
Localization and structural analysis of a conserved
pyruvylated epitope in Bacillus anthracis secondary cell
wall polysaccharides and characterization of the
galactose-deficient wall polysaccharide from avirulent
B. anthracis CDC 684

L Scott Forsberg1,2, Teresa G Abshire3,
Arthur Friedlander4, Conrad P Quinn5,
Elmar L Kannenberg2, and Russell W Carlson2

2Complex Carbohydrate Research Center, University of Georgia, 315
Riverbend Road, Athens, GA 30602, USA; 3Diagnostic Systems Division,
and 4Headquarters Division, United States Army Medical Research Institute
of Infectious Diseases, 1425 Porter Street, Frederick, MD 21702, USA; and
5Centers for Disease Control and Prevention, 1600 Clifton Road, Atlanta, GA
30333, USA

Received on February 17, 2012; revised on April 25, 2012; accepted on
April 26, 2012

Bacillus anthracis CDC 684 is a naturally occurring, aviru-
lent variant and close relative of the highly pathogenic
B. anthracis Vollum. Bacillus anthracis CDC 684 contains
both virulence plasmids, pXO1 and pXO2, yet is non-
pathogenic in animal models, prompting closer scrutiny of
the molecular basis of attenuation. We structurally charac-
terized the secondary cell wall polysaccharide (SCWP) of
B. anthracis CDC 684 (Ba684) using chemical and NMR
spectroscopy analysis. The SCWP consists of a HexNAc
trisaccharide backbone having identical structure as that
of B. anthracis Pasteur, Sterne and Ames, →4)-β-D-
ManpNAc-(1→ 4)-β-D-GlcpNAc-(1→ 6)-α-D-GlcpNAc-(1→.
Remarkably, although the backbone is fully polymerized,
the SCWP is the devoid of all galactosyl side residues, a
feature which normally comprises 50% of the glycosyl resi-
dues on the highly galactosylated SCWPs from pathogenic
strains. This observation highlights the role of defective wall
assembly in virulence and indicates that polymerization
occurs independently of galactose side residue attachment.
Of particular interest, the polymerized Ba684 backbone
retains the substoichiometric pyruvate acetal, O-acetate and
amino group modifications found on SCWPs from normal
B. anthracis strains, and immunofluorescence analysis con-
firms that SCWP expression coincides with the ability to
bind the surface layer homology (SLH) domain containing

S-layer protein extractable antigen-1. Pyruvate was previ-
ously demonstrated as part of a conserved epitope, mediat-
ing SLH-domain protein attachment to the underlying
peptidoglycan layer. We find that a single repeating unit,
located at the distal (non-reducing) end of the Ba684
SCWP, is structurally modified and that this modification is
present in identical manner in the SCWPs of normal
B. anthracis strains. These polysaccharides terminate in the
sequence: (S)-4,6-O-(1-carboxyethylidene)-β-D-ManpNAc-
(1→ 4)-[3-O-acetyl]-β-D-GlcpNAc-(1→ 6)-α-D-GlcpNH2-(1→.
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Introduction

Attenuated strains of Bacillus anthracis are of continuing
interest as a basis for vaccine preparation and the study of
anthrax etiology. Bacillus anthracis CDC 684 is a naturally
occurring, avirulent strain which resides within the B. anthracis
phylogenetic tree, in close proximity to B. anthracis Pasteur,
Sterne and the highly pathogenic Ames strain (Okinaka et al.
2011). Until recently, this strain went largely unnoticed,
mainly because it was originally classified as Bacillus mega-
terium CDC 684/NRRL-349S/NRS234 (Ezzell et al. 1990).
This classification was generally attributed to its lack of patho-
genicity and failure to react with a monoclonal antibody
(EAII6G6) directed to a shared polysaccharide antigen
common to known B. anthracis strains (Ezzell et al. 1990).
Re-examination of this strain resulted in re-classification as
B. anthracis CDC 684 (Ba684; Ezzell et al. 1990) based on
several phenotypic traits shared with B. anthracis, including
the production of poly-D-glutamic acid capsule and protective
antigen, sensitivity to γ-bacteriophage, non-motility and non-
hemolytic on blood agar, all hallmarks of the B. anthracis
phenotype (Ezzell et al. 1990; Abshire et al. 2005). Bacillus
anthracis CDC 684 contains what appears to be intact forms
of both virulence plasmids, pXO1 and pXO2, yet is non-
pathogenic in animal models, prompting closer scrutiny of the
molecular basis of attenuation (Okinaka et al. 2011). A recent
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detailed analysis of the Ba684 genome (Okinaka et al. 2011),
together with comparative whole genome sequencing
(Pearson et al. 2004), revealed that it belongs to the highly
virulent B. anthracis A lineage, where it differs from the
pathogenic B. anthracis Vollum by only 51 single-nucleotide
polymorphisms (SNPs). Bacillus anthracis CDC 684 also
contains a large chromosomal inversion (3.3 Mbp) resulting
in displacement of the relative orientation of the origin (ori)
and termination (ter) of replication (Keim et al. 2009;
Okinaka et al. 2011). The authors hypothesized that either
one or both of these chromosomal differences (i.e. chromo-
somal inversion or 51 SNPs unique to Ba684) could account
for the lack of lethality of this organism, as well as its altered
(slower) growth kinetics in culture (Okinaka et al. 2011).
The B. anthracis cell wall comprises an extensive peptido-

glycan (PG), which underlies an exterior coating of S-layer
protein (Fouet 2009). Another component, the secondary cell
wall polysaccharide (SCWP), is a class of low-molecular-
weight polysaccharides that serve unique and specific func-
tions. The SCWPs are covalently linked at their reducing end
to PG muramic acid residues by phosphate esters (Schäffer
and Messner 2005; Choudhury et al. 2006; Fouet 2009).
Several studies have demonstrated that SCWPs facilitate
anchoring and/or targeting of proteins to the cell surface, in-
cluding the S-layer proteins, through non-covalent interactions
with a conserved domain in these proteins, the surface layer
homology (SLH) domain (Mesnage et al. 1999, 2000; Cava
et al. 2004; Kern et al. 2010). These studies also demonstrated
that pyruvate acetal, carried on the polysaccharide at an un-
defined location, is an essential component of the epitope
recognized by the SLH domain (Mesnage et al. 2000;
Schäffer and Messner 2005; Kern et al. 2010).
Recently, we described the glycosyl structures of the

SCWPs from B. anthracis Ames, Sterne and Pasteur and from
phylogenetically related strains of pathogenic Bacillus cereus
(Choudhury et al. 2006; Forsberg et al. 2011). The SCWPs from
all of these strains share a common backbone which comprises a
HexNAc trisaccharide repeating unit, →4)-β-D-ManpNAc-(1→
4)-β-D-GlcpNAc-(1→ 6)-α-D-GlcpNAc-(1→, and all are highly
substituted at specific locations with galactose side residues in
α- and β-linkages, the locations and degree of galactosylation
being species/strain-specific. Additionally, we observed that the
isolated SCWPs from B. anthracis are highly immunogenic
(Leoff et al. 2009) and that the chromatographically purified
polysaccharides carry the epitope recognized by MAb EAII6G6
(N. Kamal et al. in preparation), used routinely to identify and
distinguish B. anthracis whole cells (Ezzell et al. 1990; De et al.
2002). Recently, we found that the SCWP from pathogenic
B. anthracis is the ligand for the carbohydrate-binding domains
of the B. anthracis phage endolysins, PlyG and PlyL
(J. Ganguly et al. submitted). In view of the aforementioned
genetic characteristics of Ba684, its unexplained lack of patho-
genicity and its failure to react with the B. anthracis-specific
MAb EAII6G6 (Ezzell et al. 1990), we were interested to
examine the nature of any SCWP synthesized by this organism.
In the present study, we show that Ba684 does indeed

