A JB

Journals.ASM.org

Bacillus anthracis Icp Genes Support Vegetative Growth, Envelope
Assembly, and Spore Formation
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ABSTRACT

Bacillus anthracis, a spore-forming pathogen, replicates as chains of vegetative cells by regulating the separation of septal pepti-
doglycan. Surface (S)-layer proteins and B. anthracis S-layer-associated proteins (BSLs) function as chain length determinants
and are assembled in the envelope by binding to the secondary cell wall polysaccharide (SCWP). B. anthracis expresses six differ-
ent genes encoding LytR-CpsA-Psr (LCP) enzymes (IcpBI to -4, IcpC, and IcpD), which when expressed in Staphylococcus aureus
promote attachment of wall teichoic acid to peptidoglycan. Mutations in B. anthracis lcpB3 and IcpD cause aberrations in cell
size and chain length that can be explained as discrete defects in SCWP assembly; however, the function of the other Icp genes is
not known. By deleting combinations of Icp genes from the B. anthracis genome, we generated variants with single Icp genes. B.

anthracis expressing IcpB3 alone displayed physiological cell size, vegetative growth, spore formation, and S-layer assembly.
Strains expressing IcpB1 or IcpB4 displayed defects in cell size and shape, S-layer assembly, and spore formation yet sustained
vegetative growth. In contrast, the IcpB2 strain was unable to grow unless the gene was expressed from a multicopy plasmid
(IcpB2**), and variants expressing IcpC or IcpD displayed severe defects in growth and cell shape. The IcpB2**, IcpC, or IcpD
strains supported neither S-layer assembly nor spore formation. We propose a model whereby LCP enzymes fulfill partially
overlapping functions in transferring SCWP molecules to discrete sites within the bacterial envelope.

IMPORTANCE

Products of genes essential for bacterial envelope assembly represent targets for antibiotic development. The LytR-CpsA-Psr
(LCP) enzymes tether bactoprenol-linked intermediates of secondary cell wall polymers to the C6 hydroxyl of N-acetylmuramic
acid in peptidoglycan; however, the role of LCPs as a target for antibiotic therapy is not defined. We show here that LCP enzymes
are essential for the cell cycle, vegetative growth, and spore formation of Bacillus anthracis, the causative agent of anthrax dis-
ease. Furthermore, we assign functions for each of the six LCP enzymes, including cell size and shape, vegetative growth and spo-

rulation, and S-layer and S-layer-associated protein assembly.

Bacillus anthracis, a Gram-positive spore-forming bacterium,
infects and replicates within vertebrates, thereby precipitating
anthrax disease. Without therapy, anthrax can be fatal, which trig-
gers formation of infectious B. anthracis spores within the carcass
(1, 2). During vegetative replication, B. anthracis grows as chains
of rod-shaped bacteria that are tethered at septal peptidoglycan, a
developmental program that protects bacteria from engulfment
by phagocytes (3, 4). Earlier work identified the S-layer protein
Sap, the S-layer-associated protein BslO, and the CsaB pyruvyl-
transferase as determinants of B. anthracis chain length (3, 5, 6).
Both S-layer proteins (Sap and EA1) and BslO are endowed with
three S-layer homology (SLH) domains, promoting association of
proteins with pyruvylated secondary cell wall polysaccharide
(SCWP) in the B. anthracis cell wall envelope (7). Mutants lacking
bslO are defective in their ability to release cells from growing B.
anthracis chains and thus exhibit exaggerated chain length (3).
BslO, an N-acetylglucosaminidase, is deposited into the S-layer at
the septum, where it contributes to septal peptidoglycan cleavage
(3). Subcellular localization of BslO is dependent on Sap, which
forms an S-layer throughout the cylindrical envelope of B. anthra-
cis vegetative forms, limiting the deposition of EA1 and BslO to the
cell poles in the vicinity of the septal peptidoglycan (8).

The SCWP of B. anthracis is composed of the repeat unit [—4)-
B-ManNAc-(1—4)-B-GlcNAc-(1—6)-a-GlcNAc-(1—], where
a-GlcNAc is substituted with a-Gal and B-Gal at O-3 and O-4,
respectively, and B-GlcNAc is substituted with a-Gal at O-3 (9).
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CsaB-mediated pyruvylation of the terminal N-acetylman-
nosamine (ManNAc) is a prerequisite for SCWP binding to S-
layer (Sap and EA1) and B. anthracis S-layer-associated proteins
(BSLs) (5, 6, 10). The genetic determinants for SCWP synthesis in
B. anthracis remain largely unknown. Nonetheless, it has been
demonstrated that the ManNAc residues are supplied by GneY
and GneZ, two epimerases that catalyze the stereochemical inver-
sion at the C-2 position of UDP-GIcNAc to UDP-ManNAc (11,
12). Earlier work revealed that the SCWP is covalently attached to
B. anthracis peptidoglycan, at least in part via murein linkage units
composed of the disaccharide (GlcNAc-ManNAc) (6, 12, 13).
This model is based on the observations that tagO, encoding un-
decaprenyl-phosphate N-acetylglucosaminyl 1-phosphate trans-
ferase, the first of two enzymes in the synthesis pathway for
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murein linkage units, is required for SCWP synthesis in B. anthra-
cis (6). Furthermore, hydrofluoric acid (HF) treatment hydrolyzes
phosphodiester bonds that tether SCWP to peptidoglycan (6). At
least two LytR-CpsA-Psr (LCP) enzymes contribute to SCWP at-
tachment to the B. anthracis peptidoglycan and the assembly of
S-layers (13). B. anthracis encodes six LCP proteins, which have
been named LcpBI to -4, LepC, and LepD based on sequence
comparisons with Staphylococcus aureus and Bacillus subtilis LCP
enzymes (13). LCP enzymes are universal catalysts for the transfer
of undecaprenyl-phosphate polymers to peptidoglycan in Gram-
positive bacteria (14-17).

