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GneZ, a UDP-GIcNAc 2-Epimerase, Is Required for S-Layer Assembly
and Vegetative Growth of Bacillus anthracis

Ya-Ting Wang, Dominique Missiakas, Olaf Schneewind
Howard Taylor Ricketts Laboratory, Argonne National Laboratory, Lemont, lllinois, USA, and Department of Microbiology, University of Chicago, Chicago, lllinois, USA

Bacillus anthracis, the causative agent of anthrax, forms an S-layer atop its peptidoglycan envelope and displays S-layer proteins
and Bacillus S-layer-associated (BSL) proteins with specific functions to support cell separation of vegetative bacilli and growth
in infected mammalian hosts. S-layer and BSL proteins bind via the S-layer homology (SLH) domain to the pyruvylated second-
ary cell wall polysaccharide (SCWP) with the repeat structure [—4)-3-ManNAc-(1—4)-B-GlcNAc-(1—6)-a-GlcNAc-(1—],,
where a-GlcNAc and B-GIcNAc are substituted with two and one galactosyl residues, respectively. B. anthracis gneY (BAS5048)
and gneZ (BAS5117) encode nearly identical UDP-GIcNAc 2-epimerase enzymes that catalyze the reversible conversion of UDP-
GIcNAc and UDP-ManNAc. UDP-GIcNAc 2-epimerase enzymes have been shown to be required for the attachment of the phage
lysin PlyG with the bacterial envelope and for bacterial growth. Here, we asked whether gneY and gneZ are required for the syn-
thesis of the pyruvylated SCWP and for S-layer assembly. We show that gneZ, but not gneY, is required for B. anthracis vegeta-
tive growth, rod cell shape, S-layer assembly, and synthesis of pyruvylated SCWP. Nevertheless, inducible expression of gneY
alleviated all the defects associated with the gneZ mutant. In contrast to vegetative growth, neither germination of B. anthracis

spores nor the formation of spores in mother cells required UDP-GIcNAc 2-epimerase activity.

Bacillus anthracis elaborates the secondary cell wall polysaccha-
ride (SCWP), which is comprised of a repeating trisaccharide,
[—4)-B-ManNAc-(1—4)-B-GlcNAc-(1—6)-a-GlcNAc-(1—],,
where a-GlcNAc (N-acetylglucosamine) is substituted with a-Gal
(galactose) and B-Gal at O-3 and O-4, respectively, and the 3-
GIcNAc is substituted with a-Gal at O-3 (1). The CsaB protein
catalyzes ketal-pyruvylation of the terminal ManNAc (N-acetyl-
mannosamine) of the SCWP (2, 3). This modification supports
assembly of the S-layer envelope of B. anthracis that is comprised
of the two main S-layer proteins, Sap and EA1, as well as 22 S-lay-
er-associated (BSL) proteins that each bind to pyruvylated SCWP
through their S-layer homology (SLH) domains (4, 5). The SCWP
is thought to be tethered to the MurNAc (N-acetylmuramic acid)
moieties of peptidoglycan via murein linkage units (GlcNAc-
ManNAc) (2).

Earlier work demonstrated that bacteriophage lysins, for ex-
ample, PlyG or PlyL, associate with a cell wall glycopolymer
through their C-terminal binding domain, a prerequisite for acti-
vation of the N-terminal murein hydrolase domains responsible
for peptidoglycan degradation (6—8). The cell wall glycopolymer
that serves as the receptor of PlyG or PlyL was originally described
as an acid-extractable neutral polysaccharide composed of Gal,
GlcNAc, and ManNAc (6, 8). ManNAc is a key residue of the
repeating trisaccharide of the well-characterized SCWP, the only
polymer known to contain ManNAc in B. anthracis (1). A library
of oligosaccharides containing the core trisaccharide motif a-D-
GlcNAc-(1—4)-B-D-ManNAc-(1—4)-B-D-GlcNAc of the SCWP of B.
anthracis was chemically synthesized with various patterns of a-D-
Gal and B-p-Gal branching points (9). Measurement of dissocia-
tion constants for the cell wall binding domains of the endolysins
PlyL and PlyG using surface plasmon resonance established a pre-
ferred interaction with a trisaccharide bearing the galactosyl moi-
ety at C-4 of the nonreducing GIcNAc moiety (9). PlyL and PlyG
were also found to interact with highly purified SCWP of several B.
anthracis isolates via their C-terminal domains but not their N-
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terminal catalytic domains, thus corroborating the notion that the
SCWP serves as a receptor for y phage lysins (10).

Variations in the galactosylation pattern in the SCWP core
structure of bacilli of the Cereus group, but not the terminal py-
ruvylation, were found to govern specificity toward phage endo-
lysins (7, 9). By conducting a genomic comparison of the PlyG-
sensitive B. anthracis Ames and the related PlyG-resistant Bacillus
cereus ATCC 10987 strains, Schuch et al. noticed a gene cluster
that could be responsible for the biosynthesis of the cell wall gly-
copolymer receptor of y phage endolysins (7). Importantly, this
cluster designated, sps, encoded a protein (BA5509 in the Ames
genome; BAS5117 in the Sterne genome) reported earlier to cata-
lyze the reversible conversion of UDP-GIcNAc into UDP-Man-
NAc; however, a direct link to SCWP synthesis was not reported
(11). Here, we refer to this gene as gneZ (bas5117). As reported
earlier (7), a second gene, gneY (bas5048 in the Sterne genome), is
predicted to encode a nearly identical protein (98.6% amino acid
identity).

