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ABSTRACT

The spore-forming Gram-positive bacteria of the genus Bacillus is present in diverse
natural environments. Among Bacilli, we show that members of the Bacillus cereus sensu lato
including B. cereus, B. anthracis, and B. thuringiensis produce a myriad of glycan structures.
This thesis presents the discovery and elucidation of a few biosynthetic pathways leading to the
formation of these glycans in spores, flagella, and biofilm. In Bacillus thuringiensis israelensis
ATCC 35646, we found flagellin to be O-glycosylated with pseudaminic acid, and biochemically
characterized seven enzymes encoded by the operon PSE, that forms the precursor CMP-
pseudaminic acid. Among the seven enzymes, the first two showed unusual enzymatic activities,
in the conversion of UDP-D-GIcNAc to UDP-6-deoxy-D-GlcNAc-5,6-ene and then to UDP-4-
keto-6-deoxy-L-AltNAc. In other bacterial system studied, these two different activities are
catalyzed by a single enzyme.

This work also identified a novel exopolysaccharide (EPS) produced during spore
formation in many members of Bacillus cereus sensu lato species. This EPS abbreviated pZx,
may have roles in spore adherence, dispersal, or anti-aggregation, depending on the pH. The

chemical structure of this EPS was characterized by NMR and GC-SM and consists of two



uncommon acetamido sugars (XyINAc and GIcNAcA) that form a backbone of [-
3)XyINAc40OAc(al-3)GIctNAcA40Ac(al-3)XyINAc(al-],. The biosynthetic operon XNAC for
the production of UDP-XyINAc, UDP-GIcNACcA and the glycosyltransferases were shown to be
involved in the formation of this EPS.

Lastly, this work found that spores of B. cereus ATCC 14579 and ATCC 10876 are
decorated with two rare sugar epimers of C3-methyl-6-deoxy-hexoses. We also identified C3CM
operon that is involved in the formation of such decoration and elucidated the metabolic pathway
that forms CDP-glucose and transforms it in three enzymatic steps to CDP-C3-methyl-6-deoxy-
gulose and CDP-C3-methyl-6-deoxy-allose. Subsequently, we used genetic approaches to find
that this operon is required for the addition of these sugars to spore glycoproteins. Mutants
impaired with genes in the C3CM operon gave spores that germinate faster. Knowledge of the
glycans found on spores, flagella and the extracellular matrix provides a foundation for
investigating the roles of glycosylation in motility, survival and pathogenicity, and may explain

some physiological differences observed between members of the Bacilli species.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

1.1 Bacillus Species Overview

The Bacillus species are rod-shaped facultative anaerobes Gram-positive spore-forming
bacteria. They belong to the family Bacillaceae. Bacillus is ubiquitous in nature, while
commonly found in soil, some species inhabit in raw milk, water and ponds, caterpillars, and
animal feces (1), and based on genomic sequences of different environmental niches some
Bacillus were found in soil below lake or associated with roots and leaf surface (2).

Some Bacilli are associated with human. For example, Bacillus subtilis is found in the
human gastrointestinal tract; and some Bacillus, particularly the members of the B. cereus sensu
lato like B. anthracis and B. cytotoxic are harmful to human and other species. The Bacillus
cereus group, also called Bacillus cereus sensu lato is a large bacterial species group that
consists seven closely related bacilli of ecological, medical, and industrial importance. This
group includes the insect pathogen Bacillus thuringiensis, which has been successfully applied as
bio-pesticide (3); Bacillus cereus sensu stricto, which is associated with foodborne illness (4);
Bacillus mycoides (5) and Bacillus pseudomycoides known to form characteristic rhizoidal
colonies on agar (6); Bacillus anthracis which is the causing agent of anthrax (7); Bacillus
weihenstephanensis, which is the psychrotolerant (capable of growing at temperatures close to
freezing) (8); and Bacillus cytotoxicus, a thermotolerant organism (9).

To date, the genome of over 300 members of this group was sequenced, and their

sequences have high levels of similarity (10). Despite their genetic similarity, some strains can



be distinguished based on their phenotypes. For instance, B. mycoides and B. pseudomycoides
show distinct rhizoid growth whereas the rest of the species have round to irregular colonies
(11); B. weihenstephanensis and B. cytotoxicus strains have different growth temperature range
9).

Due to the medical and economic impact, these B. cereus sensu lato species were
attractive to study (12). For example, the crystalline protein toxin produced by B. thuringiensis
with insecticidal properties has been used as environmental-friendly insecticides (13,14); B.
anthracis is able to form anthrax toxin along with lethal toxin to cause tissue necrosis of human
and livestock (15); The endospore formed by B. anthracis is highly resistant to heat, drying, and
many disinfectants, as the result, many countries have been studying this organism as biological
weapon (16); B. cereus is associated mainly with food poisoning, however, there are increasing
reports showing that it can cause fatal non-gastrointestinal-tract infections like Endophthalmitis
(an inflammation of the internal coats of the eye) (17).

Here I will briefly review three main species in the Bacillus cereus group that are more

related to my research: B. anthracis, B. cereus and B. thuringiensis.

1.1.1 Bacillus anthracis

Bacillus anthracis is the causative agent of anthrax, a common disease of livestock and,
occasionally, of humans. It is the only obligate pathogen within the genus Bacillus (18). Anthrax
is a zoonotic disease, which is mainly associated with animals but can be transmitted from
animals to people (19). The common form of the anthrax disease is cutaneous anthrax, which is
presented by forming large, black skin lesions, whereas pulmonary anthrax and gastrointestinal
anthrax were also observed at a low rate. In 1877, Robert Koch was the first to grow B. anthracis

in pure culture and demonstrated its ability to form endospores that cause anthrax disease when



injected into animals. The first vaccine against B. anthracis with live organisms was developed
and experimented on cows by Louis Pasteur (20). A number of anthrax vaccines have been
developed ever since, however they are only for preventive use in livestock and humans (20).
Antibiotic treatment like penicillin could be effective post-infection if the disease is diagnosed
soon enough (21).

B. anthracis is an important organism to public health. In many countries like India
where agriculture is the main source of income, anthrax disease occurred in domestic animals
can cause significant economic loss especially for the areas with low vaccination rates (19). Even
though anthrax disease can be cured by timely antibiotic treatment, it could be fatal in several
cases because of lack of proper diagnosis (19). Because of the toxicity of the toxin produced by
Bacillus anthracis, the spores are also used in biological warfare and bioterrorism (5). The
Centers for Disease Control and Prevention (CDC) classified B. anthracis in high priority:
Category A in the bioterrorism agent categories mainly because B. anthracis spores can persist in
the environment for many years and it is very difficult to kill them (22). Despite the fact that
anthrax is serious infectious disease, it is argued that anthrax is not an ideal biological weapon
because a large number of spores in a fine powder form are needed to infect human.
Nevertheless, more emphasis on B. anthracis is given for the potential emerging problem for
public health.