polymerize an SCWP, which can be released from PG using
hydrofluoric acid (HF). Remarkably, although the glycosyl
backbone is fully polymerized, the SCWP is totally devoid of

all galactose side chains (both α- and β-linked), a feature
which normally comprises 50% of the glycosyl residues of
the highly galactosylated SCWPs from pathogenic strains.
This finding may help account for the extensive heterogeneity
in side residue attachment in the SCWPs from these strains of
B. anthracis and related B. cereus (Choudhury et al. 2006;
Leoff et al. 2008; Forsberg et al. 2011). Moreover, structural
alterations of this magnitude could result in defective wall as-
sembly, possibly contributing to the altered growth kinetics
and virulence properties of this strain.
In normal pathogenic B. anthracis, pyruvate acetal, linked

to a carrier wall polysaccharide at an undefined location, was
previously demonstrated to be an essential part of an epitope
mediating the adhesion of the SLH-domain proteins to the ex-
terior of PG (Mesnage et al. 2000; Fouet 2009; Kern et al.
2010). However, in these normal B. anthracis strains, the
complete glycosyl epitope containing pyruvate could not be
localized or structurally defined, due to the substoichiometric
nature of the pyruvate modification and the complexity of
NMR spectra resulting from multiple sites of galactosylation.
Since the Ba684 SCWP lacks all galactosyl residues, the
weak substoichiometric NMR signals arising from the non-
repeating pyruvate modification are no longer masked, allow-
ing for the first time complete structural elucidation of the
non-repeating, pyruvylated epitope and adjacent structural
modifications. Moreover, structural definition of the epitope in
Ba684 has facilitated identification of several unique reporter
signals, detectable in the normal pathogenic B. anthracis
SCWPs, allowing the localization of a conserved pyruvylated
epitope in these SCWPs from normal, pathogenic B. anthracis
and related pathogenic B. cereus. We find that these SCWPs
are O-acetylated and N-deacetylated at specific HexNAc resi-
dues, adjacent to the pyruvylated residue.

Results
Demonstration of the S-layer on avirulent Ba684 whole cells
Whole cells of B. anthracis Sterne 34F2, and the avirulent
Ba684, were examined for the presence of the S-layer by
immunolabeling with antiserum raised to the S-layer protein
EA1 (extractable antigen-1; Farchaus et al. 1995). As shown
in Figure 1, this protein marker for the S-layer was detected
on both the representative pathogenic strain and the avirulent
Ba684 strain, a strong indicator that both of these strains
express the pyruvylated cell wall epitope which mediates
SLH-domain protein attachment. The exact location of pyru-
vate on SCWPs and detailed structural features of adjacent
glycosyl residues are described in the following sections.
The presence of an S-layer on the well-studied Ames,
Pasteur and Sterne strains has already been demonstrated
(Fouet 2009).
In a separate experiment, cells of Sterne 34F2 were simul-

taneously incubated with the anti-EA1 antiserum and the anti-
glycosyl monoclonal antibody EAII6G6, shown previously to
be directed to the B. anthracis common SCWP (Ezzell et al.
1990). As shown in Figure 2B, EAII6G6 reactivity on mature
cells appeared as a patchy surface pattern with gaps, which
precisely (i.e. inversely) complemented the reactivity pattern
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of anti-EA1 (Figure 2A). These complementary patterns indi-
cate that S-layer protein deposition blocks the access of the
EAII6G6 MAb to SCWP, which underlies the S-layer deposit
and anchors the S-layer components.

Purification and initial NMR analysis of the B. anthracis
684 SCWP
Chromatography of the Ba684 SCWP on a Superose SEC
column yielded a peak with Kav of 0.323, corresponding to a
mass of �22,000 Da (Supplementary data, Figure S1). In
comparison, the mobilities of SCWPs isolated from strains
B. anthracis Sterne (Ba Sterne) and B. cereus G9241
(BcG9241) indicated masses of around 10,000 and 12,000
Da, respectively (Forsberg et al. 2011).
The 1H NMR spectrum anomeric region of the

Superose-purified Ba684 SCWP is compared in Figure 3 with
that of the previously characterized B. anthracis Sterne 7702
SCWP. The Sterne SCWP consists of a HexNAc-trisaccharide
backbone repeating unit, to which are attached side chain

Fig. 3. Comparison of the proton NMR spectra anomeric regions for SCWPs.
(A) Bacillus anthracis Sterne 7702; (B) Ba684. The Ba684 SCWP lacks all
galactose residues; the integral ratios for the anomeric signals indicate a 1:1:1
ratio for the repeating residues A, B and C.

Fig. 1. Demonstration of S-layer coat by immunofluorescence labeling of
whole cells of B. anthracis with anti-S-layer EA1 antiserum. (A and B) Phase
contrast and fluorescence microscopy of B. anthracis Sterne 34F2; (C and D)
the identical analysis applied to Ba684. Non-encapsulated B. anthracis strains
possess a proteinaceous S-layer coating, and the avirulent Ba684 strain is no
exception, evidenced here by immunodetection of the specific S-layer protein
EA1 in both a typical pathogenic strain and the CDC 684 strain.
Immunodetection was performed using the ATTO594-secondary conjugate
anti-EA1 antiserum.

Fig. 2. Differential staining of S-layer protein EA1, and SCWP, on the B.
anthracis Sterne cell surface. (A) Cells visualized with ATTO594-anti-EA1.
In the bottom brightly fluorescent cell, recognition of the S-layer protein EA1
reveals a specific localization pattern of nascent S-layer deposition. The gaps
in staining (arrows) indicate an absence of S-layer probably due to incomplete
deposition. The upper three cells (young cells) show only weak staining with
anti-EA1 reflecting very early stages of S-layer synthesis. (B) Cells visualized
with FITC-anti-SCWP (MAb EAII6G6). In the bottom cell, areas that have
not yet received a deposit of S-layer allow access to the underlying SCWP
and are now visualized with anti-glycosyl MAb EAII6G6 (arrows). The upper
three young cells lacking S-layer are now stained uniformly with the
anti-SCWP EAII6G6. The avirulent Ba684 strain is not recognized by
EAII6G6 (not shown), due to the abnormal structure of its SCWP (lacking all
Gal residues). The Ba684 strain does, however, express an S-layer (Figure 1).
This is possible because the SCWP retains an intact pyruvylated epitope
identical to that found on SCWP from B. anthracis Sterne, Pasteur and Ames.

Bacillus anthracis CDC 684 wall polysaccharide pyruvylation

1105

http://glycob.oxfordjournals.org/lookup/suppl/doi:10.1093/glycob/cws080/-/DC1


galactose residues at specific locations (Choudhury et al.
2006). Compared with the Sterne polysaccharide, the spec-
trum of the Ba684 SCWP was greatly simplified, yielding
only three major anomeric components (A, B, C) in a 1:1:1
ratio. Based on their anomeric δH (Table I), initial inspection
suggested that most or all of the galactose residues were ap-
parently absent and that only hexosamine residues remained.
These residues (A, B, C) designate the repeating unit residues
in the SCWP. In addition, Figure 3 also shows several low-
intensity anomeric signals arising from residues designated
A′, B′ and C′. These non-repeated residues carry the substoi-
chiometric structural features, including pyruvate acetal,
O-acetyl and free amino modifications that typify these B.
anthracis polysaccharides. The following sections describe
the structural features of the repeating unit residues (A, B, C)
and the non-repeated, substoichiometric residues (B′, B′′, C′,
A′ and D).