UDP-ManNAc is the substrate of TagA, the second enzyme in
the biosynthetic pathway of wall teichoic acid (WTA), a polymer
tethered to peptidoglycan via the murein linkage unit, GIcNAc-
ManNAc-(Gro-P), 5 (12). Synthesis of the murein linkage unit is
initiated by TagO (TarO), which links UDP-GIcNAc and undeca-
prenyl-phosphate to generate C55-PP-GlcNAc (13-15), followed
by TagA-catalyzed addition of ManNAc to generate Css-PP-
GlcNAc-ManNAc (12, 16). We reported earlier that B. anthracis
carries a tagOp, (bas5050) homologue, a gene located next to gneY
(2). tagOy, (bas5050) could not be deleted in B. anthracis; how-
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ever, expression of tagOy, in trans restored WTA synthesis in a
Staphylococcus aureus tagO mutant (2). A model was proposed
whereby TagO mediates assembly of linkage units to tether pyru-
vylated SCWP to the B. anthracis envelope and thereby enable
S-layer assembly (2). The B. anthracis genome encodes two TagA
homologues, suggesting that ManNAc may be incorporated in
both the linkage and repeating units of the SCWP. The finding
that tagOj, could not be deleted suggests that disrupting the syn-
thesis of the SCWP in B. anthracis may lead to growth arrest. In
agreement with the notion that UDP-GIcNAc 2-epimerases con-
tribute to the synthesis of SCWP, it was reported that a mutant
lacking both genes could not be obtained in B. anthracis ASterne
(a strain that lacks both pXO1 and pXO2 virulence plasmids)
unless ba5509 (bas5117) was placed under an inducible promoter
(7, 11). Insertional inactivation of either ba5433 (bas5048) or
ba5509 (bas5117) could be achieved in B. anthracis ASterne (7),
although inactivation of ba5509 (bas5117) was reported to affect
growth (11).

Here, we asked whether GneY (BAS5048) and GneZ (BAS5117) are
required for B. anthracis S-layer assembly and attempted to gen-
erate B. anthracis Sterne (pXO1™ pXO2 ™) variants that lack either
one or both genes. We report that deletion of gneY does not affect
growth of bacilli, whereas deletion of gneZ is tolerated only under
conditions of isopropyl-p-D-thiogalactopyranoside (IPTG)-in-
duced P, ~gneY expression. Although gneZ is required for vege-
tative growth, UDP-GIcNAc 2-epimerase expression is dispens-
able for B. anthracis spore formation and germination. Further,
expression of gneZ, but not of gney, is required for S-layer assem-
bly and for the formation of rod-shaped daughter cells during
vegetative growth.

MATERIALS AND METHODS

Media and growth conditions for the propagation of bacteria and
phage. B. anthracis strain Sterne 34F2 (pXO1* pX02™) (17) and its vari-
ants were cultured in brain heart infusion (BHI) broth or propagated on
BHI agar plates at 37°C or, where indicated, at 30 or 42°C. Escherichia coli
strains were grown in Luria-Bertani (LB) medium. Phage assays were
performed in PA medium as described previously (18). When necessary,
growth media were supplemented with spectinomycin (200 g ml~') or
kanamycin (20 g ml™'; 50 pg ml™" for E. coli) for plasmid selection.
Expression of gneY from the spac promoter (P,,,.) was induced via the
addition of 1 to 2 mM IPTG.