B. anthracis utilizes two large plasmids (pXO1 and pXO2) to encode genes involved in
virulence toxin and capsule. Strains lacking either of these plasmids have greatly reduced
virulence. Bacillus anthracis secretes two virulence factors: a toxin and a poly-y-d-glutamic acid
capsule (y-DPGA). The toxin has three components: a protective antigen, a lethal factor, and an

edema factor (23). The channel-forming protective antigen oligomerizes to create a pre-channel



that forms toxic complexes upon binding the two other components, lethal factor and edema
factor (24). These factors are translocated into the host cytosol to destroy white blood cells and
increase cyclic AMP levels (25). The poly-y-d-glutamic acid capsule, on the other hand, protects
B. anthracis from phagocytosis of host cells by macrophages. Thus even though it is not toxic on
its own, the capsule of B. anthracis is also a virulence factor for infection. In conjunction with
anthrax toxin, the capsule allows B. anthracis to grow virtually unimpeded in the infected host

(12,26).

1.1.2 Bacillus cereus

B. cereus may be the most common aerobic spore existing in many types of soil and in
sediments, dust, and plants (17,27). In 1887, it was first discovered growing on agar plate left in
a cow shed (28). More recently, B. cereus has been identified as the most common contaminant
in pharmaceutical manufacturing (29).

B. cereus is naturally found in decaying organic matter, fresh and marine waters, and
vegetables (30). Due to the adhesive nature of its spores, B. cereus is also frequently present in
food production environments (31), which enables the bacterium to spread to improperly cooked
food. Contaminated food transmits B. cereus spores into the intestinal tract of the human, or to
livestock consumed by the human, causing foodborne illness (32).

Upon ingestion of B. cereus spores, toxins including hemolysin BL (Hbl), nonhemolytic
enterotoxin (Nhe) and cytotoxin K (CytK) are produced. These toxins can cause illnesses such as
severe nausea, vomiting, and diarrhea, depending on the specific strain (33,34). These toxins are
pore-forming toxins that create pores on the cellular membrane of the small intestine, leading to

the loss of cellular membrane potential and diarrheic symptoms (34).



Because they are so common in human surroundings, some Bacillus cereus strains are
opportunistic human pathogens (35). Some B. cereus isolates are occasionally associated with
infections, causing periodontal diseases and other more serious infections including
endophthalmitis (eye), bacteremia (blood), endocarditis (heart's inner lining), cutaneous
infections (skin, nails, and hair), pneumonia (lungs), and meningitis (brain and spinal cord
membranes) (36). In the past 15 years, several B. cereus strains were reported to cause severe
anthrax-like disease in humans (37,38) and apes (39). Some of these virulent strains while
retaining B. cereus diagnostic phenotypes harbor plasmids similar to the toxin and capsule
virulence plasmids pXO1l and pXO2 present in B. anthracis (36,40,41). Thus, increasing

attention has been given to these pathogenic strains.

1.1.3 Bacillus thuringiensis

B. thuringiensis was first discovered in 1901 by Japanese scientist Ishiwata Shigetane and
then isolated from flour moth caterpillars in 1911 (42). Currently, B. thuringiensis is best known
for the use as an insecticide and to exist in the gut microflora of insects (43,44).

Like other species in the B. cereus group, B. thuringiensis can form endospores. Upon
sporulation, crystals of insecticidal d-endotoxins are produced in the mother cell compartment.
These crystals are predominantly comprised of one or more proteins (Cry and Cyt toxins) (45).
These toxins have specific activities against insect species of Lepidoptera (moths and
butterflies), Diptera (flies and mosquitoes), Coleoptera (beetles), Hymenoptera (wasps, bees, ants
and sawflies) and nematodes (46). When insects ingest these crystals, the alkaline nature of
digestive tracts solubilizes the crystals to make them accessible to proteases (47). The toxins are

cleaved by the proteases from the crystals and then inserted into the insect gut cell membrane,



paralyzing the digestive tract by forming a pore (13). This prevents the insect from eating,
causing the host to death.

Because of the insecticidal nature, B. thuringiensis is widely used to control agricultural
pests since the 1920s by simply spraying spores on the crops (48). Moreover, the cry genes,
which encode Cry protein from B. thuringiensis, have been genetically engineered into various
crops for them to obtain insect tolerance, such as tobacco, potato, maize, corn, and cotton (49).
Interestingly, the Cry proteins have variable specificity to a variety of mosquitoes including
Anopheles gambiae, the principal vector of malaria (50). As the result, B. thuringiensis is a

potential biological agent to control mosquito-transmitted diseases.

1.2 Bacillus Cell Wall Structure in Vegetative State

1.2.1 Wall structure and related glycan

Bacillus cells proliferate by symmetric cell divisions to produce identical vegetative cells.
Vegetative cell structure consists an inner membrane and a thick peptidoglycan layer that serve
to maintain the cell shape (51). A single cell of Bacillus anthracis consists of cytoplasm
surrounded by the plasma membrane and a cell wall structure (See Fig. 1.1) that includes
peptidoglycan, S-layer, and capsules.

Flagellum

—— Pili
\ ‘ “--...- ‘ > Capsule
! " % > > S-layer
A »

'«' Peptidoglycan
¥y —F—* Cell Membrane
~¥ x
1 ——f—> Cytoplasm

FIGURE 1.1. Illustration of a bacterial cell structure. (Structure based on Biology 10e Textbook (chapter 4, Pg: 63))



Peptidoglycan is essential for the maintenance of cellular viability and shape (52). Both
S-layer and capsules, as the outermost surfaces of cells, can act as virulence factors to interact
with hosts during infection (53). Bacillus strains have a very thick layer of peptidoglycan, which
is composed of glycan chains of alternating N-acetylglucosamine (GIcNAc) and N-
acetylmuramic acid (MurNAc) that are frequently cross-linked to each other by short peptides
(54). This rigid polymer surrounds the bacterial cell and therefore determines the shape of the
bacterial cells. It also protects the cells against the turgor pressure exerted by the cytoplasm
(52,55).

The peptidoglycan layer in Gram-positive bacteria is also often modified with other cell-
surface structures called secondary cell wall polymers (SCWPs). SCWPs include anionic
polymers teichoic acid (TA) and neutral polysaccharide (SCWP polysaccharide). Both teichoic
acids and the SCWP polysaccharide were also reported to be involved in biofilm formation
(56,57). In B. subtilis, TA is a poly-phosphate polymer and plays an important role in membrane
integrity (58,59). The carbohydrate composition varies in different species in Bacillus subtilis:
strain 168, for example, has a poly-glycerol-phosphate backbone whereas a ribitol phosphate
backbone is common in strain W23. TA is commonly decorated with glucose attached to the
glycerol phosphate polymers (59). TA is not found in B. cereus, B. anthracis or B. thuringiensis,
however, one early study reported the existence of teichoic acid in one strain of B. cereus,
although the identity of that specific strain remains questionable (60).

SCWP polysaccharides are covalently bound to the MurNAc moieties of the
peptidoglycan. In some Gram-positive bacteria like Staphylococcus aureus, SCWPs are essential
and shown to be involved in the bacterial virulence (61). In many other Gram-positive bacteria,

SCWPs are found to bind SLH (S-layer homology) domains to anchor those surface proteins
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non-covalently to the cell wall (62). The structures of SCWPs found in B. anthracis (Repeat of
4)GIcNAc(B1-6)GlcNAc(al—4)ManNAc(Bl) and B. cereus (repeat of 4)GIcNAc(Bl1-
6)GalNAc(al-4)ManNAc(B1)have been fully characterized (63).