LCP proteins were originally identified in B. subtilis as TagT,
TagU, and TagV and proposed to catalyze wall teichoic acid
(WTA) attachment to peptidoglycan (14), specifically the forma-
tion of HF-sensitive phosphodiester bonds between the C-6 hy-
droxyl of N-acetylmuramic acid and WTA (18, 19). This activity
has been shown to be shared by S. aureus LcpA (LcpAg,), LepBe,,
and LcpCg, (16). In addition, LCP enzymes of S. aureus catalyze
the attachment of capsular polysaccharide to peptidoglycan (17).
Heterologous expression of B. anthracis lcpB2, lcpB3, lcpB4, lcpC,
or lcpD but not IcpBI was shown to restore to various extents
defects in staphylococcal growth and WTA attachment to pepti-
doglycanin S. aureus variants lacking all three Icp genes (AlcpABC)
(13). Loss of IcpB3 or IcpD in B. anthracis produced cells with
altered size and chain-length phenotypes that can be explained by
defects in S-layer and SCWP assembly (13). Together these obser-
vations suggest that LCP enzymes recognize undecaprenolpyro-
phosphate-linked amino sugars as the substrates for transfer to
peptidoglycan.

The phenotypic analyses of mutants lacking individual Icp
genes could not explain why B. anthracis evolved six LCP enzymes
when B. subtilis and S. aureus elaborate only three. Unlike B. sub-
tilis or S. aureus, B. anthracis does not synthesize WTA or capsular
polysaccharide. Here, we developed B. anthracis variants express-
ing only one of the six genes for LCP enzymes. Based on the phe-
notypic analyses of these variants, we propose a model to account
for the expanded repertoire of B. anthracis LCP enzymes and their
contribution to SCWP attachment to peptidoglycan.

MATERIALS AND METHODS

Bacterial growth and reagents. B. anthracis strain Sterne 34F2 (20) and its
variants were grown in brain heart infusion (BHI) broth or agar at 37°C.
Escherichia coli K1077 (21) was grown in Luria-Bertani (LB) broth or agar
at 37°C. Where necessary, ampicillin (Amp [100 pg/ml]), chloramphen-
icol (Cm [10 pg/ml]), spectinomycin (Sp [200 pg/ml]), or kanamycin
(Kan [20 pg/ml]) was added to cultures. B. anthracis strains were sporu-
lated in modified G medium (modG) (22). Spore preparations were heat
treated at 68°C for 30 min to kill vegetative bacilli. Spore titers were de-
termined by plating aliquots of serially diluted spore preparations on LB
agar; CFU were enumerated after overnight incubation at 30°C. To exam-
ine growth, overnight cultures were normalized to an absorbance at 600
nm (Aggo) of 5 and diluted 1:100 into 100 wl fresh BHI medium, and
growth at 37°C was monitored every 30 min for 12 h in a Synergy HT plate
reader (BioTek) by recording the A . For measurements of growth rate,
7, the exponential growth phase for each resulting growth curve was fit to
the equation A" = A® X ¢, where A’ is absorbance at time t, A° is the initial
absorbance, and ¢ is the time elapsed between A® and A’ recordings. To
assess viability, aliquots were removed at 6 h, serially diluted, plated on LB
agar, and grown overnight at 30°C.

Bacterial strains and plasmids. The bacterial strains and plasmids
utilized in this study are listed in Table 1. B. anthracis Sterne(pXO1™,
pXO27) was used as the parent wild-type (WT) strain. The alleles IcpB2::
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kan and IcpD::spec were obtained by transposon mutagenesis with bursa
aurealis (23) and have been described earlier (13). Deletion of lepBI,
lepB3, IcpB4, or lepC was achieved by allelic replacement using the tem-
perature-sensitive vector pLM4 (13, 24, 25). The process was repeated as
needed to replace genes with unmarked alleles in a single background. For
marked alleles such as IcpB2::kan and IepD::spec, bacteriophage CP51 was
used to transduce the resistance traits into wild-type B. anthracis Sterne
and isogenic lcp allelic variants (26). Transductants were verified by DNA
sequencing of inverse PCR products as previously described (23). Un-
marked mutant alleles were verified by PCR using primers flanking the
cloning sites. The sequences of the primers used for this study were de-
scribed previously (13).

Microscopy. The chain lengths of bacilli were determined by analyz-
ing microscopy images (3). Briefly, B. anthracis cultures were normalized
by measuring an A, of 5 and diluted 1:100 into BHI broth at 37°C. At
defined time points, aliquots of cells were removed and then fixed with 4%
formalin, and images were captured with a charge-coupled device (CCD)
camera on an Olympus IX81 microscope using 20X or 40X objectives.
Chain lengths of bacilli were measured from acquired differential inter-
ference contrast (DIC) images using Image] and converted to lengths in
micrometers using reference images of an objective micrometer (3). Cell
lengths were assessed in the same manner, except that cell septa were
stained with boron dipyrromethene vancomycin (B-vancomycin [Invit-
rogen]), and images were obtained with a 100X objective. The statistical
significance of length distributions between different strains was analyzed
using a one-way analysis of variance (ANOVA).