B. anthracis strains and plasmids. Three B. anthracis variants were
generated to examine the function of gneY and gneZ. These variants car-
ried three distinct alleles, including an in-frame deletion of gneY (AgneY
allele), an insertion of the gene encoding the Lacl repressor along with the
P, .. IPTG-inducible promoter recombined in front of the gneY gene
(Pypc-gneY allele), and lastly a replacement of the gneZ coding sequence
with the spectinomycin resistance marker (gneZ:spc allele). All alleles
were recombined on the chromosome of strain Sterne as described earlier
(19). Briefly, the AgneY allele was generated by cloning two fragments of
approximately 1-kb DNA flanking the gneY coding sequence (BAS5048,
NC_005945.1) into pLM4 to yield plasmid pYW90 (19). The two DNA
fragments were amplified by PCR using B. anthracis Sterne genomic DNA
as the template and primer pairs with sequences TTTGGTACCCGAA
TCCTGAATTTTTACGG/TTTGGATCCTTCATTGCCTCTTT
TCTTTCAC and TTTGGATCCCGTGCATCAGAGCGTATTG/
TTTGAATTCGAAGATTATGCAACAGACGGTC. The P, ~gneY allele
was generated by cloning the 1-kb DNA region upstream of the gneY
coding sequence by PCR using the primer pair with sequences TTTGG
TACCCGAATCCTGAATTTTTACGG/TTTGGATCCTTCATTGCCTC
TTTTCTTTCAC. Next, the lacl repressor gene sequence along with the
P, promoter sequence was amplified from plasmid pLM5 (19) with the
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primer pair TTTGGATCCTATCGATCGGCCGTATCC/TTT
GAATTCTAATTGCGTTGCGCTCAC. The lacl repressor-P,,. and the
gneY upstream DNA fragments were ligated into pLM4 using the Kpnl
and EcoRlI restriction sites and yielding plasmid pYW82. Next, the coding
sequence for the gneY gene amplified using the primer pair with sequence
TTTTCTAGAATGACTGAACGTTTAAAAGTAATGAC/TTTC
CCGGGTTACTTATTAAAGTGTTTTAAAATTGCTTC was cloned into
pYWB82, yielding plasmid pYW84, which was used for recombination in
the Sterne strain. The gneZ::spc allele was generated by cloning two frag-
ments of approximately 1-kb DNA sequences flanking the gneZ coding
region (BAS5117, NC_005945.1) obtained by PCR amplification of strain
Sterne genomic DNA and primer pairs with sequences TTTCCCGGGCG
TACACGCGTCATTTCAA/TTTTCTAGATTTATTGCCTCTTTCCTT
TACCA and TTTTCTAGACGTGCATCAGAGCGTATTG/TTTGAAT
TCGATCAAACCGGTAGGGAGAG. The DNA fragments were cloned in
pLM4, yielding plasmid pYW53. In this construct (pYW53), an Xbal re-
striction site was placed at the junction of the two DNA segments. This
unique restriction site was used to clone the duplicate copy of the aad9
gene specifying spectinomycin resistance, yielding plasmid pYWe0,
which was used for allelic replacement. Plasmid pJRS312 was used as a
template for the amplification of aad9 (20) using the primer pair with
sequences TTTTCTAGAATCGATTTTCGTTCGTGAATAC/TTTTCTA
GAATATGCAAGGGTTTATTGT. For allelic replacement of gneY and
gneZ, plasmids pYW60, pYW84, and pYW90 were propagated in E. coli
K1077 (dcm dam mutant) (21) prior to electroporation into wild-type B.
anthracis Sterne. Transformants were isolated on BHI agar containing 20
pg ml ! kanamycin and incubated at 30°C. Isolated colonies were
patched on BHI agar containing kanamycin, and plates were incubated at
42°C overnight (restrictive temperature). Isolated colonies were inocu-
lated into BHI broth containing either no antibiotic or I mM IPTG or 200
pg ml~ ! spectinomycin for recombination of the AgneY, Py,q-gneY, and
gneY:uspc alleles, respectively. This process was repeated 4 times to ensure
loss of the plasmids (pYW90, pYW84, and pYW60, respectively). After the
last repeat, kanamycin-sensitive colonies were selected and grown to ex-
tract genomic DNA for sequence analysis of chromosomal lesions. Strain
YW6 harboring both the P, ~gneY and gneZ::spc mutant alleles was con-
structed by transforming strain YW29 (P,,,-gneY mutant) with the
pLM4-based plasmid pYW60 (carrying the gneZ::spc allele). Curing of
pYW60 and allelic replacement of gneZ were performed by growing can-
didate kanamycin-resistant colonies in the presence of IPTG and specti-
nomycin until loss of the kanamycin resistance.

Strains YW29 and YW60 expressing gneY under the inducible P,
promoter on the chromosome were transformed with pJK4, a stable plas-
mid that expresses lacI (2). This was performed to achieve tighter regula-
tion over the P, promoter. The wild-type strain Sterne was also trans-
formed with pJK4 to serve as the isogenic parent control. Cloning of gneZ
into vector pWWW412 (pgneZ) was performed by amplifying the coding
sequence of the gneZ open reading frame using Sterne DNA as the tem-
plate and the primer pair bearing the nucleotide sequences TTTCTC-
GAGACTGAACGTTTAAAAGTAATGACGA/TTTGGATCCTTACTTAT-
TAAAGTGTTTTAAAATTGCTTC. The resulting DNA fragment was
cloned by using the restriction sites Xhol and BamHI of pWWW412 such that
transcription and translation of gneZ were promoted by the constitutive hprK
promoter and ribosome binding site provided on the vector (22).

Phage transduction. Bacteriophage CP-51 was propagated and as-
sayed by methods described previously (18, 23). To generate a phage
lysate, the exponentially growing culture of the target strain was mixed
with soft agar and layered on plates and CP-51 phage solution was spotted
onto the solidified soft agar. Plaques were observed after 16 h of incuba-
tion at 37°C, harvested, and suspended in PA broth to generate phage
lysates. For transduction experiments, recipient strains were grown to
exponential phase in PA medium before adding the phage lysate at a
multiplicity of infection of 1/100. Cultures were incubated at room tem-
perature for 1 h and centrifuged. Bacteria were washed and plated on PA
agar at 30°C for 24 h.
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B. anthracis vegetative growth, sporulation, and germination.
Growth of vegetative bacilli was compared between strains by monitoring
the optical density (absorbance) of cultures at 600 nm (A,,). Bacilli
grown overnight were washed and diluted 100-fold into 50 ml of BHI
medium and incubated at 37°C with shaking. Culture aliquots were with-
drawn at timed intervals to record optical densities or acquire microscopic
images. B. anthracis sporulation was induced by diluting washed bacilli
from overnight cultures 1:5 into modified G medium followed by incu-
bation at 30°C with shaking as described previously (19, 24). Sporulation
was visualized by light and fluorescence microscopy with FM4-64 (Invit-
rogen) staining of fixed cultures (19). Aliquots of cultures were withdrawn
after 24 h and heated at 65°C to kill all vegetative cells. The resulting
heat-resistant spores were enumerated as CFU following overnight incu-
bation of sample aliquots serially diluted and plated on BHI agar.

Spore suspensions were germinated by inoculation into BHI at 107
spores per ml and grown at 37°C with shaking. Aliquots of cultures were
removed at timed intervals to record optical densities. Culture aliquots
were also heated for 60 min at 65°C to kill vegetative bacilli. Viable organ-
isms in both nontreated and heat-treated aliquots were subjected to CFU
enumeration as described above.