S-layers are present on the surfaces of many bacteria. They are self-assembled
spontaneously as a bidimensional crystalline layer covering the entire cell surface (64). In B.
anthracis, S-layer protein is made of Sap and EA1, which are encoded by an operon of two
genes, sap and eag (65). S-layer proteins in many species have important roles in growth and
survival, maintenance of cell integrity, and the interaction with the host and its immune system
(66). For example in B. anthracis, S-layer protein has adhesin activity, to associate with BslA
protein and binds to HeLa cells (67). In Bacillus coagulans, the crystalline layer formed by S-
layer protein is a permeability barrier (68). Many glycosylated S-layer proteins have been
discovered in numerous bacterial, S-layer in Bacillus also has glycoprotein component such as

rhamnan and diaminouronic acid (69).

1.2.2 Surface structure

In the vegetative state, Bacillus species has two surface apparatus to facilitate movement:
flagella and pili (See Fig. 1.1). Pili are thin protein filaments on the cell surface. In B. cereus or
B. anthracis vegetative cell, two precursor proteins, BcpA and BepB, assemble pili, which is
assisted by a pilus-associated sortase enzyme (70,71). In some Gram-negative bacteria such as
Neisseria meningitides, the pilus is a key virulence factor as being the major adhesion,
contributing to specificity for the human host recognition (72). The structure of pili in Neisseria
was well characterized, revealing that these structures are glycosylated post-translationally with

an O-linked trisaccharide, Gal(p1-4)Gal(al-3)2,4-diacetimido-2,4,6-trideoxyhexose (73).



However, whether pili are glycosylated or involved in virulence in Bacillus strains remains
unknown.

Flagella, another important surface structure, have more complex structure. They
facilitate two forms of active movement of bacteria, swimming and swarming motility (74,75).
Swimming is exhibited by single cells with short flagellated rods, whereas swarming is a
collective movement of swarm cells with flagellum that is three to four times longer, and also
forty times more flagellated than single swimming cells (76). The structure of flagella includes
three architectural domains: the basal body, which is embedded in the cell envelope; the hook,
which is a flexible joint connected to the basal body; and the filament, which acts as a helical
propeller. The filament consists of a repeating protein monomer called flagellin. Flagellin is a
globular protein monomer that stacks helically in the form of a hollow cylinder to build the
filament of the flagellum (34,77,78). The N- and C-terminal sequences of flagellin are somehow
highly conserved across bacterial species including Gram-negative Helicobacter and Gram-
positive Bacillus; however the central regions of those species have a highly variable length as
well as amino acid composition (79). Several studies have shown that flagella are essential for
motility, adhesion, host interactions, and secretion during many of the life stages of Gram-
negative bacteria (80,81).

In some Gram-negative bacteria, flagellin is glycosylated (82,83). In Campylobacter spp.
and Helicobacter pylori, the central domain of flagellin is post-translationally modified by the
addition of pseudaminic acid (5,7-bis(acetylamino)-3,5,7,9-tetradeoxy-L-glycero- a -L-manno-2-
nonulopyranosonic acid, Pse) (84,85) that are O-linked to serine or threonine residues (86). Our
understanding of flagellin glycosylation in bacillus is minimal. Studies of Gram-positive Bacillus

sp. PS3 flagellin have shown that it is O-glycosylated and no N-linked glycan was detected from



PNGase F digest (87,88), although the sugar involved in this modification was not identified.
Recently we have found that in B. thuringiensis israelensis the flagellin is glycosylated with Pse
as well, however, the role of Pse in Bacillus is unclear. In Gram-negative bacteria, mutants
lacking Pse glycosylation of flagellin are affected in both their motility and their ability to infect
their host (89,90). However, it is not clear why the loss of Pse give rises to immobility and
reduces infectivity, specifically when flagellin of a large family Enterobacteriaceae is not
glycosylated (82,83), including mobile and infectious strains Salmonella and Escherichia coli. 1t
is also unclear if glycosylation of flagellin is required for flagella assembly, for quality control,
for protection against host proteolytic enzymes, to avoid host immune surveillance, or to be

recognized by host receptors.

1.3 Sporulation and Spore Structure

1.3.1 Sporulation

Common to members of the B. cereus group is the formation of endospores. In an
adaptive response to nutritional stress, vegetative cells divide asymmetrically resulting in two
genetically identical cells with different cell fates (91-93). The mother cell lyses upon the
completion of sporulation to release mature spores, which are highly resilient to heat and
chemicals and have the ability to survive for long duration (94). Oxygen is also needed for
sporulation in many species including B. anthracis (95), B. thuringiensis (96) and more recently
B. cereus (97). This could be used as a constraint to control sporulation, which has important
application for epidemiology in pathogenic strains. Although many studies have been performed
on spores and sporulation of B. cereus, most sporulation studies were focusing on Bacillus

subtilis due to complete genome accessibility and easy handling (98). Here I will provide a brief
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overview of different stages of sporulation and the molecular mechanisms behind the initiation

of sporulation processes. This knowledge was obtained mainly from studies of B. subtilis.

(mmumtlon Mothu cell lysis
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FIGURE 1.2. Tllustration of morphological landmarks of sporulation in Bacillus subtilis. (Figure modified based on
reference (91)). Stage I, chromosome condensation; stage 11, asymmetry cell division into mother cell and forespore
compartments; stage I1I, engulfment of forespore by mother cell; stage IV, formation of cortex; stage V, formation
of spore coat; stage VI, maturation of forespore; stage VII, mother cell lysis and mature spore release. Mature spore
is able to germinate to vegetative cell, and undergo sporulation starting back from stage I.

A simplified diagram in Fig. 1.2 illustrates the morphological landmarks of sporulation
represented in Bacillus subtilis (91). Before stage I, chromosomes are replicated, but no obvious
morphology is present. During stage I, chromosome starts to condense, followed by stage II
where the cell divides asymmetrically with the appearance of a polar septum. In stage III, the
mother cell engulfs the forespore by curving the polar septum to swallow the forespore. After
engulfment, the forespore is bound by the double membrane to form an oval organelle inside the

mother cell cytosol. Next in stage IV and V, cortex and spore coat are assembled on the outside
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of the forespore, respectively. Then during stage VI, the forespore matures, which becomes more
homogeneous, and electron-dense. Meanwhile, cortical peptidoglycan also continues to be
synthesized or modified. In the final stage VII, the mother cell lyses releasing the mature, largely

dormant spore into the environment (91,99-101).
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FIGURE 1.3. Network of the different genetics pathways related to sporulation and biofilm in Bacillus
subtilis. (Figure modified based on reference (102))

The transition of Bacillus from vegetative growth to sporulation is largely controlled by
the master transcriptional regulator SpoOA, which also regulates biofilm formation (Fig. 1.3)
(103). When cells are under stresses, five autophosphorylating histidine kinases (KinA-KinE)
respond to the environmental changes, leading to the activation of downstream
phosphotransferases SpoOF and SpoOB to phosphorylate SpoOA to an active form (referred to as

‘Spo0A~P’) (99,104,105). The specific environmental cue and the molecular ligand that activate
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those histidine kinases remain elusive. Other histidine kinases and phosphatases including RapA,
B, E and H, and SpoOE together counter-balance the production of Spo0A~P, to determine the
timing of sporulation initiation (106). The ratio of SpoOA~P versus non- phosphorylated Spo0A
is also tightly regulated to shift between different life forms: Higher levels of SpoOA~P promote
sporulation whereas lower levels of SpoOA~P result in biofilm formation through a promotion of
matrix production (103,107).