For fluorescence microscopy, B. anthracis cultures were normalized to
an Ay, of 5, diluted 1:100 into BHI, and incubated for either 2 or 8 h at
37°C before cells were fixed with 4% formalin. After extensive rinsing,
samples were incubated with rabbit antisera raised against purified Sap,
EAL, or BslO, and bound antibodies were detected with DyLight594-con-
jugated anti-rabbit IgG secondary antibody. Cells were counterstained
with B-vancomycin. A Leica SP5 STED-CW superresolution laser scan-
ning confocal microscope with a 63X objective was used to analyze the
fluorescence of B. anthracis cells as described previously (27).

S-layer fractionation. B. anthracis cultures normalized to an A, of 5
were diluted 1:100 into BHI broth and grown at 37°C until cultures
reached an A, of 2. One milliliter of culture was sedimented by centrif-
ugation, and the supernatant (medium fraction) was transferred to a new
tube. Cells in the sediment were washed with phosphate-buffered saline
(PBS) twice, sedimented, and suspended in PBS buffer containing 3 M
urea. The samples were heated at 95°C for 10 min and centrifuged
(10,000 X g, 10 min), and the supernatants containing S-layer and S-lay-
er-associated proteins (S-layer fraction) were transferred to a new tube.
The bacterial sediment was washed with PBS and mechanically lysed by
silica bead beating. After sedimentation of the beads (1,000 Xg, 1 min),
the lysate (cellular fraction) was transferred to a third tube. Proteins in the
medium, S-layer, and cellular fractions were precipitated by addition of
trichloroacetic acid (TCA [10% final concentration]). Precipitates were
collected by centrifugation (10,000 X g, 10 min), washed with acetone, air
dried, suspended in 100 .l of 1 M Tris-HCI (pH 8.0)—4% SDS, and mixed
with an equal volume of SDS-PAGE loading buffer. Proteins in samples
were separated by SDS-PAGE and visualized by Coomassie staining or
transferred to polyvinylidene difluoride membrane for immunoblot anal-
ysis using rabbit antisera raised against purified antigens. Immunoreac-
tive products were revealed by chemiluminescent detection after incuba-
tion with horseradish peroxidase (HRP)-conjugated secondary antibody
(Cell Signaling Technology).

RESULTS

LytR-CpsA-Psr proteins are required for B. anthracis growth.
To analyze the function of different LCP enzymes in B. anthracis,
we chose to generate six strains that each express a single Icp gene.
The coding sequences of four genes—IcpBI (BAS1830), IcpB3
(BAS0746), lcpB4 (BAS3381), and IcpC (BAS5115)—were deleted
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TABLE 1 B. anthracis strains used in this study

Bacillus anthracis LCP Enzymes

Reference or

Strain genotype Designation Description” source
WT Sterne 34F2 WT (pXO1*, pX027) 20
Variants
lepB2::aphA3 AlcpB3B4C IepB1™" strain  lcpB3 (BAS0746) (deletion, nt 798568-799746), lcpB4 (BAS3381) (deletion, nt 3356447— This work
lepD::aad9 3357475), lepC (BAS5115) (deletion, nt 4995461-4994610), lcpB2 (BAS0572)::aphA3
(insertion, nt 619533), lcpD (BAS5047)::aad9 (insertion, nt 4919831)
AlcpBI1B3B4C IepD::aad9/plepB2  IepB2™ ™ strain  IcpB1 (BAS1830) (deletion, nt 1856993-1857982), IcpB3 (BAS0746) (deletion, nt This work
798568-799746), lcpB4 (BAS3381) (deletion, nt 3356447-3357475), lcpC (BAS5115)
(deletion, nt 4995461-4994610), lcpD (BAS5047)::aad9 (insertion, nt 4919831);
plepB2 is pWWW412 with lcpB2 (BAS0572)
AlcpBI lepB2::aphA3 AlcpB4C IcpB3* strain  IcpB1 (BAS1830) (deletion, nt 1856993—1857982), IcpB4 (BAS3381) (deletion, nt This work
lepD::aad9 3356447-3357475), lcpC (BAS5115) (deletion, nt 4995461-4994610), lcpB2
(BAS0572)::aphA3 (insertion, nt 619533), lcpD (BAS5047)::aad9 (insertion, nt
4919831)
AlcpBI IcpB2::aphA3 AlcpB3C lepB4™ strain  IepB1 (BAS1830) (deletion, nt 1856993-1857982), IcpB3 (BAS0746) (deletion, nt This work
lepD::aad9 798568-799746), lcpC (BAS5115) (deletion, nt 4995461-4994610), lcpB2 (BAS0572)::
aphA3 (insertion, nt 619533), IcpD (BAS5047)::aad9 (insertion, nt 4919831)
AlcpBI lcpB2::aphA3 AlcpB3B4  IepC strain lepB1 (BAS1830) (deletion, nt 1856993-1857982), lcpB3 (BAS0746) (deletion, nt This work
lepD::aad9 798568-799746), IcpB4 (BAS3381) (deletion, nt 3356447—3357475), lcpB2
(BAS0572)::aphA3 (insertion, nt 619533), IcpD (BAS5047)::aad9 (insertion, nt
4919831)
AlepB1 IcpB2::aphA3 AlcpB3B4C  IepD™ strain lepB1 (BAS1830) (deletion, nt 1856993-1857982), lcpB3 (BAS0746) (deletion, nt This work
798568-799746), lcpB4 (BAS3381) (deletion, nt 3356447-3357475), lcpC (BAS5115)
(deletion, nt 4995461-4994610), lcpB2 (BAS0572)::aphA3 (insertion, nt 619533)
Asap sap strain sap (BAS0841) (deletion, nt 896758—-899063) 27
Aeag eag strain eag (BAS0842) (deletion, nt 899843-902414) 27
bslO::aad9 bslO strain bslO (BAS1683)::aad9 (insertion, nt 1703151) 3