Light and fluorescence microscopy. Digital micrographs of bacterial
samples fixed with 4% formalin were viewed with an Olympus IX81 mi-
croscope equipped with 100X or 40X objectives. Phase-contrast images
of samples and FM4-64 or boron-dipyrromethene (BODIPY)-vancomy-
cin (Life Technologies) fluorescence images were captured with a charge-
coupled device (CCD) camera. Images were merged using ImageJ. To
probe for Sap, EA1, and BsIR, immunofluorescence microscopy experi-
ments were performed as described previously (25). Briefly, fixed bacilli
were sedimented by centrifugation, washed in phosphate-buffered saline
(PBS), and incubated with 1% (wt/vol) bovine serum albumin in PBS.
Specific rabbit antisera were diluted 1:1,000 into PBS and incubated with
the cells for 1 h followed by three washes in PBS and labeling with Alexa-
Fluor 594-conjugated goat anti-rabbit IgG (Life Technologies) prior to
microscopy. Fluorescent images, as well as differential interference con-
trast (DIC) images and merge views, were acquired on a Leica SP5 II
STED-CW super-resolution laser scanning confocal microscope.

Sapg; ;-mCherry binding to vegetative bacilli. B. anthracis Sterne
wild-type or mutant strains (YW6 and AcsaB strains) were grown in BHI
broth to an Ay, of 2.5, and vegetative bacilli were sedimented by centrif-
ugation. Bacilli were suspended in PBS supplemented with 3 M urea and
heated at 95°C for 10 min to solubilize the S-layer (2). Cells were again
sedimented by centrifugation, washed extensively with water, and sus-
pended in PBS. The cell density of samples was normalized to an Ay, of 1.
These cells (100- .l samples) were incubated with 3 mM Sapg; ;;-mCherry
or mCherry alone, purified as described previously (2), for 10 min at room
temperature in the dark. After incubation, cells were sedimented by cen-
trifugation, washed extensively with PBS, and imaged by fluorescence or
phase-contrast microscopy. Alternatively, fluorescence was quantified us-
inga Biotek Synergy HT microplate reader. The excitation wavelength was
590 (+20) nm, and the emission was read at 645 (=40) nm. Fluorescence
measurements were compared using an unpaired, two-tailed Student ¢
test.

RESULTS

B. anthracis gneY and gneZ mutants. The shuttle vector pLM4
that carries the temperature-sensitive pE194 ori"*-based replicon
(26) and kanamycin resistance determinant for plasmid replica-
tion and selection in B. anthracis was used for double-crossover
allelic replacement experiments (19). Deletion of gneY in B. an-
thracis Sterne could be readily achieved (AgneY) (Fig. 1A). How-
ever, attempts to delete gneZ using this method failed. We sur-
mised that the gneY-encoded UDP-GIcNAc 2-epimerase may not
be expressed during vegetative growth, causing gneZ to be essen-
tial for vegetative growth. Because the transcriptome of B. anthra-
cis has been determined under a variety of growth conditions (27),

August 2014 Volume 196 Number 16

GneZ and Bacillus anthracis S-Layer Assembly

information about gneY and gneZ transcription could be retrieved
from the data set deposited in the NCBI GEO database with ac-
cession number GSE13543. Such an analysis revealed that gneZ
but not gneY is readily transcribed when bacilli are grown in aer-
ated cultures or in the presence of CO, (27). We therefore decided
to modify the wild-type strain Sterne to allow for inducible ex-
pression of gneY. The E. coli lacl repressor gene and the Lacl-
regulated P,,,. promoter were introduced by double crossover
upstream of gneY (Fig. 1A). This strain, YW29 (P, -gneY), was
grown in the presence of IPTG for allelic replacement of the gneZ
gene with the aad9 gene encoding the spectinomycin resistance
determinant. A new variant, strain YW6 (P, -gneY gneZ:spc),
was thus obtained (Fig. 1A). However, when plated on BHI agar,
B. anthracis YW6 did not require IPTG to form viable colonies
(Fig. 1B), suggesting leaky expression from the P, ,,. promoter. To
test this possibility, the strain was transformed with plasmid pJK4,
for multicopy expression of lacI (2). B. anthracis YW6(pJK4)
formed colonies on BHI agar in the presence but not in the ab-
sence of IPTG (Fig. 1B). When strains carried an intact copy of
gneZ (Sterne and YW29) along with pJK4, IPTG growth restric-
tion was not observed (Fig. 1B). Growth was also assessed in liquid
medium. For this and all subsequent experiments, B. anthracis
strains carried the pJK4 (lacl) plasmid and were first grown in BHI
supplemented with IPTG to late-logarithmic growth. Next, bac-
teria were sedimented, washed, and diluted into fresh BHI without
IPTG and incubated at 37°C with rotation (Fig. 1C). An increase
in turbidity was recorded by monitoring changes in absorbance at
600 nm (Agq,) for cultures of B. anthracis strains Sterne, YW15
(AgneY), and YW29 (P,,,-gneY) but not for strain YW6 (P,
gneY; gneZ::spc) (Fig. 1C). Growth of strain YW6 could be restored
by addition of 1 mM IPTG into the medium (Fig. 1C). Taken
together, these data suggest that gneZ but not gneY'is indispensable
for growth. Presumably, expression of gneY is not sufficient to
promote growth of bacteria lacking gneZ. However, this can be
corrected by prompting gneY transcription from the strong P,
promoter. To further validate this model, a phage lysate was gen-
erated using the parent strain YW6 (P,,,-gneY; gneZ::spc) and
bacteriophage CP-51. This lysate was used to transduce the gneZ:
spc allele into the wild-type Sterne parent transformed with either
a plasmid that expresses gneZ constitutively (pgneZ) or a plasmid
with no insert (vector control) (Fig. 2A). As expected, gneZ::spc
could be crossed only into the merodiploid strain but not in the
wild-type strain Sterne (Fig. 2B and C).