The sporulation is driven by a cascade of compartment-specific sigma factors. After
asymmetric division, several Spoll proteins are activated leading to the activation of the first
sporulation-specific sigma factor, SigF (99,108). SigF is also a forespore-specific sigma factor,
although the mechanism behind the forespore-specific activation of SigF is not well known.
Similar to SigF, The next sporulation-specific sigma factor in the cascade is SigE. SigE is
produced as a pro-SigE precursor specifically in the mother cell compartment prior to
asymmetric division under the control of SpoOA~P (109). It is matured by the process of
SpollGA protease and the mature form of SigE then allows the transcription of the SigE regulon,
which includes genes necessary for engulfment (110). At the end of engulfment where the
forespore is a free floating cell in the mother cell cytosol, a channel between the mother cell and
forespore formed by SpollAA-SpollIAH and SpollQ proteins under the control of SigE and SigF
respectively (111). The mother cell is able to nurture the forespore through the transfer of what
are likely small molecules that enable the forespore to continue expressing genes necessary for
sporulation (112). At this time, the forespore-specific SigG is activated under the transcriptional
control of SigF and is dependent on the arrival of metabolites delivered from the mother cell
(99). The activation of SigG leads to the activation of the SigK, which is specific in the mother

cell (113). Similar to SigE, SigK is produced as an inactive pro-SigK protein then matured by
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the cleavage of SpolVFB (114,115). Followed by the completion of engulfment, forespore will

be matured through the cortex and coat assembly and released from the mother cell (99,116).

1.3.2 Spores structure and known glycan

Bacterial spores are one of the most resilient cell types in nature and are able to survive
under both controlled laboratory conditions and natural environment for several decades (117-
119). Spores in Bacillus have a very different structure than vegetative cells. In. Bacillus
anthracis for example, starting from the inside and proceeding outward the spore layers include
the central core, inner membrane, germ cell wall, cortex, out membrane, coats, and exosporium
(120) (See Fig. 1.4). The germ cell wall will become the peptidoglycan layer of the outgrowing
cell after germination, and the cortex will participate in the maintenance of the dehydrated state
of the spore (121). Lastly, the spore coat, which consists of at least 70 proteins, is synthesized in
the mother cell and assembled around the forespore to protect the bacterial genome from stresses
(121,122). The exosporium component protein BclA, for example, is produced in the mother cell

and subsequently assembled on the developing spore (123,124).
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FIGURE 1.4. Illustration of spore structure in Bacillus anthracis (Figure modified based on reference

(116)).
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Several of these structures of spores are composed of glycans, including cortex, germ cell
wall, and exosporium. Both cortex and germ cell wall lying under the cortex consist of
peptidoglycan. Although the exact detailed peptidoglycan structure of spores are still unknown,
the germ cell wall was suggested to have a structure similar to the peptidoglycan of vegetative
cells whereas cortex peptidoglycan has several spore-specific modifications, including the
presence of the modified sugar muramic-delta-lactam and a low level of peptide cross-links
between the glycan strands (125). Muramic-delta-lactam serves as a specificity factor for spore
germination lytic enzymes and the cross-linking of spore peptidoglycan has an influence on the
rate of spore germination and outgrowth (125). The peptidoglycan layer of the cortex is essential
for the formation of a dormant spore and the degradation of this peptidoglycan during spore
germination is also important for spore core expansion and subsequent outgrowth (126,127).

Unlike B. subtilis, in some species of the Bacillus cereus group, an additional spore’s
outermost structure exists. This structure, called exosporium, surrounds the spore coat layer and
is a loose-fitting, balloon-like structure. Exosporium structure exists in strains belonging to both
Bacillus anthracis and Bacillus cereus but not observed in the B. subtilis spores, except for one
strain isolated from the human gastrointestinal tract (128,129). The exosporium is made of
proteins, some of which are modified by glycan structures, i.e. glycoproteins (130-135). Among
the exosporium glycoproteins, ExsH and the collagen-like protein, BclA were characterized
(136,137). These two glycoproteins in Bacillus species have different sugar composition and
glycosylation pattern and it was suggested that this might facilitate specific recognition of
different cell receptors (138). ExsH contains O-linked glycan including GalNH,, GIcNH,, Rha,
and 3-Me-Rha sugar residues, but lacks sugar modifications common to BclA including 2-Me-

Rha and 2,4-Me-Rha residues (137).

15



In addition, the nature of the glycan(s) attached to the different domain of BclA
structural features also varies. In B. anthracis, BclA is decorated at the collagen-like regions with
two short O-glycans: 3-O-Me-Rha(al-2)Rha(al-3)GalNAc-ol and Ant(B1-3)Rha(al—
3)Rha(al-2)Rha(al-3)GalNAc-ol with an unusual N-acylated monosaccharide in the terminal
non-reducing position, named anthrose (136). The C-terminal domain of BclA from B. cereus is
glycosylated with 2-O-methyl-rhamnose and 2,4-O-methyl-rhamnose sugar residues (139).

In Bacillus anthracis, it was shown that the BclA protein plays a central role in
pathogenesis because it promotes interaction of spores with the host phagocytic cell, and BclA
was also proposed to facilitate transport of the spores to sites of spore germination and bacterial
growth (140,141). Although the contribution of the glycan moiety on these biological roles of
BclA is not fully understood, it is noteworthy that the Rha derivatives in B. anthracis are
involved in specific recognition of the macrophage receptor CD14 (141,142). We cannot rule out
the possibility that the Rha along with two unique terminal sugar residues on BclA protein are

also involved in similar host recognition mechanism.

1.4 Exopolysaccharide and Role in Biofilm Formation

Bacillus and other bacteria in nature are rarely single planktonic cells (143). It has
become more evident that bacteria function and grow within a population called biofilm
(10,102,144). Biofilm is defined in B. subtilis as communities of tightly associated bacteria
encased in an extracellular matrix (102) and is often attached to a surface. Recent deep
transcriptomic analyses of B. cereus proposed that a single Bacillus strain in biofilm consists of
at least 6 or more cell types, including vegetative, non-flagellated and flagellated-motile cells,
‘cannibal cell’, sporulating cells and mature spores (145-147). Biofilm formation in B. subtilis

begins with the differentiation from short, motile cells with flagella to long chains of non-motile
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cells. These non-motile cells adhere to each other and the surface by secreting an extracellular
matrix (148-150), which is essential to the integrity of the biofilm as it holds the community
together (151-153). Upon the maturing of biofilm, the community contains not only the matrix
producers, but also motile cells, sporulating cells, and spores (102). In laboratory conditions,
biofilms have a limited life span and they eventually disassemble to release spores from the
matrix giving them the potential to dispersal and germination upon favorable conditions
(102,154).