@ The nucleotide numbers provided in this column correspond to nucleotide positions in the sequenced genome of the Sterne strain as described in the NCBI databank under

accession no. NC_005945.

from the chromosome of B. anthracis Sterne 34F2 by allelic re-
placement either alone or as combinations with two, three, or four
deletions. Bacteriophage CP51 was used to generate lysates of B.
anthracis lcpB2::kan (IcpB2 = BAS0572) and IcpD::spec (lepD =
BAS5047) strains isolated following mutagenesis with the bursa
aurealis minitransposon carrying kanamycin (aphA3) and specti-
nomycin (aad9) resistance markers, respectively. IcpB2::aphA3
and/or IcpD::aad9 was then transduced into B. anthracis mutants
with deletions in three or four Icp genes. As a result, five new
strains of the genotypes IcpBI ™, IcpB3™, IcpB4™, IepC™, and IepD™
were generated (Table 1). Each strain was designated after the only
remaining lcp gene. For example, the IcpBI™ strain carries lcpBI
on the chromosome but no longer carries IcpB2, IcpB3, IcpB4, IcpC,
and IcpD. We were unable to transduce lcpD::aad9 into the AlcpB1
AlcpB3 AlepB4 AlcpC background unless the variant had been
transformed with plcpB2, a high-copy-number plasmid for IcpB2
overexpression (Fig. 1A; Table 1). As a control, the B. anthracis
AlepBI AlepB3 AlcpB4 AlcpC strain transformed with the control
vector (pWWW412) could not be transduced with CP51 lysate
from the B. anthracis lcpD::aad9 strain (Fig. 1A). The sixth variant
is thus a merodiploid strain that carries two copies of the lcpB2
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gene and thus is designated by the genotype IcpB2* " (Table 1).
Together, these data indicate that expression of chromosomal
lepBI™, IepB3™, IcpB4™, IcpC* or IepD™ alone was sufficient to
support B. anthracis vegetative growth, whereas expression of
lepB2* was not. Nevertheless, when IcpB2 was overexpressed from
a plasmid, IcpB2" " supported B. anthracis vegetative growth in
the absence of the other five Icp genes. The data suggest further
that expression of lcp genes is essential for B. anthracis vegetative
growth.

To quantify vegetative growth, overnight cultures of B. anthra-
cis were normalized for Ay, diluted 100X into fresh medium,
and incubated with rotation at 37°C while monitoring vegetative
expansion as increases in A4, (Fig. 1B). These growth curves were
used to deduce growth rates of 0.488, 0.498, 0.542, 0.496, 0.471,
0.350, and 0.253 h™ ', respectively, for the wild-type and IcpBI ™,
lepB2* ™, IcpB3™, IepB4™, IepC™, and IcpD™ strains. An aliquot of
cultures was removed at 6 h, diluted serially, and spotted on agar
plates for enumeration of colonies (Fig. 1C). The lcpB3™ variant
grew at the same rate as the wild type and displayed similar plating
efficiency (Fig. 1B and C). In contrast, the IcpD™ variant displayed
a severe growth defect, with an extended lag phase (Fig. 1B) and
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FIG 1 Growth and viability of B. anthracis variants expressing single lcp genes. (A) The AlcpB1B3B4C quadruple mutant, which still carries the lcpB2 and IcpD
genes, was transformed with a plasmid containing IcpB2 (plcpB2) or the cloning vector, and these strains were used as recipient strains for transduction of the
lepD::aad9 allele using bacteriophage CP51. The plcpB2-bearing strain is merodiploid for lcpB2. Following transduction, bacteria were plated on spectinomycin-
containing medium and incubated at 30°C for 30 h. Recombination of the IcpD::aad9 allele was verified by DNA sequencing and occurred only in the merodiploid
strain. (B) Overnight cultures of wild-type (WT) B. anthracis Sterne and isogenic variants expressing a single Icp gene were normalized to A4, of 5, diluted 1:100
into fresh medium, and grown at 37°C. Growth was monitored by recording the change in cell density (absorbance) at 600 nm every 30 min over 12 h. (C) After
6 h following dilution in fresh medium (as described for panel B), cultures were serially diluted, and 5-pl aliquots of each serial 10-fold dilution (0 through —7)

were plated on agar medium. An image of the plate after overnight incubation at 30°C is shown.

diminished vegetative expansion (Fig. 1C). The lcpC™ and lcpB4™
variants grew more slowly than the wild type but expanded faster
than the IcpD™ mutant. Of note, the 6-h plating efficiency of the
IepC* and IcpB4™ strains was reduced to the same level as the
lepD* mutant, suggesting that not all vegetative expansion of
IepC* and IcpB4™ generates viable cells. Finally, the lcpB1™* and
IepB2** variants displayed slight reductions in vegetative expan-
sion and plating efficiency compared to the B. anthracis wild type
or the IcpB3™ variant. These data indicate that, in the absence of
the other LCP enzymes, only LcpB3 is sufficient to support B.
anthracis vegetative growth at wild-type levels.