NMR analysis and identification of the repeated glycosyl
units (residues A, B and C)
The identities of the three major spin systems (A, B and C in
Figure 3B) were assigned from 1H-1H COSY (correlation
spectroscopy), TOCSY (total correlation spectroscopy),
NOESY (nuclear overhauser effect spectroscopy), 1H–13C
HSQC (heteronuclear single-quantum coherence spectros-
copy) and 1H–13C HMBC (heteronuclear multiple bond

coherence spectroscopy) experiments. Scalar couplings in-
volving anomeric resonances from TOCSY analysis, and
intra-residue NOE correlations are shown in Figure 4A and B,
and the ring proton–carbon correlations are shown in
Figure 5A. Intra-residue and interglycosidic HMBC correla-
tions were observed for all spin systems and are summarized
in the Supplementary data, Table S1. Our results indicate that
the three repeating HexNAc residues occur in an identical
ratio and configuration as the three HexNAc components
comprising the repeating backbone of the normal SCWPs
from pathogenic B. anthracis and B. cereus (Choudhury et al.
2006; Forsberg et al. 2011). These residues are: A,
α-GlcpNAc (H1 δH 5.23; JC1,H1 174.1 Hz; J1,2 3.3 Hz); B,
β-ManpNAc (H1 δH 4.89; JC1,H1 163.6 Hz); C, β-GlcpNAc
(H1 δH 4.53; JC1,H1 162.6 Hz; J1,2 8.2 Hz). Details of the
NMR analysis describing these residues are presented in
Supplementary data. Additional low-magnification COSY and
NOESY spectra showing the ring proton interactions of these
repeating residues (A, B, C) are in Supplementary data,
Figure S2.

Glycosyl sequence of repeating residues A, B and C as
determined from inter-residue HMBC and NOE analyses
Inter-residue NOEs (Figure 4B) and interglycosidic connectiv-
ities from 1H–13C HMBC analysis (Supplementary data,
Figure S3) demonstrated that the Ba684 polysaccharide

Table I. 600-MHz 1H and 13C NMR parameters for the SCWP isolated from Ba684a

Residue δH (ppm)

δC (ppm)b

1 2 3 4 5 6 7c 8c

Native polysaccharide
A →6)-α-D-GlcpNAc-(1→ 5.23 3.86 3.68 3.46 3.79 4.10/3.83 — 2.01

99.49 54.81 71.87 70.81 72.64 69.3 175.43 23.05
B →4)-β-D-ManpNAc-(1→ 4.89 4.50 4.05 3.66 3.56 3.89/3.80 — 2.06

100.45 54.89 73.81 74.67 76.28 61.88 176.66 23.27
C →4)-β-D-GlcpNAc-(1→ 4.53 3.77 3.71d 3.71d 3.51 3.88/3.73 — 2.05

102.70 56.29 73.49 80.06 75.64 61.24 175.59 23.47
B′ (S)-Pyr-4,6)-β-D-ManpNAc-(1→ 4.87 4.53 3.95 3.58 3.37 3.99/3.72 — 2.03

101.08 54.70 70.16 75.12 68.01 65.32 176.f
B′′ (S)-Pyr-4,6)-β-D-ManpNAc-(1→ 4.93 4.6 3.98 3.6 3.43 4.03/3.73 — —

100.53 54.77 70.48 75.09 68.01 — — —

C′ →4)-3-O-Ac-β-D-GlcpNAc-(1→ 4.67 3.88 5.08 3.92 3.56 3.87/3.73 — 1.98
101.93 54.64 74.99 77.03 75.64 61.24 175.58 23.21

A′ →6)-α-D-GlcpNH2-(1→ 5.27 2.8 3.56 3.39 3.79 4.10/3.83
101.30 56.15 74.12 70.68 72.6e 69.3f

(S)-Pyruvic acid (ketal) — — 1.45
176.67 102.97 25.79

The SCWP was purified by Superose size exclusion chromatography and subjected to NMR analysis. Additional signals: pyruvate: (C1) δ 176.67; (C2) δ
102.97; (C3) CH3 δ 25.79, CH3 δ 1.45; O-acetyl: (3-O-Ac-βGlcpNAc, residue C′) C=O δ 174.30, CH3 δ 21.72; CH3 δ 2.09. Residue D (α-reducing end):
→6)-α-d-GlcpNAc, H1/C1 δ 5.18/91.74 (JC1,H1 171.8 Hz); H2/C2 δ 3.88/54.8 (H3/H4/H5/H6, 3.86/3.77/3.72/3.47, not assigned); (β-reducing end): H1/C1 δ
4.687/96.04 (JC1,H1 165.9 Hz); H2/C2 δ 3.697/54.83; (H3/H4/H5/H6, 3.87/3.83/3.71/3.51/80.08, not assigned).
a600 MHz spectra measured at 25°C in D2O relative to internal DSS (δH 0.00 ppm). JC1,H1 and JH1,H2 values for each glycosyl residue are given in the Results
section.
bCarbon δC obtained from 1H-detected HSQC spectra; carbonyl δC from the 1H–13C HMBC spectra.
cPositions 7 and 8 refer to N-acetyl moiety.
dδ H3 = 3.708; δ H4 = 3.714; carbon assignments at positions 3 and 4 were deduced from intra residue 1H–13C HMBC correlations, consistent with 1H–13C
HSQC values, as described in Results and Supplementary Data Table S1.
eThe carbon shift could not be assigned accurately since it is obscured by H5/C5 from the repeated α-GlcNAc (residue A).
fThe carbon shift could not be assigned accurately since it is obscured by H6/C6 from the repeated α-GlcNAc (residue A).
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consisted of a repeating trisaccharide unit having the structure
→4)Bβ(1→ 4)Cβ(1→ 6)Aα(1→. These results indicated the
repeating trisaccharide sequence →4)-β-D-ManpNAc-(1→
4)-β-D-GlcpNAc-(1→ 6)-α-D-GlcpNAc-(1→, identical in all
respects to the glycosyl backbones shared by all B. anthracis
strains (Choudhury et al. 2006) and pathogenic B. cereus
strains (Forsberg et al. 2011) examined. Details of the NMR
parameters defining this glycosyl sequence are included in the
Supplementary data.

Localization of pyruvate acetal, O-acetate and other
substoichiometric modifications on residues B′, C′ and A′
of the Ba684 SCWP
The various NMR spectra from the Ba684 SCWP, and all pre-
viously examined SCWPs from strains B. anthracis Sterne,
Pasteur and Ames and pathogenic B. cereus (Choudhury et al.
2006; Forsberg et al. 2011), consistently show weak,

low-intensity signals that occur at a stoichiometry far below
that of the repeated glycosyl residues. Although some of these
signals inevitably arise from contaminants, many, as shown
here, arise from non-repeated structural features of the SCWP,
i.e. modifications occurring on only one or a few repeating
units at specific locations. These “reporter” signals are virtual-
ly superimposable among the various strains; they are particu-
larly evident during 1H–13C HSQC analysis and fall into three
main categories; (i) signals associated with pyruvylation;
(ii) signals arising from substoichiometric O-acetylation and
(iii) signals associated with amino-group modification of
2-aminohexose residues. Since the Ba684 SCWP lacks, all of
the repeated galactose residues that are normally present in
the fully galactosylated SCWPs from pathogenic strains of
B. anthracis and B. cereus, the NMR spectra of the Ba684
SCWP are greatly simplified. This facilitates detection and as-
signment of the complete spin systems associated with the
substoichiometric modifications, since many of these signals
are otherwise masked by galactose signals present in the
pathogenic and typical strain spectra.

Fig. 4. Partial 1H–1H TOCSY and 1H–1H NOESY spectra of the Ba684
SCWP. (A) TOCSY and (B) NOESY. These spectra, at low magnification,
allow clear resolution of the anomeric region connectivities for the repeating
residues only (residues A, B and C); connectivities for substoichiometric,
non-repeating residues of low intensity are not visible.