Previous studies examined the essentiality of UDP-GIcNAc
2-epimerases of B. anthracis. In this work, Campbell-type inser-
tion mutagenesis with pE194 ori"*-based plasmids, conditionally
defective for replication, was used to disrupt either ba5433 (gneY)
or ba5509 (gneZ) in the ASterne strain that lacks both pXO1 and
pXO2 virulence plasmids (7, 11). Insertional inactivation of
ba5509 (gneZ) was reported to diminish but not abolish bacterial
growth (7). Further, unless placed under an inducible promoter,
ba5509 (gneZ) could not be disrupted in the absence of ba5433
(gneY) (7). Of note, plasmids with the pE194 ori’ allele initiate
replication and are excised from the bacterial chromosome under
permissive conditions (28). We presume that, during incubation
at 27°C, a condition that is permissive for the replication of pE194
ori’*-derived plasmids, mixed populations of B. anthracis that
carry either wild-type or disrupted alleles of ba5509may have
arisen. If so, this may have prompted the conclusion that ba5509 is
required, but not essential, for B. anthracis growth (7).
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FIG 1 Bacillus anthracis Sterne variants with mutations in gneY- and gneZ-encoded UDP-GIcNAc 2-epimerase activities. (A) Schematic representation of the B.
anthracis Sterne chromosome organization surrounding the gneY (bas5047) and gneZ (bas5117) genes and of variants with a gneY deletion (AgneY; YW15) and
insertion of lacl and P, upstream of gneY either without (P, -gneY; YW29) or with (P, -gneY; gneZ::spc; YW6) replacement of gneZ. The plasmid pJK4
provides for the constitutive expression of lacl and is selected by growing cells in the presence of kanamycin (neo, neomycin). (B) B. anthracis strains
Sterne(pJK4), YW29(pJK4), and YW6(pJK4) were spread on BHI agar plates with 20 pg ml~" kanamycin for plasmid selection and incubated at 37°C for 16 h
either without (—IPTG) or with (+IPTG) 1 mM isopropyl-p-D-thiogalactoside supplement. (C) B. anthracis Sterne(pJK4), YW29(pJK4), and YW6(pJK4) were
cultured overnight in BHI with 20 pug ml~! kanamycin and 1 mM IPTG. Bacteria were centrifuged, washed, and suspended in fresh medium either without
(—IPTG) or with (+IPTG) 1 mM IPTG supplement and incubated with rotation at 37°C to monitor vegetative growth. At timed intervals, culture aliquots were

withdrawn and absorbance at 600 nm was recorded (A,). Data are representative of three independent experimental determinations.

Morphology of B. anthracis vegetative forms grown in the
absence of UDG-GIcNAc 2-epimerase. When diluted into fresh
BHI medium, B. anthracis Sterne grows as chains of incompletely
separated bacilli that divide to form unit-size cells and separate
into new chains of 4 to 8 vegetative bacilli (29). Upon dilution into
fresh BHI without IPTG, B. anthracis YW6 (P,,-gneY; gneZ::spc)
carrying pJK4 initially grew at a rate similar to that of wild-type
bacilli (Fig. 3). However, 2 h after dilution, this variant formed
chains of incompletely separated round cells, and by 3 h, replica-
tion of bacteria ceased (Fig. 3). The growth defect and most of the
morphological defects of cell division in YW6 were suppressed by
IPTG-inducible expression of gneY. Nevertheless, even in the
presence of 1 mM IPTG, B. anthracis YW6 displayed morpholog-
ical defects such as undulating chain morphology and exaggerated
chain length at 2 to 6 h following dilution. Atlater growth stages (8
to 10 h after dilution), B. anthracis YW6 growth and morphology
appeared indistinguishable from those of the B. anthracis Sterne
parent.
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Contribution of UDP-GIcNAc 2-epimerase toward B. anthra-
cis spore formation. We wondered whether UDP-GIcNAc 2-epi-
merase enzymes are required for sporulation. To test this possibility,
cultures of B. anthracis strains Sterne and YW6 carrying pJK4 were
grown in the presence of IPTG prior to inoculation into modified
medium G with or without 1 mM IPTG. Bacilli sporulate rapidly
when grown in modified medium G (24). Forespore engulfment
and endospore formation were monitored by phase-contrast mi-
croscopy and by staining membranes with FM4-64 dye (Fig. 4A).
Engulfment was manifested by the formation of darker internal
structures that became clearly visible as endospores matured.
FM4-64 staining and fluorescence microscopy confirmed that po-
lar septation occurred at the same time for both B. anthracis Sterne
and YW6 strains (T + 1 h) and did not require IPTG-induced
expression of gneY (Fig. 4A). Furthermore, forespore engulfment
(T + 2 h) and endospore formation (T + 5 h) commenced with
similar speed and efficiency in the two strains and were not im-
pacted by the addition of IPTG to the culture medium (Fig. 4A).
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To ensure that expression of gneZ is dispensable for sporula-
tion, culture aliquots (T + 24 h) were serially diluted and heat
treated or not for 1 h at 65°C. Heat treatment effectively kills
vegetative bacilli but not spores. Bacterial viability in the samples
was quantified by plating and enumeration of CFU (Fig. 4B). Sim-
ilar CFU were obtained for B. anthracis Sterne and strain YW6
whether or not IPTG had been added to modified medium G and
regardless of heat treatment (Fig. 4B). We therefore conclude that
UDG-GIcNAc 2-epimerase activity, i.e., the expression of either
gneY or gneZ, is not required for B. anthracis spore formation.