Cell size and chain length of Icp variant B. anthracis. B. an-
thracis varies the chain length of vegetative cells by regulating the
separation of septal peptidoglycan. As reported before, chain
lengths of wild-type bacilli were increased 2 h following dilution of
overnight cultures into fresh medium and were subsequently re-
duced in a stepwise fashion, as vegetative bacilli approached sta-
tionary phase. Earlier work showed that the B. anthracis lcpD mu-
tant displayed an increased chain length, whereas the IcpB3 variant
formed shorter chains with cells that are smaller than their wild-
type counterparts (13). Overnight cultures of B. anthracis variants
were diluted 100-fold, and fixed aliquots, withdrawn at hourly
intervals, were analyzed by DIC microscopy for chain length (Fig.
2A; see Fig. S1 in the supplemental material). The average chain
length of the IepBI™, IcpB4™, IcpC™", and IcpD™ variants was di-
minished at 2 h, whereas the lcpB2* ™, lcpB3™, IcpB4™, and lcpD™
strains displayed increased chain lengths at one or more time
points (marked with asterisks in Fig. 2A). The average chain length
of the IcpB4™ variant was particularly exaggerated; at the 4-h time
interval, the median chain length of IcpB4™ bacilli was 73 wm,
compared to a median of 11 pwm for wild-type B. anthracis. Thus,
none of the six LCP enzymes alone is sufficient to impose physio-
logical control of B. anthracis chain length, which appears to re-
quire multiple LCP proteins, if not a full complement of these
enzymes.

Microscopy experiments revealed also aberrant cell shapes of
the Icp variants. To quantify these differences, the length of 150
individual cells was measured at the 4- and 8-h time intervals after
specimens were stained with BODIPY-vancomycin to visualize
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peptidoglycan and cell septa (Fig. 2B). The IcpB4™ variant dis-
played the greatest variation in cell shape and size from wild-type
bacilli. At 4 h, the IcpB4™ strain placed septal peptidoglycan in
irregular intervals, generating cells that were either very short, of
extended length, or with a widened, deformed shape (Fig. 2B). By
8 h, the lcpB4™ strain formed cells that were significantly longer
than wild-type bacilli; indeed some cells reached a length of 10 pm
and did not form septal peptidoglycan (Fig. 2B). Cells from the
IepBI™, IcpC*, and IepD™ strains were significantly shorter than
wild-type bacilli at both 4 and 8 h postinoculation (Fig. 2B). Short-
ened cell size was associated with cell rounding, and the IcpBI ™,
IepC*, and IcpD™ mutants appeared to form chains of cocci (Fig.
2B). IcpB2* ™ cells were only slightly elongated at 4 h but otherwise
retained the morphological features of wild-type B. anthracis. Fi-
nally, the IcpB3™ strain formed cells with a physiological size that
could not be distinguished from wild-type bacilli.

IcpC* and IcpD™ variants cannot assemble B. anthracis S-
layers. The ability of single Icp variants to assemble an S-layer was
analyzed by fractionating B. anthracis cultures. Cultures were cen-
trifuged, and the extracellular medium (M) was separated from
the bacterial sediment. The S-layer (S) was solubilized by extrac-
tion with 3 M urea, which, following sample centrifugation, was
separated with the supernatant from bacterial cells. Murein sac-
culi of B. anthracis were disrupted by bead beating to generate a
cell lysate (C). Proteins in all fractions were precipitated with
TCA, separated by SDS-PAGE, and analyzed by Coomassie blue
staining (Fig. 3A). In wild-type B. anthracis, S-layer proteins Sap
and EA1 are the most abundant polypeptides in fractionated cul-
tures in the S-layer and medium fractions of Coomassie-stained
SDS-PAGE (Fig. 3A, arrow). The lcpC™ and lepD™ strains did not
assemble detectable S-layers, whereas the IcpB2" " strain assem-
bled dramatically reduced amounts of Sap and EA1 in the enve-
lope, and the IcpB4* strain assembled a diminished EA1 S-layer
(Fig. 3A). The IcpB1™ and IcpB3™ strains assembled S-layer pro-
teins in the bacterial envelope in a manner similar to that of wild-
type B. anthracis (Fig. 3A).

Immunoblotting experiments revealed that the lcpC* and
IepD™ strains assembled small amounts of Sap and EA1 in the
bacterial envelope (Fig. 3B). Immunoblotting experiments other-
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wise confirmed Coomassie-stained SDS-PAGE data on S-layer
protein assembly. We also used immunoblotting to analyze the
assembly of S-layer-associated proteins in the envelope of B. an-
thracis strains (Fig. 3B). The assembly of the murein hydrolases
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BslO, BslS, BsIT, and BslU was diminished in the IcpD™ strain yet
unaffected in the IcpC" strain or in any of the other single-Icp-
gene-expressing strains. Immunoblotting with anti-BsIR revealed
the reciprocal phenotype with increased envelope assembly of the
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FIG 3 Subcellular fractionation of proteins with SLH domains. (A) Cultures
of wild-type (WT) B. anthracis, carrying all six Icp genes or of variants with a
single Icp gene (IepB1 ™, IcpB2" ", IcpB3™, IepB4 ™, IcpC™, or lepD™ ) were grown
to an A, of 2. Cultures were centrifuged to separate the extracellular medium
(M) from the bacterial sediment. Proteins in the S layers (S) were extracted by
boiling cells in 3 M urea. Stripped cells were broken mechanically to release
cytosolic extracts (C). Proteins in all fractions were precipitated with TCA,
washed in acetone, and separated by 10% SDS-PAGE. The gel was stained with
Coomassie brilliant blue. The positions of Sap and EA1 that migrate with the
same mobility on SDS-PAGE and of molecular mass markers are indicated by
an arrow, and masses are given in kilodaltons on the right. (B) B. anthracis
cultures fractionated as described for panel A were subjected to immunoblot-
ting with rabbit antisera raised against purified Sap, EA1, BslO, BsIR, BslS,
BsIT, BslU, or PrsAl.