Bacterial biofilms, in general, require special attention for the food industry, as they can
be a source of persistent contamination leading to food spoilage and to the transmission of
diseases (155). Indeed, Bacillus cereus cells embedded in the biofilm are more protected against
sanitizers (156,157). In bacterial species that were studied, biofilm provides means for the
bacterial cell to attach and adhere to a variety of surfaces (both natural and man-made)
(158,159). In Staphylococcus and Pseudomonas, it was suggested that cells embedded in biofilm
promote the survival of bacteria by forming a niche where bacteria can evade recognition by the
host immune system (160,161); however, less is known regarding the myriad roles of biofilm in
Bacillus cereus group. Biofilms form an extracellular polymeric matrix that is comprised of
exopolysaccharides (EPS), proteins, lipids, and nucleic acids (102,144). A rigid biofilm structure
from the motile model bacterium, B. subtilis, has extremely liquid and gas repellent properties;
and mutation in EPS result poor-developed biofilm suggesting the involvement of EPS on
biofilm formation (162). Below I will provide a brief overview of the molecular mechanisms
behind the production of the extracellular polymeric matrix in Bacillus subtilis biofilm

formation.
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The major EPS required for biofilm are synthesized by the products of the epsA4-epsO
operon (102,149,163), which consists of sixteen genes (149). Another unlinked gene ybxB is also
characterized as essential for biofilm formation (164); as the result, based on the current
knowledge in B. subtilis, both yhxB and epsA-O operon are essential for the production of EPS
and biofilms (164). The protein components required for the biofilm are encoded by tapA-sipW-
tasA operon (165). Both epsd-epsO and tapA-sipW-tasA operons are repressed by a master
regulator SinR (Fig. 1.3). At lower levels of SpoOA~P, Sinl, which is a SinR antirepressor,
becomes activated and forms Sinl-SinR protein-protein complex causing SinR-mediated
repression (166), thus both matrix operons are activated to produce the extracellular polymeric
matrix for biofilm formation. SinR is produced in all cells but is only inactivated by Sinl in a
fraction of cells, thus only a subpopulation of cells secretes extracellular polymeric matrix
(167,168). On the other hand, at higher levels of SpoOA~P, Sinl is repressed to suppress the
biofilm formation cascade and promotes the sporulation process (99). Another matrix gene
repressor AbrB is also repressed by SpoOA~P (169). Like SinR, AbrB represses both the epsA-
epsO and tapA-sipW-tasA operons (163,170-173). The presence of two very similar SpoOA-
regulated repressors, SinR and AbrB could suggest tight regulation of biofilm formation by
coordinating expression of all of the matrix genes.

As EPS is essential in biofilm formation, it is also involved in many biological roles
including the formation of pellicles and surface structures in B. subtilis (164); adherence to
variety of surfaces in many species (158,159), physical scaffolding for bacterial cells by
maintaining the integrity of biofilm three-dimensional structure, and roles on virulence for

pathogenic strains (174).
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Different types of EPS have been categorized depending on the location. EPS captured
inside the biofilm has a role in constructive, adherence one cell to another, or absorptive aspect.
But EPS secreted outside the biofilm may have a role in attachment or detachment (surfactant) of
cells to the substratum (175-178). In some Gram-negative bacteria such as Pseudomonas
aeruginosa, EPS plays important roles in structure maintenance and antibiotic resistance of
biofilm, for instance, Psl, Pel and even virulence factor such as alginate (175-178). It is also
worth noticing that some EPS has a function of inducing macrophage activation probably due to
the binding of macrophage mannose receptors (179). The structure of some of these important
EPS is well characterized. Psl consists of a repeating pentasaccharide containing D-mannose, D-
glucose, and L-rhamnose (180); Alginate is a random linear polymer of variably acetylated 1,4-
linked B-D-mannuronic acid and its C5 epimer a-L-guluronic acid (181); levan is composed of -
D-fructans with extensive and irregular branching (182). The structure of Pel still remains
unknown (183), although the locus contains genes involved in the biosynthesis and transport for
these polysaccharides are well characterized (180,184). The EPS in Gram-positive Bacillus
species remains largely uncharacterized and the current knowledge regarding such EPS is mainly
based on the study in B. subtilis. Although B. subtilis EPS and the genes encoding its formation
were extensively studied, the structure still remains elusive (152). A report of EPS in B. cereus
ARI156 strain showed that the EPS could be involved in induced systemic response (ISR) to the
colonization on Arabidopsis, suggesting more biological roles of EPS are yet to discovered
(185). My work in this dissertation shows the existence of novel EPS produced by Bacillus
cereus group. It contains rare sugar composition XyINAc, and the chemical structure is fully

characterized, as well as the operon involved in the biosynthesis of the nucleotide sugar
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precursors. The biological role of the EPS is not fully addressed however evidence suggests that

this EPS may be involved in spore movement, adherence, and detachment.

Before I started my Ph.D. work, the lab has discovered an operon called XNAC operon,
which produces two uncommon nucleotide sugars UDP-XyINAc and UDP-GIcNAc. And the
operon is conserved only in Bacillus cereus sensu lato species. However, where these sugars are
located in Bacillus was not identified, neither the full structure of the glycan containing these two
sugars. We hypothesized that the molecule containing these sugars has profound roles in Bacillus
survival in the host environment, yet no evidence was built to support it. My research started by
locating the molecule containing XyINAc and GIcNAcA in the extracellular matrix of Bacillus
thuringiensis and Bacillus cereus species. The structure of this molecular, which is called pzX,
was fully characterized by NMR and GC-MS and the biological roles of pzX were also tested to
be surfactant and anti-aggregant during sporulation. Studies of mutations in genes of XNAC
operon also proved that the formation of pzX is the result of this operon. While this work was
progressing, | also found that a unique sugar, pseudaminic acid is decorating the flagellin
protein, located on the flagella apparatus in Bacillus thuringiensis. A seven-gene operon called
PSE operon involved in the formation of the nucleotide precursor of pseudaminic acid was
subsequently characterized. Lastly, while pursuing the studies of Bacillus spores, I identified two
additional uncommon sugars, 3-C-methyl-6-deoxy hexoses, decorating the spores of Bacillus
cereus. The structures of these two sugars and the operon producing these sugars, C3CM operon,
were fully characterized. Mutation study in C3CM operon was carried out to prove that the 3-C-
methyl-6-deoxy hexoses glycosylation of spores requires this operon and the mutant in C3CM

operon had faster germination rate compared to the wild type.
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In the next three chapters, my research which was focused on the discovery of novel

glycans in various Bacillus species among the B. cereus group and their biosynthetic pathway of

nucleotide sugar precursors will be presented. In chapter 2, 1 will show the pseudaminic acid

glycosylation of flagellin in B. thuringiensis and biosynthetic pathway of CMP-pseudaminic acid.