Contribution of UDP-GIcNAc 2-epimerase toward B. an-
thracis germination. Next, we asked whether germination re-
quires the activity of UDP-GIcNAc 2-epimerases. Heat-resistant
spore preparations of B. anthracis strains Sterne and YW6 were
washed in water, and 107 spores were suspended in BHI with or
without IPTG. Rapid germination was accompanied by a small
decrease in the optical density (Ag4(,) of the suspension within the
first 30 min after inoculation into growth medium, which was
observed for B. anthracis Sterne and YW6 (P, -gneY; gneZ::spc)
grown in the presence or absence of IPTG (Fig. 5A). Two hours
after dilution, increases in Ay, were associated with the comple-
tion of germination and vegetative growth of heat-sensitive bacilli
as measured by loss of plating efficiency of heat-treated samples
(Fig. 5B), which occurred at similar rates for B. anthracis
Sterne(pJK4) and YW6(pJK4) grown irrespectively of the pres-
ence or absence of IPTG. As expected, vegetative bacilli of strain
YW6(pJK4) grown in the absence of IPTG grew poorly, as re-
flected by both density (Ag,) and plating (viability) measure-
ments (Fig. 5A and B). When examined by phase-contrast micros-
copy 1 h after dilution, the small, oval-shaped spores from both
strains had germinated to form short cylindrical vegetative forms;
this occurred in the presence or absence of IPTG (Fig. 5C). Ger-
minated bacilli could be stained with the membrane dye FM4-64
and with BODIPY-vancomycin, a compound that binds to the
peptidoglycan precursors of vegetative forms but not to spores
(19) (Fig. 5C). Two hours after dilution into BHI, B. anthracis
Sterne formed elongated chains of incompletely separated vegeta-
tive forms, which occurred also for B. anthracis YW6 grown in the
presence but not in the absence of IPTG (Fig. 5C). After 2 h of
growth in the absence of IPTG, strain YW6 accumulated FM4-64-

FIG 3 Expression of the UDP-GIcNAc 2-epimerases is required for B. anthracis vegetative growth. B. anthracis Sterne(pJK4) and YW6(pJK4) were cultured
overnight in BHI with 20 ug ml~ ' kanamycin and 1 mM IPTG. Bacteria were centrifuged, washed, and suspended in fresh medium either without (—IPTG) or
with (+IPTG) 1 mM IPTG supplement and incubated at 37°C. At timed intervals (1 to 10 h), culture aliquots were withdrawn, samples were fixed with
glutaraldehyde, and phase-contrast microscopy images of bacteria were acquired at an X400 or X 1,000 magnification. Bar, 20 wm. Data are representative of

three independent experimental determinations.
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positive membrane material in the cytoplasm of most, but not
all, vegetative cells, and BODIPY-vancomycin staining re-
vealed aberrant spacing of septal rings (Fig. 5C). To a lesser
extent, this phenotype was also observed with YW6 grown for 2
hin the presence of IPTG (Fig. 5C). These data suggest that the
expression of UDG-GIcNAc 2-epimerase, either gneY or gneZ,
is not required for the germination of B. anthracis spores, al-
though germinated bacilli require this enzymatic activity to repli-
cate as vegetative forms.

UDP-GIcNAc 2-epimerase activity is essential for B. anthra-
cis S-layer assembly. The SCWP and its murein linkage units con-
tain ManNAc residues. If so, expression of UDP-GIcNAc 2-epi-
merase, which represents the only pathway for de novo synthesis of
ManNAc, should be essential for the formation of the bacterial
S-layer and the binding of S-layer proteins to the bacterial enve-
lope. This was tested by germinating spores of strains B. anthracis
Sterne and YW6 (P, -gneY; gneZ::spc) carrying pJK4 and by in-
cubating vegetative forms for 3 h prior to staining with BODIPY-
vancomycin and rabbit antibodies raised against purified Sap
(aSap), EA1 (aEA1), or BsIR (aBsIR) (Fig. 6A and B). As ex-
pected, B. anthracis Sterne(pJK4) vegetative forms could be
stained with BODIPY-vancomycin, which detected peptidoglycan
synthesis predominantly at cell division sites but also throughout
the cylinder-shaped cell envelope (Fig. 6A). Immunofluorescence
microscopy revealed that the S-layer proteins Sap and EA1 were
deposited throughout the envelope or near cell separation sites,
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respectively (Fig. 6A and B). BslR, the S-layer-associated protein,
was also deposited at cell separation sites in the envelope of vege-
tative bacilli (Fig. 6C). When grown in the absence of IPTG, the
YW6 (P,,-gneY; gneZ::spc) variant formed large, coccal cells that
could be stained with BODIPY-vancomycin, which suggests that
UDP-GIcNACc 2-epimerase activity is not required for peptidogly-
can synthesis. Microscopy experiments with aSap or aEA1 did
not, however, generate an immunofluorescent signal, suggesting
either that the S-layer proteins were not synthesized and secreted
or that they could not be retained by the misshapen YW6 cells (Fig.
6A and B). Staining specific for BsIR was observed on the surface
of misshapen YW6 cells. BsIR staining occurred only in small areas
and only on some cells and did not colocalize with BODIPY-van-
comycin-stained peptidoglycan. When YW6 bacilli were grown in
the presence of IPTG, which triggers exogenous expression of
gneY, the assembly of Sap and its distribution as a bacterial S-layer
protein were restored to wild-type levels (Fig. 6A). Of note, IPTG-
induced expression of GneY also restored the assembly of EA1 and
BsIR into the bacterial envelope; however, it did not support their
wild-type distribution. Rather, in the presence of IPTG, YW6 cells
incorporated EA1 and BsIR along the cylindrical axis of the S-layer
in some, but not all, vegetative bacilli (Fig. 6B). Taken together,
these data suggest that S-layer and S-layer-associated proteins are
not found in the envelope of vegetative bacilli that synthesize pep-
tidoglycan in the absence of GneY and GneZ UDP-GlcNAc 2-epi-
merases.
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FIG 5 Expression of the UDP-GIcNAc 2-epimerases is dispensable for B. anthracis spore germination. Spores (10’ ml~") that had been derived from B. anthracis
Sterne(pJK4) or YW6(pJK4) grown in modified G medium were washed in water and suspended in brain heart infusion broth without (—IPTG) or with
(+IPTG) 1 mM IPTG supplement. (A) Vegetative growth of the spore-inoculated cultures was measured at timed intervals as absorbance at 600 nm (A,). (B)
Germination of vegetative bacilli from heat-resistant spores was quantified by enumerating CFU (CFU plotted as log scale) in culture aliquots that were spread
on the surface of BHI agar plates at 37°C either without (—Heat) or with (+Heat; 60 min at 65°C) prior heat treatment. Data are representative of two
independent experimental determinations. (C) Phase-contrast microscopy images were acquired immediately after spore suspension in BHI (0 h) or after 1 and
2 h of incubation at 37°C. Fluorescence microscopy images were acquired from samples that had been stained with FM4-64, a membrane dye, or BODIPY-
vancomycin (B-vanc), which binds to the p-Ala-p-Ala portion of peptidoglycan precursors and cell wall pentapeptides. Bars, 10 pum (2 pm for panels in the
bottom row). Data are representative of three independent experimental determinations.