Fig. 5. Partial 1H–13C HSQC spectra of the Ba684 SCWP. (A) Ring proton
region at low intensity, showing signals arising from the repeating unit
residues; (B) the same region at very high intensity, allowing visualization of
weak signals arising from substoichiometric structurally modified residues.
Signals of positive polarity (e.g. A5, B4, etc.) arise from (C-H), and signals
of negative polarity arise from (CH2) moieties, e.g. C6 of hexopyranose.
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Residue B′. In the case of pyruvate, Ba684 SCWP contains a
small (substoichiometric) methyl group resonance (δH 1.46,
Supplementary data, Figure S4) and HMBC connectivities
identify the associated spin system as that of pyruvate acetal
(Table I); in particular, the C2 shift (δC 102.97) is indicative of
a six-member cyclic ketal ring (Garegg et al. 1980; Gorin et al.
1982; Mesnage et al. 2000), indicating that pyruvate in the
sample is indeed linked to some type of carrier. The Ba684
SCWP and all B. anthracis and pathogenic B. cereus SCWPs
examined to date (Choudhury et al. 2006; Forsberg et al. 2011)
contain this identical spin system, and integration of the 1H
spectra from all of these samples consistently indicates a ratio
of �10:1 for anomeric resonance:pyruvate methyl group
(where “anomeric resonance” is the area of H1 from any
repeated glycosyl residue (A, B or C), and “pyruvate methyl
group” refers to the combined area of all three pyruvate
protons). Based on the masses of the SCWP (Forsberg et al.
2011), this is equivalent to one residue of pyruvate per every
10 repeating units, or essentially one pyruvate per typical
SCWP molecule in the case of these pathogenic B. anthracis
and B. cereus polysaccharides. To investigate possible sites of
pyruvylation, an initial clue was presented by re-examination
of the 1H–13C HSQC spectra for substoichiometric signals. For
the Ba684 SCWP, magnification of the signal intensity
(“z”-axis, Figure 5B) revealed a set of connectivities with a
carbon shift intermediate between that of unsubstituted and
glycosylated primary hydroxyls (i.e. C6 position), δH 3.99/3.72
and δC 65.32. These signals displayed negative polarity
(indicative of methylene hydrogens, –CH2OR) and were of
interest since their overall intensity was well below (�10-fold)
that of the repeating residue signals (compare Figure 5A)
consistent with the substoichiometric attachment of a single
residue of pyruvate. In fact, the δC of these putative H6/C6
signals appeared consistent with published shifts for pyruvate
acetalation at O6 (Ziegler et al. 1993; Petersen et al. 2008).
Assuming validity as C6/H6 signals, and tracing scalar
coupling back to H1 using COSY and TOCSY, a weak
spin system was identified and readily defined as a
2-aminohexopyranose. In fact, all proton positions of this
residue could be unambiguously assigned from COSY analysis
alone (Figure 6), with strong coupling from H6 through H3,
and unique δH shifts distinct from those of the repeated
residues (Table I). The JC1,H1 (163.8 Hz) and NOEs between
H1/H3 (δH 4.87/3.95), H1/H5 (δH 4.87/3.37) and H3/H5
indicated a 4C1 β-pyranose. This residue (designated B′) was
assigned the manno-configuration based on the downfield
resonance at H2 (δH 4.53), unresolved J1,2 (<1 Hz) for a
β-pyranose, and a strong NOE between H1/H2, factors which
would not typify a β-gluco-pyranose. In addition, TOCSY
analysis indicated that scalar coupling from H1 was weak
beyond H2, with strong coupling commencing at H2 through
H6 (Figure 4A and Supplementary data, Figure S5). Carbon
shifts at C6, C5 and C4 are also consistent with literature values
for pyruvate acetalation at O6 and O4 (Ziegler et al. 1993;
Petersen et al. 2008), including the unusual upfield shift at C5,
presumably reflecting shielding due to the “γ”-effect from
substitution with a bulky group. Also noteworthy, the C3 shift
(δC 70.16) indicates that this residue is likely not substituted at
O3 (Lipkind et al. 1988; Agrawal, 1992), and therefore, B′ is a
terminal non-reducing end of the SCWP.

A candidate residue now defined, consistent with a
4,6-pyruvylated β-ManpNAc, direct evidence was sought
for pyruvate attachment. This was provided by a 3-bond
HMBC correlation between the pyruvate acetal carbon (δC
102.97) and a proton at δH 3.99, one of the H6 protons of
B′ (Figure 7). With the position of acetalation and the
glycose configuration established, complete assignment of
pyruvate configuration was possible. The δH/δC at pyruvate
H3/C3 and at C2 (Table I) are exactly consistent with an
equatorial orientation of the pyruvate methyl group (Garegg
et al. 1980), yielding the (S)-configuration for this moiety.
N-Acetylation of residue B′ at the 2-position was supported
by a weak HMBC between H2 (δ 4.53) and a carbonyl
carbon (δC 175.32) (Supplementary data, Figure S6). With
the location of the (S)-4,6-O-(1-carboxyethylidene)-β-
ManpNAc residue as a terminal, non-reducing end
established, its linkage to the remainder of the SCWP
was elucidated by interglycosidic HMBC and NOE
connectivities.

Fig. 6. Partial 1H–1H COSY and 1H–13C HSQC spectra of the Ba684 SCWP
defining the terminal pyruvylated-ManNAc (residue B′). Top panel, COSY;
bottom panel, HSQC. The spectra, displayed at high magnification, allow the
visualization of the weak signals arising from the B′ spin system. This residue
occurs at only one location, the terminal non-reducing end of the SCWP.

LS Forsberg et al.

1108

http://glycob.oxfordjournals.org/lookup/suppl/doi:10.1093/glycob/cws080/-/DC1
http://glycob.oxfordjournals.org/lookup/suppl/doi:10.1093/glycob/cws080/-/DC1
http://glycob.oxfordjournals.org/lookup/suppl/doi:10.1093/glycob/cws080/-/DC1


Fig. 7. Partial 600-MHz NMR spectra indicating the linkage of pyruvate to the terminal ManNAc residue in Ba684 SCWP. (A) 1H–13C HSQC; (B) 1H–13C
HMBC; (C and D) HMBC spectra of the pyruvate spin system. The spectra are shown at high intensity to allow the visualization of this structural modification,
which occurs at one location in the SCWP. Favorable bond geometry and magnetic environment yield coupling between PyrC2 and one of the B′H6 protons.
Circled moieties on B′, C′ and A′ highlight the substoichiometric structural modifications, and circled positions on B, C and A indicate the position of
galactosylation in the B. anthracis Sterne, Pasteur and Ames SCWPs.
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Residue C′. Another previously unexplained, substoichiometric
signal present in the HSQC spectra of all SCWPs from
pathogenic Ba and Bc strains, and the Ba684 SCWP, is a
weak connectivity at δH/δC 5.08/74.99 (subsequently assigned
H3/C3 of residue C′) consistent with a de-shielded methine
proton attached to carbon bearing an O-acyl group (Figure 8).
Commencing with the equivalent weak proton signal in the
COSY, and referring to TOCSY couplings, an entire spin
system could be delineated consistent with a 3-O-acetyl-
2-aminohexopyranose, the analysis again facilitated at all
positions by the absence of interference from galactose
residues. This residue (C′) was evident in the COSY and
HSQC spectra (Supplementary data, Figure S7) with
well-resolved scalar couplings between H3/H4 (δ 5.08/3.92),
H3/H2 (δ 5.08/3.88), H2/H1 (δ 3.88/4.67), H4/H5 (δ 3.92/
3.56), H5/H6a (δ 3.56/3.87) and H5/H6b (δ 3.56/3.73)
(Supplementary data, Figure S8). TOCSY connectivities were
evident for all protons except H6a (obscured by H2,
Supplementary data, Figure S9). The JC1,H1 (163.3 Hz) and
J1,2 (8.9 Hz) indicated the β-anomeric configuration for a
hexopyranose, and intra-residue NOEs between H1/H3, H1/
H5, H3/H5 (Supplementary data, Figure S9) and H2/H4 (not
shown) were consistent with a 4C1 chair and β-gluco-pyranose
configuration. An NOE was not observed between H1/H2,
and δH H2 was typical of GlcpNAc not ManpNAc (Agrawal
1992), additional factors pointing to identification as a
3-O-acetyl-β-GlcpNAc (C′). The location of the acetyl group
at O3 was substantiated by HMBC connectivities between H3
and a carbonyl carbon (δC 174.30, Supplementary data,
Figures S10 and S11) and between this carbonyl carbon and
methyl protons (δH 2.09). Other intra-residue HMBC
connectivities confirmed carbon assignments at each position
(Supplementary data, Table S1). The δC assignments
suggested that C′ is glycosidically substituted at C4,
downfield shift δ 77.03 (Lipkind et al. 1988; Agrawal 1992).
The magnitude of the C4 shift is 3.03 ppm upfield from δ C4
of the repeating, non O-acetylated β-GlcNAc (compare
residue C, Table I), consistent with shielding due to
O-acetylation at O3 (“β-effect”) (Jansson et al. 1987). An
“α-effect” (deshielding, magnitude 1.5 ppm) at position 3 was
also observed relative to the non O-acetylated residue C. As
shown below, glycosidic substitution at O4 of C′ was
confirmed by inter-residue connectivities.