In chapter 3, I will show the discovery of a novel exopolysaccharide with rare sugar XyINAc and

its role in spore movement and attachment in B. cereus group species. And in chapter 3, I will

show the biosynthetic pathway of two CDP-3-C-methyl-6-deoxy sugars involved in the

formation of surface glycans on B. cereus spores.
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CHAPTER 2
PEN AND PAL ARE NUCLEOTIDE-SUGAR-DEHYDRATASES THAT CONVERT
UDP-GLCNAC TO UDP-6-DEOXY-D-GLCNAC-5,6-ENE AND THEN TO UDP-4-
KETO-6-DEOXY-L-ALTNAC FOR CMP-PSEUDAMINIC ACID SYNTHESIS IN

BACILLUS THURINGIENSIS'

: Li, Z., Hwang, S., Ericson, J., Bowler, K., and Bar-Peled, M. 2015. The Journal of biological chemistry.
290, 691-704.
Reprinted here with permission of the publisher.
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2.1 Abstract

CMP-pseudaminic acid is a precursor required for the O-glycosylation of flagellin in
some pathogenic Gram-negative bacteria, a process known to be critical in bacterial motility and
infection. However, little is known about flagellin glycosylation in Gram-positive bacteria. Here,
we identified and functionally characterized an operon, named Bti_pse, in Bacillus thuringiensis
israelensis ATCC 35646, which encodes seven different enzymes that together convert UDP-
GIcNAc to CMP-pseudaminic acid. In contrast, Gram-negative bacteria complete this reaction
with six enzymes. The first enzyme, which we named Pen, converts UDP-D-GIcNAc to an
uncommon UDP-sugar, UDP-6-deoxy-D-GlcNAc-5,6-ene. Pen contains strongly bound NADP"
and has distinct UDP-GIcNAc 4-oxidase, 5,6-dehydratase, and 4-reductase activities. The second
enzyme, which we named Pal, converts UDP-6-deoxy-D-GIcNAc-5,6-ene to UDP-4-keto-6-
deoxy-L-AltNAc. Pal is NAD -dependent and has distinct UDP-6-deoxy-D-GlcNAc-5,6-ene 4-
oxidase, 5,6-reductase, and 5-epimerase activities. We also show here using NMR spectroscopy
and mass spectrometry that in B. thuringiensis, the enzymatic product of Pen and Pal, UDP-4-
keto-6-deoxy-L-AltNAc, is converted to CMP-pseudaminic acid by the sequential activities of a
C4”-transaminase (Pam), a 4-N-acetyltransferase (Pdi), a UDP-hydrolase (Phy), an enzyme (Ppa)
that adds phosphoenolpyruvate to form pseudaminic acid, and finally a cytidylyltransferase that
condenses CTP to generate CMP-pseudaminic acid. Knowledge of the distinct dehydratase-like
enzymes Pen and Pal and their role in CMP-pseudaminic acid biosynthesis in Gram-positive
bacteria provides a foundation to investigate the role of pseudaminic acid and flagellin

glycosylation in Bacillus and their involvement in bacterial motility and pathogenicity.
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2.2 Introduction

Bacillus thuringiensis is a gram-positive bacterium which has been isolated from diverse
habitats including soil, water, dusts, plants, cadavers and the intestines of insects (1-5). B.
thuringiensis belongs to the Bacillus cereus group, which includes the two most notably
pathogens: B. cereus and B. anthracis, the causal agents of food poisoning and anthrax,
respectively (6). Members of this group have similar genetic backgrounds, but are distinguished
by their host specificities and their pathogenicity (7). For example, B. thuringiensis is
characterized by its ability to form crystalline proteins (Bt-toxin) that are lethal to many insects
(8). Indeed, B. thuringiensis is used widely to control agricultural pests including Lepidoptera,
Diptera, and Coleoptera sp. (9) and may also have a role in controlling Anopheles gambiae, the
principal vector of malaria (10)

B. thuringiensis as well as other Bacillus species are known to exist in the gut microflora
of numerous insects (11,12). In this environment, some of these bacteria lose their flagella and
become attached to the insects intestinal epithelium (13). Recent cell biology studies have
identified B. thuringiensis israelensis flagellum structures (7); and genomic analyses revealed
that the bacterium has all of the protein components required to make flagellum and promote
motility (14-16). Nevertheless, the role of flagellum structures in Bacillus and its involvement in
delivering the Bt toxin to the insect gut, or in pathogenicity, remains to be determined.

Flagellin, one of the proteins of the flagellum apparatus, is a globular protein monomer
that stacks helically in the form of a hollow cylinder to build the filament of the flagellum (17-
19). Studies of Bacillus sp. PS3 flagellin have shown that it is O-glycosylated, although the sugar

involved in this modification was not identified (20). The results of preliminary studies in our
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laboratory’ have indicated that in B. thuringiensis israclensis the flagellin is glycosylated with a
sugar residue with a mass consistent with a diacetylamino-tetradeoxy-nonulosonic acid.

Several studies have shown that flagella are essential for motility, adhesion, host
interactions, and secretion during many of the life stages of Gram-negative bacteria (21,22). In
Campylobacter spp. and Helicobacter pylori, the central domain of flagellin is post-
translationally modified by the addition of pseudaminic acid (5,7-diacetamido-3,5,7,9-
tetradeoxy-L-glycero-o-L-manno-2-nonulopyranosonic acid, Pse*) (23,24) that are O-linked to
serine or threonine residues (25). Mutants lacking glycosylated flagellin are affected in both their
motility and their ability to infect their host (26).

Interest in the function of Pse in Gram-negative bacteria led to the identification of a
biosynthetic pathway, named pse, where CMP-pseudaminic acid (CMP-Pse) is formed from
UDP-GIcNAc (27-29). This pathway involves six enzymes (Fig. 2.1A): A single bifunctional
4,6-dehydratase/5-epimerase (PseB) converts UDP-D-GIcNAc to UDP-4-keto-6-deoxy-L-
AltNAc, which is then aminated at C4” and N-acetylated to form UDP-2,4,6-trideoxy-2,4-NAc-
L-altrose. UDP is cleaved from the sugar and pyruvate is added to form Pse. Pse is then activated
by the addition of CMP to form CMP-Pse. By contrast, little is known about CMP-Pse formation

in Gram-positive bacteria.
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FIGURE 2.1. The proposed biosynthetic pathway of CMP-Pse in the Gram-positive strain Bacillus thuringiensis
israelensis ATCC 35646 (Bti) requires seven proteins, while six are needed in Gram-negative, C. jejuni. Panel A. In
the C. jejuni pathway, a single enzyme PseB converts UDP-2-deoxy-2-acetoamido-D-glucose, UDP-D-GlcNAc, to
UDP-4-keto-6-deoxy-L-AltNAc. In the B. thuringiensis pathway, two enzymes are needed. First, Pen converts
UDP-GIcNAc with enzyme-bound NAD to UDP-6-deoxy-D-GlcNAc-5,6-ene, then Pal converts it to UDP-4-keto-
6-deoxy-L-AltNAc. From this point, both pathways carry out similar enzymatic reactions (although the amino-acid
sequence for each specific enzyme is not conserved between species, Table 2.1) leading to the final product of
CMP-Pse. Panel B. Organization of the seven-genes pse operon and flanking regions in B. thuringiensis israelensis
ATCC 35646. The locus number for each enzyme-encoding gene in the operon is shown.