BsIR murein hydrolase in lcpC" and IcpD™ strains compared to
wild-type and IepB1™, IcpB2*™, IcpB3™, or lepB4™ strains (Fig.
3B). Asa control, immunoblotting experiments suggested that the
abundance and subcellular distribution of PrsA, a secreted lipo-
protein, were similar between wild-type and Icp variant strains.
Together, these data showed that the capacity for S-layer assembly
is greater in B. anthracis variants expressing single LcpB-type en-
zymes (IcpB1™, lepB2* ™, IcpB3™, or IcpB4™) than in strains pro-
ducing LepC or LepD.

The lcpB3™ variant generates a physiological distribution of
S-layer and S-layer-associated proteins. Next, microscopy was
used to visualize the deposition and localization of S-layer and
S-layer-associated proteins on the surface of bacilli. Overnight
cultures of B. anthracis were diluted into fresh medium and incu-
bated with rotation, and aliquots were withdrawn at timed inter-
vals. Cells were fixed and incubated with rabbit immune sera
raised against purified Sap, EAL, or BslO, as well as secondary
antibody conjugated to fluorophore (Fig. 4 and 5). B-vancomycin
staining was used to reveal cell septa. As expected, wild-type B.
anthracis assembled homogeneous Sap S-layers along the cylindri-
cal envelope of bacteria, whereas EA1 S-layers as well as BslO were
deposited in the vicinity of septal peptidoglycan (Fig. 4 and 5). The
IepD™ strain assembled neither cylindrical S-layers with Sap nor
EAI S-layers in the vicinity of septal peptidoglycan; instead, lcpD™
cells revealed punctate EA1 deposits, irregular Sap assemblies (Fig.
4), and a cylindrical deposition of BslO (Fig. 5). The lcpC™ variant
generated cylindrical Sap assemblies and punctate EA1 deposits
that colocalized with B-vancomycin staining of shortened bacilli
(Fig. 4). Nevertheless, the IcpC* variant mislocalized BslO, which
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was found throughout the cylindrical envelope (Fig. 5). A similar
phenotype was revealed for the IcpBI™ variant, albeit the overall
amount of EAI staining in IcpBI™ cells was higher than that of
IepC* bacilli (Fig. 4). The IepB2™ and lcpB4™ variants mislocalized
EA1 and BslO, which were detected in large patches throughout
the cylindrical envelope; this phenotype was associated with areas
of diminished Sap S-layer assembly (Fig. 4 and 5). Of note, the
lepB4* variant formed aberrant cells with increased diameter and
irregular shape, which were generally devoid of Sap or EA1 assem-
blies. Only the lcpB3™ variant assembled cylindrical Sap and septal
EA1 S-layers with septal BslO deposits in a manner similar to
wild-type B. anthracis (Fig. 4 and 5).

Only IcpB3™* is fully sufficient for B. anthracis spore forma-
tion. During sporulation, B. anthracis directs septum formation in
the vicinity of one of the two cell poles, thereby generating large
mother cells and smaller forespores, which are then developed
further into heat-resistant spores. We wondered whether LCP en-
zymes are required for this process. Overnight cultures of wild-
type B. anthracis and its Icp ™ variants were washed and suspended
in modG medium at an Ay, of 1 to initiate sporulation. At timed
intervals, culture aliquots were withdrawn, heat treated (68°C to
kill vegetative bacilli), serially diluted, and spread on agar plates to
enumerate CFU of heat-resistant spores. At time zero, B. anthracis
cultures in modG medium harbored similar amounts of vegeta-
tive bacilli without spores (Fig. 6A). After 24 h of incubation in
modG medium, spore formation in wild-type B. anthracis had
been completed, and further incubation for 48 or 96 h did not
result in elevated spore counts (Fig. 6B). The lcpB3™ variant spo-
rulated with similar efficiency to wild-type B. anthracis, whereas
the IcpB2* ™, IepC™, and IcpD™ strains failed to produce spores
(Fig. 6A and B). The IcpB1™* and IcpB4™ strains generated spores,
albeit with 1,000- to 10,000-fold reduced efficacy (Fig. 6A and B).
Microscopic examination of B. anthracis incubated in modG me-
dium confirmed these observations. Refractile spores were readily
visualized in samples from wild-type and IcpB3" B. anthracis,
whereas spores could rarely be detected in samples of the lcpB1*
and lcpB4™ variants (Fig. 6C).

Aliquots of sporulating B. anthracis that had been removed 3
and 8 h following suspension in modG medium at an A, of 5
were stained with FM4-64 and B-vancomycin for visualization of
membranes and septal peptidoglycan (see Fig. S2 in the supple-
mental material). In the wild-type and lcpB3™ strains of B. anthra-
cis, these experiments revealed asymmetric cell division sites and
forespore engulfment after 3 h of incubation as well as spore for-
mation after 8 h. Asymmetric cell division and forespore engulf-
ment were not detected in the IcpB2* ", IcpC™, and IcpD™ strains,
suggesting that these variants did not initiate the early stages of
spore formation.