Residue A′. A final set of minor, “reporter” signals
(subsequently assigned to residue A′) is present in the HSQC
spectrum of the Ba684 SCWP, and analogous signals were
again identified in the spectra of all previously examined
B. anthracis and pathogenic B. cereus SCWPs examined to
date (Figure 9). These unique signals at δH/δC 2.80/54.81
were found to drift slightly (e.g. δH 2.80→ 2.74;
Supplementary data, Figure S12) during sample manipulation
(concentration during transfer to a new NMR tube, pH and
ionic strength-induced changes), suggesting the presence of a
free amino group at the carbon bearing the δ 2.80 proton.
This signal “drift” at H2 and adjacent positions was an assist
while assigning configuration to this residue. The TOCSY and
COSY spectra revealed strong couplings involving the δ 2.80
proton with five other protons (although all signal intensities

were of less abundance compared with the repeated-glycosyl
residues), indicating that the δ 2.80 proton is part of a coupled
system (ruling out the possibility that δH 2.80 proton originated
from an N-methyl group). Together, the coupled protons and
their assigned carbons were assigned positions H1 through H6
(residue A′, Table I), which along with the JC1,H1 (171.1 Hz)
allowed assignment as an α-2-aminohexopyranose. Intraresidue
NOEs between H2/H4 and H3/H5 (not shown) were consistent

Fig. 8. Comparison of 1H–13C HSQC spectra anomeric regions of SCWPs
showing certain substoichiometric structural modifications (residue C′)
common to all of these strains. (A) Bacillus anthracis CDC 684; (B) B.
anthracis Sterne 7702; (C) B. cereus G9241. The weak signal arising from
H3/C3 of the 3-O-acetylated β-GlcNAc (residue C′) is circled.
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with a 4C1 chair conformation for a α-GlcpNH2 residue,
lacking N-acetylation.

Glycosidic sequence and location of residues B′, C′ and A′
on Ba684 SCWP
Interglycosidic HMBC connectivities were readily detected
between all three of these non-repeated residues, yielding the
sequence B′β(1→ 4)C′β(1→ 6)A′α(1→, and also to the main
polysaccharide chain, from A′ to repeating residue B (spectra
shown in Supplementary data Figures S10 and S11), revealing
the non-repeating terminal sequence shown in Figure 7, in
which all three residues of the non-reducing terminal repeating
unit are modified. These interglycosidic connectivities
(Supplementary data, Table S1) could be rather easily distin-
guished from those of the repeating-residues, due to their
unique chemical shifts and stoichiometry. Residue B′ exhibited
two interglycosidic HMBC couplings to C′, from B′H1-C′C4
and from B′C1-C′H4, supported by an NOE between B′1/C′4
(δ 4.87/3.92, Supplementary data, Figure S5). Residue C′
yielded a single interglycosidic HMBC coupling to A′,
between C′H1-A′C6, supported by an NOE between C′1/A′6

(δ 4.67/4.10, Supplementary data, Figure S9). Residue A′ also
displayed interglycosidic HMBC coupling to a normal (repeat-
ing) residue B, between A′C1-BH4 (Figure 7), in addition to
an NOE between A′1/B4 (δ 5.27/3.66).

Demonstration of the terminal non-repeating sequence (B′-
C′-A′) in SCWPs from pathogenic and typical B. anthracis
and B. cereus SCWPs
Re-inspection of the HSQC spectra from all previously exam-
ined normal strain-SCWPs (derived from pathogenic
B. anthracis and B. cereus) revealed that all spectra show vir-
tually identical substoichiometric “reporter” signals indicating
the presence of structural modifications, identical or very
similar to those detected in the Ba684 non-galactosylated
polysaccharide. Representative HSQC spectra from B. anthra-
cis Sterne 34F2, 7702 and B. cereus G9241 are compared
with Ba684 SCWP in Figure 9. Reporter signals: (1) residue
B′—primary hydroxylated carbon bearing methylene hydro-
gens (representing C6 of glycose residues, R-CH2OR), and
resonating downfield with a δC intermediate between that of
unsubstituted and glycosidically substituted primary hydroxyl

Fig. 9. Comparison of 1H–13C HSQC NMR spectra of SCWPs showing the reporter signals arising from pyruvylated, O-acetylated and related structurally
modified residues common to B. anthracis and certain B. cereus strains examined. (A) Bacillus anthracis CDC 684; (B) B. anthracis Sterne 7702; (C) B.
anthracis Sterne 34F2; (D) B. cereus G9241. The “reporter signals” arise from the non-repeated, structurally modified glycosyl residues that are located
exclusively at the non-reducing end of the molecule. Arrows: (1) signals diagnostic of pyruvylation; 1a arises from H6/C6 of residue B′, and 1b arises from H5/
C5 of B′; (2) signal indicative of 3-O-acetylation, from H3/C3 of residue C′; (3) signal indicative of free 2-amino group, H2/C2 of residue A′.
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group); at high signal intensity, all spectra showed weak
signals of negative polarity, virtually superimposable with the
H6/C6 signals attributed to a 4,6-pyruvylated β-ManpNAc in
the Ba684 SCWP, Figure 9. The remarkably identical δH/δC
shifts of this signal set among the spectra indicate a similar or
identical magnetic environment of the pyruvate-glycose
moiety, suggesting all may occupy a terminal, non-reducing
location on each polysaccharide. In these fully galactosylated
SCWPs, the remaining ring positions of the pyruvylated-
glycose were not readily assignable due to masking by signals
arising from α/β-Gal substituents; (2) residue C′ – methine
hydrogen attached to a secondary carbon bearing an O-acetyl
group; also of weak intensity, this reporter group consistently
stands out in the HSQC spectra of all SCWP examined to
date having nearly superimposable δH/δC from strain to strain,
Figures 8 and 9. This indicates that the fully galactosylated,
normal strain SCWPs contain a single O-acetylated glycose
residue, similar or identical to the penultimate
3-O-Ac-β-GlcpNAc residue in Ba684 SCWP, and the weak
intensity indicates it is non-repeated; (3) residue A′– methine
hydrogen attached to a carbon bearing a free amino group
(non N-acetylated). In all pathogenic strain SCWPs examined
to date, the δH of this moiety ranges from about δH 2.7–3.1
ppm and the δC is typically 53–56 ppm (Figure 9). These
results indicate the substoichiometric occurrence of a glycose-
linked free amino group, analogous to the non-repeated
α-GlcpNH2 residue found in Ba684 SCWP.
The presence of these unique reporter signals indicates the