Here, we report the identification of the B. thuringiensis pse operon and the functional
characterization of the enzyme cluster that converts UDP-GIcNAc to CMP-Pse. Seven enzymes
are required for the conversion of UDP-GIcNAc to CMP-Pse in B. thuringiensis (Fig. 2.1B),

unlike Gram-negative bacteria that complete this reaction with six enzymes. Two dehydratase-
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like activities, which we named Pen and Pal, initiate the Pse pathway in B. thuringiensis. We
used a combination of NMR spectroscopy and mass spectrometry to show that Pen converts
UDP-D-GIcNAc to  UDP-2-acetamido-6-deoxy-a-D-xylo-hexopyranose-5,6-ene  (herein
abbreviated UDP-6-deoxy-D-GIcNAc-5,6-ene) and that Pal converts UDP-6-deoxy-D-GIcNAc-
5,6-ene to UDP-2-acetamido-2,6-dideoxy-p-L-arabino-hex-4-ulose (herein abbreviated UDP-4-
keto-6-deoxy-L-AltNAc). Only one enzyme, PseB, is required to convert UDP-D-GIcNAc to
UDP-4-keto-6-deoxy-L-AltNAc in Gram-negative bacteria. The identification of Pen and Pal
and the CMP-Pse biosynthetic pathway in B. thuringiensis provides a basis for determining the

biological role of Pse in flagellin glycosylation in gram-positive bacterium.

2.3 Experimental Procedure

2.3.1 Strains and culture conditions:

The Bacillus thuringiensis israelensis ATCC 35646 used in this study was stored in 16%
glycerol at -80 °C, streaked onto agar medium, and grown for 18 h at 30 °C. The media (agar or
liquid) used were Luria Bertani (LB) (10 g/L tryptone, 5 g/L yeast extract, 10 g/L. NaCl) and LB-
Lennox (10 g/L peptone, 10 g/L NaCl, 5 g/L yeast extract). Escherichia coli DH10B cells were

used for cloning and Rosetta2(DE3)pLysS (Novagen) cells were used to express protein.

2.3.2 Cloning genes of the pse operon:

A single colony of B. thuringiensis growing on LB-Lennox agar was suspended in 50 pl
sterile water, heated for 5 min at 95 °C and then centrifuged (10,000 x g, 30 sec). A portion of
the supernatant (5 pl) was used as the source of DNA to amplify each specific gene by PCR.
Each primer was designed to include a 15-nucleotide extension with exact sequence homology to

the cloning site of the target plasmid at the 5 end. This facilitated cloning between the Ncol and
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Hind III sites of pET28a (Novagen) and pET28 Tev (30), and the BamHI and AflII sites of
pCDFDuet-1 (Novagen). The individual genes (rbth 04253, rbth 04254, rbth 04255,
rbth_04256, rbth_04257, rbth_04258, and rbth_04259) were PCR-amplified using high fidelity
Pyrococcus DNA polymerase (0.4 U Phusion Hot Start II; ThermoScientific) and included
buffer, ANTPs (0.4 ul 10 mM), B. thuringiensis DNA template (5 pl), PCR primer sets (1 pl each
of 10 uM) in a 20 pl reaction volume. The PCR conditions were a 98 °C denaturation cycle for
30 sec followed by 25 X cycles [8 sec denaturation at 98 °C, 25 sec annealing at 54 °C, and 20
sec elongation at 72 °C] and 4 °C. Similar PCR reaction was used to amplify the expression
plasmid using specific inverse-PCR primer sets. pET28a was amplified with primer set ZL089
(5’-catggtatatctccttcttaaagtt aaac-3’) and ZL090 (5’-aagcttgeggecgeactcgagecac cacc-37).
rbth 04254, rbth_ 04256, rbth_ 04257, and rbth 04259 were amplified with primer sets ZL275

(5°-gaaggagatataccatgaaaa tattagtaactggtggtgcag-3’) and Z1.276 (5’-gtgcggcece

gcaagcttctctttctccttaggattaatttttaaag-3°), 71421 (5°-
gaaggagatataccatggtgttattaaaattgcaaaaccaaaaatt g-3%) and 71422 (5°-
gtgcggcecgceaagctttaatatcgtttet ctatttaactcatc-3’), 71418 (5’-gaaggagatataccatgctt

gagaaaaaaattgcectttcg-3’) and ZL419 (5’-gtgcggecg caagctttcctectaaaatattttttgetattte-3), Z1L277
(5’-aggagatataccatgaaggtgaaaaaaatgagtaatgtatatatcg-3’) and Z1.278 (5’-
gtgcggccgcaagcettaattaaatcccatg aaacaggeg-3’), respectively. pET28b-Tev was amplified with
primer sets ZL169 (5’-catggcgecct gaaaatacaggttttcgee-3’) and ZL170 (5-tagggatccct
agggtaccctageggecge-3’). rbth 04255 was amplified with primer sets ZL281 (5’-tttcagggcgec
atggtaaggggaatcctcggtatge-3’) and ZL282 (5°-ccctagggatccctaatttttagcaactctataaaacgaaagaac-3’).
pCDFDuet-1 was amplified with primers ZL269 (5’-cggatcctggctgtggtgatgatg-3’) and ZL270

(5’-taatgcttaagtcgaacagaaagtaatcg-3’) and genes rbth 04253 and rbth 04258 were amplified by
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primer sets ZL271 (5’-cacagccaggatccgttttttaaa gataaaaatgttttaattattgg-3’), ZL272 (5°-
tcgacttaagca ttatattttctcccctcctgttaatage-3) and Z1.273 (5’-caca
gccaggatccgttagatattgaggattttcaattgg-3”), and set 71274 (5°-
tcgacttaagcattactcatttttttcaccttcaagttc-3’), respectively. After PCR, portions (2 pl each) of the
amplified vector and insert were mixed, and treated for 15 min at 37 °C with 0.5 U FastDigest
Dpnl (ThermoScientific), and then transformed into DH10B (LifeTechnologies) competent cells.
Positive clones were selected on LB agar containing either kanamycin (50 pg/ml, for pET vector)
or spectinomycin (50 pg/ml, for pCDF vector). Clones were verified by PCR and DNA
sequencing. Plasmids harboring specific genes were sequenced and the DNA sequences were
deposited in Genbank (with respective accession numbers KM433664 and KM433665). The
resulting recombinant plasmids are: pCDF:Hisgrbth 04253 yielding N-terminal His¢-tagged Pen,;
pET28a:rbth  04254His¢ yielding C-terminal Pal; pET28b:Hise-Tev-rbth 04255 yielding N-
terminal Hise-tag followed by Tev-protease and Pam; pET28a:rbth 04256Hise yielding C-
terminal Hise-tagged Pcp; pET28a:rbth 04257Hise yielding C-terminal Hise-tagged Phy;
pCDF:Hisegrbth 04258 yielding N-terminal Hiss-tagged Pdi; and pET28a:rbth 04259His
yielding C-terminal Hise-tagged Ppa. Plasmids were extracted by PureLink Quick Plasmid
Miniprep Kit (Invitrogen) and transformed into Rosetta2(DE3)pLysS competent cells for

recombinant protein expression.