DISCUSSION

B. subtilis, a spore-forming Gram-positive microbe, has been
studied in depth as a model organism for bacterial development,
cell biology, and industrial production of enzymes. Earlier work
characterized the chemical structure of peptidoglycan and at-
tached secondary cell wall polymers, including polyglycerol-phos-
phate wall teichoic acid (WTA), minor polyribitol-phosphate
teichoic acid (TA), and teichuronic acid (TU) (reviewed in refer-
ence 28). Other studies identified genetic determinants for the
synthesis of WTA, TA, and TU, which are located within a 50-kb
region on the B. subtilis genome (reviewed in reference 29). B.
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FIG 4 Deposition of S-layer proteins in the envelope of Icp variants. B. anthracis Sterne (WT) and isogenic variants carrying a single Icp gene were fixed in 4%
buffered formalin at 8 h following inoculation of cultures in fresh medium. The localization of Sap (A) and EA1 (B) was observed with specific rabbit antisera as
well as secondary antibody conjugates and counterstained with B-vancomycin to reveal the septal peptidoglycan. As controls, sap and eag mutants were also
stained with their respective antisera. DIC, fluorescence, and merged microscopy images are shown for each strain. Scale bars represent 10 pm.

subtilis employs three genes for LCP enzymes to assemble second-
ary wall polymers in the bacterial envelope. The genetic determi-
nants—tagT, tagU, and tagV—are located in the 50-kb region for
secondary cell wall polymer synthesis (14). B. subtilis strains lack-
ing all three genes (AtagTUV) cannot grow; however, this growth
phenotype is suppressed by mutations in fagO (14). As TagO cat-
alyzes the first step in the synthesis pathway for murein linkage
units (30), B. subtilis tagO strains suppress the growth phenotype
of AtagTUV mutants via feedback inhibition of undecaprenol-
phosphate-linked intermediates in the synthesis pathway for sec-
ondary cell wall polymers. B. subtilis mutants lacking combina-
tions of two genes for LCP enzymes do not display significant
phenotypes (14). These data suggest that LCP enzymes of B. sub-
tilis display overlapping and redundant functions in tethering
murein linkage units with appended WTA, TA, or TU to the bac-
terial peptidoglycan.
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S. aureus, a Gram-positive pathogen that does not form spores,
attaches polyribitol-phosphate wall teichoic acid (WTA) and cap-
sular polysaccharide to the peptidoglycan envelope (16, 17, 31).
Three LCP enzymes—encoded by IcpA, IcpB, and lepC—fulfill
overlapping and partially redundant functions, anchoring murein
linkage units with appended WTA or capsular polysaccharide to
peptidoglycan. Functional redundancy has also been observed for
LCP-mediated attachment of capsular polysaccharide in Strepto-
coccus pneumoniae (15). In S. aureus, deletion of IcpC primarily
affects cell wall attachment of the capsular polysaccharide (16),
whereas deletion of IcpA and IcpB imposes defects in S. aureus
WTA synthesis (17). Similar to B. subtilis, S. aureus mutants with
defects in WTA synthesis machinery downstream of the TagO/
TagA-derived murein linkage unit cannot replicate, and this phe-
notype is suppressed by mutations in tagO (32, 33). Nevertheless,
S. aureus mutants lacking all three genes for LCP enzymes
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FIG 5 Deposition of S-layer-associated proteins in the envelope of cp variants. B. anthracis Sterne (WT) and isogenic variants carrying a single Icp gene were fixed
in 4% buffered formalin at 2 h following inoculation of cultures in fresh medium. The localization of BslO was observed with specific rabbit antisera as well as
secondary antibody conjugates and counterstained with B-vancomycin to reveal the septal peptidoglycan. As a control, bs/O mutant bacilli were also stained with

their respective antisera. DIC, fluorescence, and merged microscopy images are shown for each strain. Scale bars represent 10 pm.

(AlcpABC) are capable of growth, albeit at a reduced rate (16, 31).
The reduced growth phenotype of S. aureus AlcpABC mutants is
not suppressed by tagO mutations (16). Expression of B. anthracis
lepB2, IcpB3, IcpB4, IcpC, or lcpD but not of IcpBI can restore some
of the defects in staphylococcal growth and WTA assembly in S.
aureus AlcpABC mutants (13). These data suggest that LCP
enzymes of S. aureus and B. anthracis have evolved substrate pref-
erences, recognizing murein linkage units with attached carbohy-
drate polymers or undecaprenol-phosphate-linked polysaccha-
rides without murein linkage units.

B. anthracis does not synthesize WTA (34), and a thorough

search of its genome does not identify homologs of the B. subtilis
genes for TU synthesis. Unlike S. aureus and B. subtilis, B. anthracis
attaches SCWP in the bacterial cell wall envelope and uses its
CsaB-pyruvylated and PatAl/PatB1- or PatA2/PatB2-acetylated
derivatives for the assembly of S-layer (Sap and EA1) and S-layer-
associated proteins (BslA-U and AmiA) (5, 6, 35). Earlier work
proposed that the genes for SCWP synthesis were located in the
surface polysaccharide synthesis (sps) gene cluster (BAS5116 to
BAS5127) (36). In agreement with this model, gneZ (BAS5117),
which encodes a UDP-ManNAc epimerase, is essential for B. an-
thracis growth and SCWP synthesis (12). Nevertheless, gneY
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FIG 6 Sporulation efficiency of lcp variants. Bacilli from overnight cultures of B. anthracis Sterne (WT) and isogenic variants carrying a single lcp gene were
washed, suspended in modG sporulation medium at an A, of 1, and incubated at 30°C with shaking. (A) Culture aliquots were taken immediately following
inoculation into modG medium, serially diluted, and plated to enumerate viable bacteria at time 0 (CFU). (B) Culture aliquots were collected at 24, 48, and 96
h following inoculation into modG medium, heat treated at 68°C for 30 min to kill vegetative bacilli, serially diluted, and plated to enumerate spores. (C) Culture
aliquots from the 48-h time point were also fixed and visualized by phase-contrast microscopy. Representative images are shown. The scale bar represents 10 pum.