substoichiometric presence of residues equivalent to A′, B′
and C′ in all of these SCWPs, even though the complete spin
systems could not be entirely defined due to masking by
galactosylation. However, interglycosidic connectivities,
analogous to those observed in Ba684, were also detected at
substoichiometric levels in the HMBC and NOE spectra from
all pathogenic strains of B. anthracis and B. cereus SCWP.
These long range connectivities suggest that the non-repeating
residues are linked in the same sequence and at identical loca-
tion (terminal, non-reducing end) to the remainder of the
polysaccharide as in Ba684 SCWP. Representative of the
pathogenic B. anthracis SCWP spectra, and virtually identical
with the Ba684 spectra, a three-bond HMBC connectivity
between pyruvate C2 and the analogous substoichiometric B′
H6 signal is shown for B. anthracis Sterne, Supplementary
data, Figure S13.

Other substoichiometric glycosyl residues (B′′ and Dα/β)
Two other residues, of similar weak stoichiometry are visible
in the 1H spectrum anomeric region and were identified
(Supplementary data Figures S5, S7, S9, S11). Residue B′′
(Table I, H1 δH 4.93) is a subset of pyruvylated residue B′.
This residue is a 4,6-pyruvylated terminal ManpNAc that is
linked to a normal, (i.e. non 3-O-acetylated) GlcpNAc, indi-
cating that a subset of the polysaccharides terminate in
pyruvate-ManNAc only, and lack the O-acetyl modification
on GlcNAc. Acetylation at O3 of the penultimate GlcNAc
residue is apparently sufficient to alter the magnetic environ-
ment of the terminal ManNAc residue slightly at positions 1
thru 6 to various extents. Glycosidic linkage between B′′ and
(non-O-acetylated) residue C was evidenced by an inter-

residue NOE between B′′1/C4 (δ 4.93/3.706, Supplementary
data, Figure S5; compare to δ 4.89/3.714 for the repeating
B1/C4) and by the interglycosidic HMBC crosspeak B′′
H1-CC4 (δ 4.93–78.63, Supplementary data, Figure S11).
There was no compelling evidence for the presence of any
terminal ManNAc residues lacking pyruvate, indicating that
most or all of the SCWP terminate in a pyruvylated residue.
An additional residue, present at low abundance

(Supplementary data, Figures S7, S9, S10, S11) was assigned
as the free reducing end and identified as GlcpNAc
(α-anomer major form; Dα/Dβ, δH1 α 5.18; δH1 β 4.67). The
complete spin system could not be assigned, however, beyond
H3. Assignment as a GlcpNAc is based solely on C1/H1 and
C2/H2 shifts (Table I) and coupling constants (α, JC1,H1
171.8 Hz; β, JC1,H1 165.9 Hz). The presence of a free reducing
end glycose is also consistent with 31P direct observed NMR,
which indicated an absence of phosphate ester signals of any
type in this preparation. In this study, the reducing end
glycosyl sequence was not examined beyond this point, and
any glycosyl sequence differences, if they exist, between the
reducing end region and the repeating unit residues were not
immediately evident.

Discussion

The secondary wall polysaccharide of Ba684 was of interest
for several reasons, (1) relatively little information exists on
the structures of B. anthracis and related B. cereus SCWPs,
limiting our understanding of their role in cell viability, wall
assembly and virulence; (2) this particular strain is one of the
very few known naturally occurring B. anthracis strains which
fail to react with monoclonal antibody EAII6G6 (Ezzell et al.
1990; De et al. 2002), which is used diagnostically to identify
B. anthracis strains and is known to recognize a wall polysac-
charide epitope specific for and expressed by B. anthracis
strains, thus suggesting that the SCWP elaborated by CDC
684 could be either defective or absent; (3) the Ba684 strain
is avirulent, even though it carries both virulence plasmids
(pXO1 and pX02), and resides within the same phylogenetic
lineage as the highly pathogenic B. anthracis Vollum
(Okinaka et al. 2011). The Ba684 chromosome differs from
that of Vollum by only 51 unique SNPs (Okinaka et al. 2011),
however a biochemical basis for the lack of pathogenicity of
this organism has not been formulated; (4) of particular inter-
est, although the results were not anticipated, analysis of the
CDC 684 SCWP has revealed several key structural modifica-
tions, that we now know are shared by all previously exam-
ined pathogenic B. anthracis strains, allowing localization and
characterization of a conserved pyruvylated epitope on these
B. anthracis SCWPs. These structural modifications occur at
the substoichiometric level (i.e. they occur only at specific
locations and not on every repeating unit) of the Ba684
SCWP, and they appear to occur in identical manner and loca-
tion on the SCWPs of all B. anthracis strains (Pasteur, Ames
and Sterne 34F2 and 7702) examined to date (Choudhury
et al. 2006), as well as a number of previously examined
pathogenic B. cereus, strains G9241 and 03BB87 (Forsberg
et al. 2011). These structural modifications consist of three
contiguous, structurally modified glycosyl residues located
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exclusively at the distal (non-reducing) end of each SCWP,
and are likely to constitute an epitope mediating SLH-domain
protein adhesion and deposition.
Our results show that Ba684 synthesizes a SCWP, however,

although the backbone is fully polymerized and has a se-
quence identical to that found in pathogenic B. anthracis, the
SCWP is devoid of all galactose side residues, a significant
difference from the highly galactosylated SCWPs of patho-
genic strains. This raises questions about SCWP biosynthesis,
suggesting that backbone polymerization and side residue
attachment can occur independently for this class of polysac-
charide. This could help account for the extensive heterogen-
eity in side residue attachment observed in the SCWPs from
strains of B. anthracis (Ames, Sterne, Pasteur) and B. cereus
examined to date (Choudhury et al. 2006; Leoff et al. 2008;
Candela et al. 2011; Forsberg et al. 2011). These and other
examined Bacillaceae (Schäffer and Messner, 2005; Petersen
et al. 2008) indicate a noticeable lack of adherence to any
strict requirement for repeating unit uniformity in this class of
Bacillus PS.
Our immunochemical analyses indicate that Ba684 cells,

like all non-encapsulated B. anthracis (Fouet 2009) synthe-
size and express an S-layer (Figure 1), based on reactivity
with the anti-EA1 polyclonal antiserum (Farchaus et al.
1995). These results indicate that Ba684 must express a pyr-
uvylated cell surface epitope (the recognition anchor for
SLH-domain proteins such as EA1) and are consistent with
our structural observation that the Ba684 SCWP carries a
pyruvate residue, even though it lacks all of the galactose
side chains. Thus, the absence of all α/β-Gal side chains in
this SCWP does not appear to significantly interfere with
S-layer protein deposition. In contrast, our finding that the
Ba684 SCWP lacks all Gal side residues accounts for the
failure of this strain to bind the anti-Gal-HexNAc MAb
EAII6G6, used diagnostically to detect pathogenic B. anthracis
(Ezzell et al. 1990). Mapping of the complete EAII6G6
epitope carried on the highly galactosylated SCWPs from
pathogenic B. anthracis is in progress (N. Kamal et al. in
preparation).
Using the biosynthesis of wall teichoic acids (WTA) as a

