cell wall
growth and a second for division/septation (reviewed in
Ref. 42). If an analogous organization exists in B. anthracis,
our data suggest that PatA1 and/or PatA2 would interact
predominantly with complexes at the septum. This would
leave OatB to be more associated with lateral peptidogly-
can synthesis. However, if true, one would expect that the
�oatB mutation would have had a greater effect on overall
levels of O-acetylation compared with the �patA1�patA2
double mutation. This hypothesis was found to not be true.
Moreover, a fusion of PatA1 to a fluorescent protein
(mCherry), expressed within the OA1 cluster, exhibits ho-
mogeneous membrane localization of the protein and com-
plements the double patA1 patA2 deletion (data not
shown). Alternatively, the different phenotypes could be
explained by a difference in substrate specificity of the Pat
and Oat enzymes. The method of detection of the O-linked
acetate on the peptidoglycan does not differentiate be-
tween O-acetylation of MurNAc and GlcNAc residues.
Thus, it is possible that one of the two enzymatic systems
catalyzes the O-acetylation of GlcNAc residues. Although
GlcNAc O-acetylation has not been detected in any pepti-
doglycan to date, the O-acetylation of this aminosugar has
been found on other bacterial polysaccharides. For exam-
ple, the GlcNAc associated with the oligosaccharide pro-
duced by the plant symbiont Rhizobium leguminosarum as
its nodulation factor is O-acetylated (43). We are currently
conducting a careful analysis of the GlcNAc residues of
B. anthracis peptidoglycan to determine if this modifica-
tion does indeed occur in this pathogen.
Physiological Role of B. anthracis O-Acetylation—As dem-

onstrated with other bacteria, O-acetylation contributes to

the resistance of B. anthracis peptidoglycan to hydrolysis by
lysozyme (Fig. 5). The other contributing factor to this resis-
tance was found to be the N-deacetylation of GlcNAc resi-
dues. To our knowledge, this is the first report of peptidogly-
can protected from lysozyme hydrolysis by both forms of
modification. With all other bacteria examined, either
O-acetylation or N-deacetylation, but not both, is used to pro-
tect this essential cell wall heteropolymer from degradation.
The O-acetylation of spore cortex peptidoglycan was found

to inhibit its lysis by lysozyme in vitro, but it is unlikely that
this would be its physiological role. Intact spores are not vul-
nerable to the action of lysozyme because a spore coat sur-
rounds the cortex, thus providing a permeability barrier to
molecules �5 kDa and thereby preventing access of lysozyme
to spore peptidoglycan in vivo (44). Therefore, the presence of
this modification in spores suggests that it could play a role in
controlling their autolysins in the same manner proposed for
vegetative cells (12, 19, 34). Indeed, it was shown in this study
that endogenous autolysins, at least those stimulated by the
presence of azide, are influenced by the presence and/or ab-
sence of peptidoglycan O-acetylation. Nothing is known in
detail about the complement of autolysins produced by
B. anthracis. However, it has been shown in other bacteria
that some autolysins have a substrate specificity for the
presence of O-acetylation, while others are inhibited by it
(34). Therefore, the defect in cell separation observed in
the patA mutants could be the result of a failure of one or
more of the B. anthracis autolysins to properly target
and/or interact with peptidoglycan at the site of cell sepa-
ration in the absence of O-acetylation. In addition, a simi-
lar mechanism of impaired substrate recognition could un-
derlie the reduced autolysis observed in strains lacking
functional PatA1 and PatA2.
Vegetative B. anthracis cells are surrounded by several

structures including the paracrystalline S-layer located be-
neath the capsule. S-layer proteins are anchored to the cell
wall through the binding of secondary cell wall polymers or
directly to peptidoglycan (reviewed in 45). The finding that a
decrease in peptidoglycan O-acetylation caused by the double
�patA1�patA2mutation resulted in a defect in the anchor-
ing of Sap, one of two major S-layer proteins of B. anthra-
cis, suggests that this modification is necessary for proper
S-layer attachment. Interestingly, the gene encoding Sap
(bas0841) is located very near to the OAP1 and OAP2 clus-
ters, although it is not in an operon-like arrangement (Fig.
4). As the addition of a pyruvyl group is necessary for Sap
attachment (22), it is conceivable that peptidoglycan O-
acetylation may be required for proper localization of sec-
ondary wall polysaccharides.
Role of Peptidoglycan Modifications in B. anthracis