UDP-GIcNAc 2-epimerase activity is essential for B. anthra-  significantly diminished. This phenotypic defect was restored to
cis SCWP synthesis. The growth defect of YW6 (P, -gneY; gneZ::  wild-type levels by growing YW6 in the presence of IPTG. These
spc) bacilli in medium lacking IPTG precluded a biochemical data indicate that UDP-GIcNAc 2-epimerase activity is required
analysis of SCWP and S-layer protein production. To determine for the synthesis of pyruvylated SCWP and that expression of
whether YW6 bacilli are unable to synthesize the SCWP, B. an-  GneY from an inducible promoter can restore the phenotypic de-
thracis Sterne(pJK4) and YW6(pJK4) were grown in the presence  fect in SCWP synthesis of AgneZ mutant bacilli (Fig. 7A and B).
or absence of IPTG, and washed vegetative cells were stripped of
S-layer proteins by extraction with urea. Bacilli were then incu- DISCUSSION
bated with purified Sapg; ;-mCherry, a hybrid between the SLH  The structure of the SCWP of Bacillus cereus sensu lato group
domain of Sap and the mCherry fluorescent protein. Following  species, which include B. anthracis (30), is variable, and the corre-
incubation, bacilli were washed and Sapg; ;;-mCherry binding was  sponding genes that are responsible for the synthesis of these car-
quantified by fluorometry or visualized by fluorescence micros-  bohydrate structures are not yet known (31, 32). Using compara-
copy (Fig. 7A and B). As controls, mCherry alone did not bind to  tive genome analysis, Schuch et al. identified the surface
urea-extracted bacilli, whereas Sapg; ;;-mCherry bound the SCWP  polysaccharide synthesis locus (sps; BAS5116 to BAS5127), which
of B. anthracis strain Sterne but not the SCWP of the isogenic is variable in gene content between different B. cereus species and
AcsaBmutant (2). When grown in the absence of IPTG, the ability ~ variable in GC composition from the remainder of the genome
of YW6 vegetative bacilli to associate with Sapg; ;;-mCherry was  (6). The gneZ gene (BAS5117) is located in the sps locus, which
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also encodes a UDP-ManNAc dehydrogenase as well as the tagGH
genes. The TagG and TagH proteins have been proposed to trans-
port undecaprenyl-phosphate-linked precursors of WTA across
the plasma membrane (33, 34). gneY (BAS5048) is located in a
different locus that includes the genes for TagO, the enzyme that
initiates synthesis of the murein linkage units that tether WTA to
peptidoglycan (2, 35). Schuch et al. also identified Epimerox, a
small molecule that inactivates UDP-GIcNAc 2-epimerase activity
and inhibits growth of B. anthracis (7). In agreement with these
findings, these authors also reported that gneY and gneZ could not
be deleted simultaneously (7). Here, we used double-crossover
mutagenesis to generate stable mutations in the bacterial chromo-
some of strain Sterne and used these technologies to demonstrate
that the gneZ gene is essential for B. anthracis growth, whereas the
gneY geneis not. Indeed, gneY and gneZ appear not to be expressed
under the same conditions. In fact, gneY may not be expressed
under laboratory conditions (27). However, when the endoge-
nous gneY promoter is replaced with the inducible P, promoter,
bacterial growth is no longer dependent on the expression of gneZ
(YW6; P, -gneY; gneZ::spc). Phenotypes such as stalled vegetative
growth and defects in SCWP synthesis and S-layer assembly may
be restored by growing YW6 mutant bacteria in the presence of
IPTG. Importantly, the gneZ::spc allele of strain YW6 could be
crossed by phage transduction into a merodiploid strain carrying
two copies of gneZ but not into wild-type B. anthracis Sterne. We
therefore conclude that gneZ cannot be deleted under laboratory
growth conditions because gneY is poorly expressed. Schuch and
colleagues studied the ASterne strain (pXO1~ pXO02™) (7),
whereas work reported here used B. anthracis Sterne (pXO1*
pXO27). Nevertheless, loss of the pXO1 virulence plasmid from
B. anthracis Sterne did not impact SCWP synthesis or S-layer for-
mation (data not shown).
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We believe that many of the genetic determinants for SCWP
synthesis in B. anthracis remain to be identified. The spslocus may
not be the sole gene cluster providing for SCWP synthesis, and B.
anthracis may harbor two or more gene clusters that are involved
in the synthesis of the SCWP and of the murein linkage units.
Under laboratory growth conditions, GneZ activity supplies the
ManNAc substrate for both the murein linkage unit and SCWP
synthesis; however, the enzymes that synthesize the glycosidic
bonds for the polymer [—4)-B-ManNAc-(1—4)-B-GlcNAc-
(1—6)-a-GlcNAc] or its galactosyl substitutions remain un-
known. Both GneY and GneZ encompass the conserved WecB
domain first described for the Bacillus subtilis MnaA epimerase
that catalyzes stereochemical inversion at the C-2 position of
UDP-GIcNAc to provide UDP-ManNAc for WTA synthesis (36).
We propose a model whereby B. anthracis homologues of tagO,
tagA, and tagGH synthesize the undecaprenyl-phosphate-linked
disaccharide (GlcNAc-ManNAc) of the murein linkage unit onto
which the SCWP is synthesized and modified and suggest that
such precursor molecules are ultimately transported across the
plasma membrane for incorporation into the cell wall envelope.