model, (Schäffer and Messner 2005; Bhavsar and Brown
2006; Swoboda et al. 2010) the attachment of the Gal side
residues to the B. anthracis SCWP backbone could involve a
TagE homologue (or other glycosyl transferase), possibly dis-
rupted in Ba684 due to one or more of the 51 SNPs identified
in this strain (Okinaka et al. 2011). In Ba684, the disruption
of Gal transferase activities is not lethal, but the resulting
structural defect (absence of all Gal side residues) would
likely result in altered conformational dynamics of the poly-
saccharide, possibly resulting in defective wall assembly and
ultimately contributing to the altered growth kinetics observed
for this strain (Okinaka et al. 2011). In this regard, it is note-
worthy that SLH-domain proteins are not restricted to the
S-layer glycoproteins, and in B. anthracis also include at least
18 other proteins, three of which are coded on the virulence
plasmids and over 15 are chromosomal in origin (Okinaka
et al. 1999; Mesnage et al. 2000; Kern and Schneewind
2008). Several of these proteins reportedly have similarity to
PG hydrolyases and may play a role in PG remodeling, wall

turnover and function and cell division. Although S-layer syn-
thesis does occur in Ba684, as indicated by EA1 deposition
(Figure 1B), the adhesion of other macromolecules, such as
endogenous autolysins essential for PG remodeling or phage
endolysins, that may require both a pyruvylated and fully
galactosylated–HexNAc epitope, would likely be altered or
diminished in the Ba684 strain (Mesnage et al. 2000;
Swoboda et al. 2010). A further consideration is that the unex-
plained avirulence of Ba684 could be due, in part, to its
slower growth rate, allowing increased pressure from the host
immune system. Thus, a possible connection between SCWP
structure and virulence is noted.
The SCWPs from B. anthracis (strains Ames, Pasteur and

Sterne) and closely related pathogenic B. cereus (strains
G9241, 03BB87 and 03BB102) are small polysaccharides
ranging in size from 10,000 to 12,000 Da (Mesnage et al.
2000; Forsberg et al. 2011). All of these SCWP are of rela-
tively uniform size for a polysaccharide, as estimated chro-
matographically (Ekwunife et al. 1991; Mesnage et al.
2000; Forsberg et al. 2011), and each SCWP typically con-
sists of 10 repeating units on average (Forsberg et al.
2011); thus the entire backbone of each SCWP is typically
30 HexNAc residues in length. In contrast, our present
results indicate that chain length polymerization appears
highly altered in the Ba684 SCWP. The structural analysis
and estimated size of 22,000 Da indicates a linear non-
galactosylated chain of approximately 100 HexNAc residues.
Possibly, the inability to attach Gal side residues to the
growing HexNAc polymer interferes with the normal
mechanisms governing chain length (e.g. tethering of
growing polymer to enzyme).
As shown in this report, the HF-released SCWPs of

B. anthracis/B. cereus/Ba684 appear unique in that a pyruvate
residue occurs at only one location, the terminal β-ManNAc
residue located at the distal non-reducing end, opposite the
end linked to PG. Such a terminal location could promote in-
volvement in recognition events such as SLH-domain adhe-
sions. In the normal strain highly galactosylated SCWPs, the
linkage positions of Gal and HexNAc would actually preclude
pyruvate cyclic ketal formation at any of the interior HexNAc
residues. The finding, that chains terminate in pyruvylated-
ManNAc, also establishes the correct “frame shift” of the gly-
cosyl backbone in these SCWPs. Pyruvylation at ManNAc
seems to be a feature of many Bacillus polysaccharides
(Kojima et al. 1988; Schäffer et al. 2000; Schäffer and
Messner, 2005; Petersen et al. 2008) and may be a further
characteristic of an ancestral origin of this epitope. The
SCWP from Geobacillus stearothermophilus PV72/p2, also
released from PG by HF, contained pyruvate substitution on
every repeating unit and in 4,6-linkage to ManNAc (Petersen
et al. 2008).
Other, previously unknown features of this putative

SLH-recognized epitope in B. anthracis SCWP include the
presence of a single O-acetyl group at O3 of the penultimate
β-GlcNAc residue (adjacent to the pyruvylated-ManNAc) and
the presence of a free 2-amino group on a α-GlcNH2 residue.
All of these modifications, localized at the nonreducing end,
are likely to be key directive elements in any epitope or
binding site, providing a potential source of hydrogen-
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bonding, charge/zwitterionic interaction and other noncovalent
interaction. Recently, O-acetylation of PG was proposed as a
requirement for SLH-protein anchoring on the B. anthracis
surface (Laaberki et al. 2011), however the role of SCWP or a
requirement for O-acetylation of SCWP in adhesion was
not examined in that study. This substoichiometric 3-O-
acetylated-β-GlcNAc modification of SCWP described here,
located immediately adjacent to the pyruvylated ManNAc,
suggests that O-acetylation of SCWP may in fact be an im-
portant requirement for SLH-domain mediated adhesions in
B. anthracis. The enzymatic attachment of an O-acetyl group
to SCWP at this single location is likely to occur at the
polymer level, as it does post-assembly on PG. The O-acetyl
transferases/transporters PatA1 and PatA2, proposed to act on
the PG substrate (Laaberki et al. 2011) are likely candidates
for O-acetylation of SCWP, and it is noteworthy that their en-
coding genes reside in close proximity to csaAB (required for
pyruvylation of SCWP) in the B. anthracis genome. Lastly,
the occurrence of a free 2-amino group on SCWP, consistently
observed at a single α-linked glucosamine residue, is likely to
arise by an N-deacetylase, also acting on the completed
polymer, as is the case for N-deacetylation of PG. This unique
free amino modification on SCWP could also be important in
SLH-domain recognition or other surface interactions. Thus, it
appears that both PG and SCWP receive similar post assem-
bly modifications with respect to O-acetylation and
N-deacetylation.
The finding that only the distal three residues are structurally

modified suggests a particular spatial role for SCWP, whereby
the non-reducing end containing the modifications could be
presented as an array, promoting ordered deposition of
SLH-domain proteins. The three contiguous modified residues
located at the non reducing end may prove to be an important
epitope required for wall assembly in these B. anthracis
strains, and synthetic analogs of this sequence are in prepar-
ation, for use in SLH-binding measurements and the eventual
development of diagnostic reagents or vaccines.

Materials and methods
Bacillus strains
Bacillus anthracis strain CDC 684 was provided by
USAMRIID. Bacillus anthracis Sterne strains 7702 and 34F2,
B. cereus G9241, B. cereus 03BB87, B. cereus ATCC
(American Type Culture Collection) 10987 and B. cereus
ATCC 14579 were provided from the Centers for Disease
Control and Prevention culture collection. Cultures were
grown as described previously (Choudhury et al. 2006; Leoff
et al. 2009).

Immunofluorescence labeling of B. anthracis Sterne and
Ba684 vegetative cells
Following procedures described previously (Ezzell et al.
1990; Farchaus et al. 1995) B. anthracis Sterne 34F2 and
Ba684 were grown on 5% sheep blood agar (SBA) medium,
and a 40-μL aliquot of late logarithmic/early stationary culture
was transferred to a separate vial and 1 μL of rabbit poly-
clonal anti-EA1 IgG (1:50) as primary antibody was added.
The cell suspension was incubated for 15 min at 37°C. Post

incubation, 1 mL of PBS was added and the cells pelleted by
centrifugation. The supernatant was discarded and the cells
were resuspended in 100 μL of PBS. Then 0.5 μL of goat anti-
rabbit IgG AlexaFluor 594 conjugate (ATTO594) (1:200) sec-
ondary antibody was added and incubated for 15 min at 37 °C.
The stained cells were washed with PBS then resuspended in
50 μL PBS. For microscopy, 1 μL of 1,4-Diazabicyclo
(2,2,2)-octane (DABCO) quench retardant was placed on the
slide followed by 1 µL of stained cell suspension, then mixed
and the cover slip added.
For differential staining of B. anthracis Sterne cells, heart

infusion broth containing 0.8% sodium bicarbonate was
inoculated with B. anthracis Sterne 34F2 spores. From a two
hour culture, containing primarily very young vegetative cells,
40 µL of suspension was removed and transferred to separate
vial. To the cell suspension was added 10 µL of the anti-
glycosyl monoclonal antibody EAII6G6-2-3 FITC-labeled
IgM (1:5), followed by 1 µL addition of the rabbit polyclonal
anti-EA1 IgG (1:50). The suspension was incubated for 15
min at 37°C, then washed with 1 mL of PBS and pelleted.
The cells were resuspended in PBS and treated with the goat
anti-rabbit IgG ATTO594 conjugate as described in the pre-
ceding paragraph and mounted with DABCO for microscopy.