3738 jb.asm.org Journal of Bacteriology December 2015 Volume 197 Number 23


http://jb.asm.org

Division

Germination

Bacillus anthracis LCP Enzymes

Asymmetric

cell division Engulfment

( Late
sporulation

Mother cell lysis

Binary fission

Sporulation

FIG 7 A model of possible functions of LytR-CpsA-Psr (LCP) proteins in B. anthracis. LCP proteins function to attach secondary cell wall polysaccharide
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along the midcell to allow for proper asymmetrical division during sporulation.

(BAS5048), a homolog of gneZ, can substitute for loss of gneZ
function to restore B. anthracis growth and SCWP synthesis. gneY
is part of another gene cluster also involved in SCWP synthesis; it
includes IcpD (BAS5047) and tagO (BAS5050). IcpC (BAS5115) is
also part of the sps gene cluster, whereas IcpBI (BAS1830), IcpB2
(BAS0572), IcpB3 (BAS0746), and IcpB4 (BAS3381) are not asso-
ciated with chromosomal genes known to be required for SCWP
synthesis or assembly.

Previous work generated mutations that abolished the expres-
sion of individual Icp genes in B. anthracis, examining mutants for
growth, cell size, chain length, SCWP synthesis, and S-layer as-
sembly phenotypes. The lcpD mutant displayed increased chain
length, diminished assembly of SCWP, and an S-layer protein
assembly defect (13). In contrast, the IcpB3 mutant formed smaller
cells with reduced chain length and defects in BSL deposition into
S-layer structures (13). The remaining mutants (IcpBI, IcpB2,
lepB4, and IcpC genotypes) did not reveal phenotypic defects. Here
we show that deletions of several different lcp genes from the chro-
mosome can be tolerated by B. anthracis, albeit all attempts to
generate a strain expressing only genome-contained IcpB2 failed.
This could be circumvented by cloning IcpB2 on a plasmid under
the control of the constitutive hprK promoter (37). These data
suggest that, as observed for gneY, IcpB2 may not be expressed
under laboratory conditions. Furthermore, Icp genes, similar to
gneZ and tagO, are essential for B. anthracis vegetative growth (6,
12, 38). With the exception of the IcpB3" variant, all B. anthracis
strains expressing single Icp gene were impaired for growth and
displayed defects in cell size, chain length, and spore formation. Of
note, the IepB3™ variant still assembled S-layers from Sap and
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EAL. These data suggest that LcpB3 likely transfers murein linkage
units and SCWP with or without a ketal-pyruvyl modification to
peptidoglycan, maintaining the housekeeping functions of the B.
anthracis cell cycle and supporting assembly of the S-layer but not
of BSLs. The lepC™ and IepD™ variants displayed severe growth,
cell size, chain length, and S-layer assembly defects. Nonetheless,
lepC™" and lepD™ variants were able to deposit BSLs into the bac-
terial envelope. We propose that LcpC and LepD assemble SCWP
with (LcpC) and without (LcpD) murein linkage units and PatA1/
PatB1- or PatA2/PatB2-mediated acetylation of SCWP in the B.
anthracis envelope. Finally, B. anthracis expressing only lcpBI
(IecpBI™) or only IcpB4 (lcpB4™) displayed moderate defects in cell
size or shape, chain length, and spore formation, yet these variants
sustained vegetative growth. Because the IcpBI™ and IcpB4™
strains, unlike the lcpB3™ strain, display defects in S-layer and BSL
assembly, we speculate that the preferred substrate of LcpB1 and
LcpB4 may be specialized SCWP (Fig. 7). For example, special-
ized SCWP could carry terminal repeats that bear chemical
modifications distinct from the known pyruvyl and acetyl
groups (Fig. 7). Finally, we cannot rule out the possibility that
some LCPs transfer as of yet unknown polymers in the enve-
lope of B. anthracis.

IepBI™, IcpB2™ ™, and IcpB4™ variants display reduced viability
compared to lcpB3™ bacteria. In addition, lcpBI™, IcpB2™*, and
lepB4™ variants fail to regulate chain length during the life cycle,
and while their overall capacity to bind proteins with SLH do-
mains is not affected, the deposition of these proteins is altered in
the envelope. Deposition of proteins appears to be favored along
the cylinder of IcpBI1™ and IcpB4™ cells. This preferential deposi-
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tion suggests that assembly of pyruvylated and acetylated SCWP,
the receptor of SLH proteins, occurs at distinct sites in an LcpB-
dependent manner when bacteria undergo binary fission, i.e.,
during vegetative replication, as illustrated in the model of Fig. 7.
The IcpC* and IcpD™ variants replicate poorly and display a
marked reduction in their ability to retain SLH proteins in the
envelope. Interestingly, these variants cannot sporulate, a pheno-
type not previously observed for genes involved in S-layer or
SCWP assembly (6, 27, 35, 38). The inability to form spores (i.e.,
to shift the division site to undergo asymmetric cell division) may
correlate with the failure to maintain the typical rod-shape mor-
phology of vegetative cells. This defect may be caused by the in-
herent defect of IcpC™ and IcpD™ variants to homogenously as-
semble SCWP in the envelope of vegetative bacilli. We propose
that all LCPs carry out attachment of SCWP, with LcpB3 being the
most effective enzyme, followed by LcpB1, LepB4, LepB2, LepC,
and LepD. This in turn correlates with the ability to form spores.
Thus, we favor a model whereby LcpB2, LepC, and LepD influence
biochemical reactions that are linked to the division site, whereas
LepB1 and LepB4 promote reactions along the cylinder of rod-
shaped bacilli.
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