Earlier work implicated murein linkage units in WTA synthesis
and demonstrated that tagO and tagA are dispensable for growth
of S. aureus or B. subtilis (37, 38). In agreement with this model,
mutants lacking functional tagO or tagA are devoid of WTA. In S.
aureus, loss of WTA leads to increased deposition of the major
autolysin Atl on the cell surface; bacterial cells are more prone to
lysis and display aberrant sizes and septation patterns (39—-41). In
wild-type staphylococci, deposition of secreted Atl in the envelope
is limited to sites of septation that are devoid of WTA. The WTA
occupancy of the remainder of the cell surface physically prevents
the engagement of peptidoglycan binding domains of Atl with its
ligand (39). In contrast, deletion of late-stage WTA synthesis
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FIG 7 B. anthracis secondary cell wall polysaccharide synthesis with and with-
out UDP-GIcNAc 2-epimerase expression. Spores derived from B. anthracis
Sterne(pJK4) and YW6(pJK4) and the AcsaB strain were diluted into BHI
without (—IPTG) or with (+IPTG) 1 mM IPTG supplement and incubated
for 6 h. The S-layer of vegetative forms was extracted with 3 M urea, and bacilli
were incubated with purified mCherry or Sapg, ;;-mCherry. (A) Binding of
fluorescent protein (mCherry or Sapg; ;;-mCherry) to bacilli was monitored by
analyzing the fluorescence intensity of the bacterial sediment. Fluorescence
intensity (arbitrary unit [AU]) measurements were normalized to Ay, data,
i.e., the bacterial densities of each sample. AU/A, values were averaged, and
statistical significance was examined with the unpaired two-tailed Student ¢
test (*, P < 0.001). (B) Images of samples in panel A were acquired by phase-
contrast and fluorescence microscopy. Bars, 10 um. Data are representative of
two independent experimental determinations.

genes, tagBDFGH and tarl]L, results in lethality, which can be
rescued through genetic inactivation of tagO or tagA or chemical
inhibition of TagO by tunicamycin (37). This phenomenon of
synthetic viability also occurs in B. subtilis and probably most
Gram-positive bacteria that elaborate WTA (37). Synthetic viabil-
ity has been attributed to the limited availability of undecaprenyl
and its phosphate derivatives that also serve as precursor for lipid
II in peptidoglycan synthesis (37). It is not clear why early-stage
SCWP synthesis genes, including tagOp, and now gneZ, are re-
quired for B. anthracis growth. It is interesting that in group B
streptococci (GBS), a TagO homologue (GbsO) is involved in the
synthesis of the peptidoglycan-anchored (Lancefield group B)

August 2014 Volume 196 Number 16

GneZ and Bacillus anthracis S-Layer Assembly

carbohydrate and is essential for streptococcal growth (42). Per-
haps, the TagO enzymes of B. anthracis and GBS catalyze only the
forward but not the reverse reaction, as has been described for S.
aureus or B. subtilis; if so, accumulation of stalled SCWP precur-
sors may affect bacterial viability. Alternatively, the SCWP may be
essential for the cell division process, although the specific mech-
anism(s) remains to be identified.

The finding that the SCWP and S-layer proteins of B. anthracis
are dispensable for spore formation and germination was ex-
pected. Liu et al. had monitored gene expression during B. anthra-
cis sporulation with full-genome DNA microarrays (43). Neither
gneY nor gneZ was expressed during sporulation (43). On the
other hand, vegetative bacilli require the SCWP for subsequent
cell division events, which also require dedicated functions of S-
layer-associated proteins such as the BslO murein hydrolase and
the S-layer protein Sap (29, 44). Certainly during sporulation,
which occurs as an asymmetric cell division event in the cytoplasm
of the mother cell (19), the SCWP and ManNAc do not appear to
contribute physiological functions.
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