Pathogenesis—Alteration in peptidoglycan substitutions influ-
ences the survival in the host and the immunostimulatory
properties of bacterial pathogens. For example, N-deacetyla-
tion of the GlcNAc residues in the peptidoglycan of L. mono-
cytogenes, another important human pathogen and closely
related to B. anthracis, is responsible for its resistance to ly-
sozyme and survival following macrophage phagocytosis (46).
A direct correlation has been observed between the extent of
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peptidoglycan O-acetylation in both N. gonorrhoeae (6) and
P. mirabilis (4) and their susceptibility to hydrolysis by ly-
sozyme. In fact, muramic acid from pathogenic staphylococci
(e.g. S. aureus) is O-acetylated, whereas that from closely re-
lated, non-pathogenic species is not (5), suggesting that
lysozyme resistance is a critical determinant of pathogene-
sis. It would appear that B. anthracis has evolved several
mechanisms for peptidoglycan modification that may con-
tribute to its success as a pathogen. Given the lability of
peptidoglycan O-acetylation, the N-deacetylation of pepti-
doglycan is most likely the key mechanism of resistance to
lysozyme in vivo (3).
The importance of interfering with peptidoglycan recogni-

tion during B. anthracis pathogenesis may be crucial for its
survival. In the host, B. anthracis remodels its peptidoglycan
as suggested by the abundant production of peptidoglycan
hydrolases during infection (47). Because purified B. anthracis
peptidoglycan stimulates an inflammatory response in vitro
(48), controlling the composition of muropeptides shed dur-
ing multiplication in the host may enable better survival of the
pathogen. Indeed, the detection of MurNAc by Nod2, the eu-
karyotic intracellular muropeptide receptor, is altered by the
conversion of MurNAc into anhydro-MurNAc (53). This con-
version is catalyzed by bacterial lytic transglycosylases (19),
which require a free C-6 hydroxyl group on muramyl residues
for activity. Therefore, MurNAc O-acetylation may facilitate
pathogenesis by interfering with innate immunity at the level
of recognition.
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4598–4604
6. Rosenthal, R. S., Folkening, W. J., Miller, D. R., and Swim, S. C. (1983)

Infect. Immun. 40, 903–911
7. Weadge, J. T., Pfeffer, J. M., and Clarke, A. J. (2005) BMCMicrobiol. 5, 49
8. Bera, A., Herbert, S., Jakob, A., Vollmer, W., and Götz, F. (2005)Mol.
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Sára, M., Pouwels, P. H., Kolen, C. P., Boot, H. J., and Resch, S. (1997)
FEMS Microbiol. Rev. 20, 47–98

24. Harwood, C. R., and Cutting, S. M. (eds) (1990)Molecular Biological
Methods for BacillusWiley, New York

25. Shatalin, K. Y., and Neyfakh, A. A. (2005) FEMS Microbiol. Lett 245,
315–319

26. Clarke, A. J. (1993) J. Bacteriol. 175, 4550–4553
27. Choudhury, B., Leoff, C., Saile, E., Wilkins, P., Quinn, C. P., Kannenberg,

E. L., and Carlson, R. W. (2006) J. Biol. Chem. 281, 27932–27941
28. Leoff, C., Choudhury, B., Saile, E., Quinn, C. P., Carlson, R. W., and Kan-

nenberg, E. L. (2008) J. Biol. Chem. 283, 29812–29821
29. Low, L. Y., Yang, C., Perego, M., Osterman, A., and Liddington, R. C.

(2005) J. Biol. Chem. 280, 35433–35439
30. Piuri, M., and Hatfull, G. F. (2006)Mol. Microbiol. 62, 1569–1585
31. Vollmer, W., and Tomasz, A. (2000) J. Biol. Chem. 275, 20496–20501
32. Bisicchia, P., Noone, D., Lioliou, E., Howell, A., Quigley, S., Jensen, T.,

Jarmer, H., and Devine, K. M. (2007)Mol. Microbiol. 65, 180–200
33. Davis, K. M., Akinbi, H. T., Standish, A. J., and Weiser, J. N. (2008) PLoS

Pathog. 4, e1000241
34. Strating, H., and Clarke, A. J. (2001) Anal. Biochem. 291, 149–154
35. Kemper, M. A., Urrutia, M. M., Beveridge, T. J., Koch, A. L., and Doyle,

R. J. (1993) J. Bacteriol. 175, 5690–5696
36. Doyle, R. J., Chaloupka, J., and Vinter, V. (1988)Microbiol. Rev. 52,

554–567
37. Liu, H., Bergman, N. H., Thomason, B., Shallom, S., Hazen, A., Crossno,

J., Rasko, D. A., Ravel, J., Read, T. D., Peterson, S. N., Yates, J., 3rd, and
Hanna, P. C. (2004) J. Bacteriol. 186, 164–178

38. Nicholson, W. L., Munakata, N., Horneck, G., Melosh, H. J., and Setlow,
P. (2000)Microbiol. Mol. Biol. Rev. 64, 548–572

39. Atrih, A., Bacher, G., Allmaier, G., Williamson, M. P., and Foster, S. J.
(1999) J. Bacteriol. 181, 3956–3966

40. Dowd, M. M., Orsburn, B., and Popham, D. L. (2008) J. Bacteriol. 190,
4541–4548
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