Preparation of Ba684 vegetative cells for extraction
To ensure purity of vegetative cells provided for analysis,
Bacillus anthracis CDC 684 spores were inoculated onto 5%
SBA and streaked for isolation. Post incubation overnight at
35°C, the culture was inspected for homogeneous colony
morphology. Approximately a 10 µL (loop) of cells from iso-
lated colonies was removed and resuspended in 2 mL DPBS
(GIBCO™ Dulbecco’s Phosphate Buffered Saline (1x) liquid
from Invitrogen). To six trypticase soy agar (Becton
Dickenson dehydrated culture media) plates was placed 100
µL of the CDC 684 vegetative cell suspension and spread in
lawn fashion with disposable L-shaped cell spreader until dry.
Plates were inverted and allowed to incubate overnight at
room temperature (approximately 22°C; temperature chosen to
reduce spore formation). Growth was scraped from agar
surface with L-spreaders, transferred to pre-weighed 50 mL
Oak Ridge Teflon centrifuge tube and wet weight of cells cal-
culated. Harvested cells were initially held frozen at −70°C
prior to autoclaving and when thawed, resuspended in 10 mL
of sterile deionized water then autoclaved for 30 min at 121°
C. One tenth volume of the autoclaved material was sacrificed
for proof of sterility and plated onto 5% sheep blood agar
plates. No growth was observed after 72 h incubation at 35°C.
Remaining autoclaved Ba684 vegetative cell material was
stored at -70°C and subsequently shipped frozen.

Isolation of cell walls
Cell walls were prepared from cultured cells as previously
described (Choudhury et al. 2006; Leoff et al. 2009), follow-
ing a modified procedure (Brown 1973). The procedure
yielded approx. 30–70 mg of cell walls per 100 mL of
cultured cells.
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Isolation and purification of SCWP
Cell wall preparations from B. cereus G9241, B. cereus
03BB87, B. cereus 03BB102, B. cereus ATCC 14579 and B.
anthracis Sterne 34F2 and 7702, were treated with 48%
aqueous hydrogen fluoride (HF) at 4°C for 48 h. The reaction
mixtures were rotated slowly in an end-over end mixer to
assist solubilization of the cell wall material. The reaction
mixtures were then adjusted to pH 6.0 by rapidly transferring
the mixtures directly into a predetermined amount of ammo-
nium hydroxide solution (20% v/v) pre-cooled to −20°C. The
solutions were then dialyzed at 4°C vs. deionized water for 3
days using 1000 MWCO dialysis tubing. Dialysates were
concentrated by centrifugal vacuum-evaporation then sub-
jected to ultracentrifugation (100,000 × g; 4°C, 4 h) to remove
HF-insoluble material, yielding a supernatant containing the
solubilized SCWPs (crude SCWP preparation). The
HF-insoluble residue consisted of PG fragments and protein
(amino acids) as determined by gas-liquid chromatography-
mass spectrometry (GC-MS) analysis of the heptafluorobuty-
rate esters and trimethylsilyl (TMS)-methyl glycosides.
Crude SCWP was dissolved in water, filtered (0.45 μ cellu-

lose acetate), then purified by size exclusion chromatography
on Superose-12 FPLC column eluted in 50 mM ammonium
acetate. The eluant was monitored by UV absorbance (215
nm) and refractive index, and fractions containing the SCWP
were identified by glycosyl analysis. The SCWP fractions
were pooled, lyophilized and used for NMR and immuno-
logical analyses. The yield from the normal (pathogenic)
strains was typically 5 mg of purified SCWP per 40 mg of
cell wall material, while the yield from Ba684 strain was
approximately 1/10th, i.e. 0.5 mg per 40 mg cell walls.

Glycosyl analyses
Carbohydrate compositions of the SCWP and derived frac-
tions were determined by preparing the TMS methyl glyco-
sides with GC-MS (electron impact) analysis (York et al.
1985; Forsberg et al. 2003) using a 30-m DB-5 capillary
column (J&W Scientific). The SCWP preparations were free
of significant levels of amino acids as determined by analysis
of the heptafluorobutyrate derivatives (Zanetta et al. 1999),
with GC-MS analysis using a HP-5 capillary column. The ab-
solute configuration of glycosyl residues was determined by
preparing the diastereomeric TMS (±)-2-butyl glycoside deri-
vatives (Gerwig et al. 1979), with GC-MS analysis on a DB-1
column with comparisons to authentic D-Gal, D-GlcNAc and
D-ManNAc derivatives.

Nuclear magnetic resonance analyses
1H spectra and all two-dimensional homo- and heteronuclear
spectra of the SCWPs were recorded at 25°C on a Varian
Inova 600 MHz or Varian 800 MHz spectrometer, each
equipped with a 3-mm cryogenic probe, using Varian software
(Varian Medical Systems, Palo Alto, CA, USA). The SCWPs
released by HF treatment and purified by Superose-12 chro-
matography, were dissolved in 200 μL D2O yielding clear
solutions at approximately 7 mg/mL in 3 mm tubes; spectra
were referenced to internal 2,2-dimethyl-2-silapentane-5-
sulfonate sodium salt at δH 0.00 ppm, yielding HOD reson-
ance at 4.78 ppm.

1H–1H COSY (Piantini et al. 1982) data were recorded in
the absolute value mode with a 6.10 ppm spectral width and a
matrix size of 1024 × 4096 complex points with 8 scans per in-
crement. 1H–1H zTOCSY (Bax and Davis, 1985) was recorded
with a mixing time of 150 ms and a matrix of 400 × 4096 at 32
scans per increment. Nuclear Overhauser effect analysis
(Macura et al. 1981) was performed by phase-sensitive 1H–1H
NOESYexperiments, collected with a 150 ms mixing time and
matrix size identical to that used for zTOCSY, with 64 scans
per increment. Carbon chemical shifts and carbon-proton
one-bond correlations were determined with a gradient-selected
1H–13C HSQC (Davis et al. 1991) collected in the
1H-detection mode. The acquisition time was 0.2 s, and the
matrix size was typically 256 × 2000 complex points, at 88 to
144 scans/increment with multiplicity distinction for primary/
secondary protons. The coupling constant (1jch) was set to
150 Hz and the carbon spectral width was 110 ppm, transmitter
offset 65 ppm. Phase-sensitive 1H–13C HMBC spectra were
acquired with 256 × 2048 complex points at 96–144 scans/in-
crement. The carbon and proton sweep widths were identical to
HSQC values, and the acquisition time (t2) was 0.27 s. The
HMBC transfer delay was set to 50 ms (10 Hz), and 1-bond
J-filter was 150 Hz. Anomeric configurations of the glycosyl
linkages were assigned from carbon-proton coupling constants
(JC1,H1) measured for the native SCWP by 1H–13C HSQC ana-
lysis without 13C decoupling. The acquisition time was 0.6 s,
collecting 128 scans per increment; the 1jch was set to 160 Hz
and carbon sweep width was 80–120 ppm.

Supplementary data

Supplementary data for this article is available online at http://
glycob.oxfordjournals.org/.
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