2.3.3 His¢-tagged protein expression and purification:

Rosetta2(DE3)pLysS strains harboring expression plasmids were grown at 37 °C and 250
rpm in 250 ml LB supplemented with chloramphenicol (35 pg/ml) and kanamycin (50 pg/ml) for
the pET28a and pET28b vectors, or with chloramphenicol (35 pg/ml) and spectinomycin (50

ug/ml) for the pCDF vector. Gene expression was induced when cell ODgg reached 0.6, by
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adding 0.5 mM isopropyl-1-thio-b-D-galactopyranoside (IPTG). After induction, cells were
grown for 18 h at 18 °C and 250 rpm and then harvested by centrifugation (6,000 x g) for 10 min
at 4 °C. The cell pellets were washed with water and then suspended in 10 ml lysis buffer (50
mM Tris-HCI, pH 7.4, 10% (v/v) glycerol, ImM EDTA, 2 mM DTT, and 0.5 mM PMSF). Cells
were lysed by sonication (31) and after centrifugation (6,000 x g for 15 min at 4 °C), the
supernatant was supplemented with | mM DTT and 0.5 mM PMSF and re-centrifuged at 20,000
g for 30 minutes at 4 °C. An aliquot (5 ml) of the supernatant was applied to a Ni-Sepharose fast-
flow column (GE Healthcare Life Sciences, Piscataway, NJ, USA; 2 mL of resin packed in a
polypropylene column; inner diameter 1 cm X 15 cm). Each column was pre-equilibrated with
buffer A (50 mM Tris-HCI, pH 8, 10% (v/v) glycerol, 100 mM NaCl). The column was washed
with 30 ml of buffer A containing 20 mM imidazole and then with 10 ml of buffer A containing
40 mM imidazole. His-tagged proteins were eluted with 5 ml of buffer A containing 250 mM
imidazole. The eluates containing these proteins were divided into small aliquots, flash frozen in
liquid nitrogen, and kept at -80 °C. The concentration of each protein was determined (32) from
the Assonm (With epsilon () = 14,200 cm™ M for Hisgrbth 04253, € = 40,120 cm™ M for
rbth_04254Hise). Proteins were separated by SDS-12.5% PAGE and visualized by staining with

Coomassie blue.

2.3.4 Enzyme reactions:

The activity of recombinant Hise¢rbth 04253 (refer herein as Pen) was examined by
HILIC-HPLC with UV or electrospray ionization-mass spectrometry (ESI-MS) detection, and by
time-resolved '"H NMR spectroscopy. For HPLC-based assays, the total reaction volume was 50
ul and included 50 mM Tris-HCI pH 7.6, 1 mM UDP-GIcNAc, and about 1.5 pg of purified Pen.

Reactions were proceed for 1 h at 30 °C, followed by enzyme inactivation (95 °C for 2 min) and
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extraction with 50 pl chloroform (30). An aliquot (20 pl) of the upper aqueous layer was
removed and mixed with acetonitrile (40 pl) and 0.5M ammonium-acetate pH 5.3 (2 ul). A
portion (20-ul) was analyzed using HILIC chromatography coupled to a ESI-MS/MS mass
spectrometer or a UV diode array detector. ESI-MS/MS was performed using a Shimadzu LC-
MS/MS IT-TOF MS system operating in the negative ion mode with a Nexera UFPLC LC-30AD
pump, autosampler (Sil30), and column heater (set to 37 °C). HPLC with UV detection was
carried out with an Agilent 1260 pump system equipped with an autosampler, column heater (set
at 37 °C), and diode array detector (Azsinm). Enzyme reactions were separated on an Accucore
150-amid HILIC column (150 x 4.6 mm, 2.6 um particle size, ThermoScientific) using 40 mM
ammonium-acetate pH 4.3 (solvent A) and acetonitrile (solvent B). The column was equilibrated
at 0.4 ml/min with 25% A and 75% B prior to sample injection (20 pl). Following injection, the
HPLC conditions were: 0-1 min, 0.4 ml/min with 25% A/75%B then a gradient to 50% A and
50% B over 24 min. The flow rate was then increased to 0.6 ml/min with a gradient to 25% A
and 75% B over 5 min. The column was then washed for 5 min with 25%A/75%B prior to the
next injection. HPLC peaks of enzymatic reaction products detected by their A¢inm (max for
UDP-sugars) were collected, lyophilized, and suspended in D,O (99.9%) for NMR analysis or in
H,0 for MS/MS analysis.

The activity of recombinant rbth (04254Hise (herein refer as Pal) was examined by
HILIC-HPLC-UV, ESI-MS and time-resolved proton NMR. The 50 ul HPLC-based assays
included 50 mM Tris-HCI1 pH 7.6, about 1 mM of the product (purified by HILIC) formed by
Pen and 8.5 pg of purified Pal. The reaction was proceeded for 1 h at 30 °C, followed by

inactivation (95 °C for 2 min) and chloroform extraction.
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NMR-based Pen assays in a total volume of 180 ul were performed in a mixture of 90 ul
D,0 and 90 pl H,O containing 50 mM Tris-HCI pH 7.6, 1 mM UDP-GIcNAc, 0.1 mM DSS,
(2,2-dimethyl-2-silapentane-5-sulfonate that served as NMR reference) and ~3 ug of purified
Pen. The reaction mixture was transferred to a 3-mm tube and time-resolved 'H NMR spectra
then obtained for up to 2 h at 30 °C using a Varian DirectDrive 600-MHz spectrometer equipped
with a cryogenic probe. Data was acquired before the addition of the enzyme at time zero (to).
After adding the enzyme, data acquisition was started after ~5 min in to provide sufficient time
to optimize magnet shimming. Sequential one-dimensional proton spectra (32 scans each) with
presaturation of the water resonance were acquired over the course of the enzymatic reaction. All
NMR spectra were referenced to the resonance of DSS set at 0.00 ppm.

NMR-based Pal assays in a total volume of 180 ul were performed in 90 pl D,O and 90
pl H>O containing 50 mM Tris-HCI pH 7.6, ~1 mM of the product formed by Pen, 0.1 mM DSS,

and about 17 pg of purified Pal. Time-resolved 'H NMR acquisition was as described above.

2.3.5 Kinetic studies:

The linear dependence of enzyme concentration with respect to initial velocity was
established by changing the protein concentration and maintaining the substrates at constant
concentration. Km values were determined using regression analysis (non-linear) with Prism
software from plots of initial velocities versus varied substrate concentrations (10, 20, 40, 60, 80,

100, 150, 300 and 500 pM UDP-GIcNAc).

2.3.6 Gel filtration assays:
Purified Pen or Pal protein (in volume of 300 pl) was mixed with 50 uM UDP-GIcNAc
and chromatographed on a Superdex 75 column (1 cm i.d. x 30 cm, GE) at a flow rate of 0.5

ml/min, using 50 mM Tris-HCI] pH 8, 150 mM NaCl buffer. Peaks observed at 215 nm were
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collected and assayed for enzyme activity. The column was calibrated using a molecular mass

standard (BioRad).

2.3.7 Determination of Pen and Pal enzyme-bound co-factors:

Purified Pen (600 pl of 0.63 mg/ml) and purified Pal (1.2 ml of 1.62 mg/ml) were heated
for 5 min at 95 °C and then centrifuged at 14,000 x g for 1 min. The supernatant was collected
and concentrated to 100 pl using a Speed-Vac (Savant SC110). A 30-ul aliquot was analyzed by
HILIC-ESI-MS/MS for the detection of NAD" or NADP'. Both positive mode and negative

mode were used with 25% CID energy for MS/MS fragmentation.

2.3.8 NMR spectroscopy used to characterize product structures:

The HPLC peak corresponding to the enzymatic product of Pen was collected,
lyophilized, dissolved in D,O (99.9%), and analyzed by 2D NMR. Proton chemical shifts were
assigned by a COrrelation SpectroscopY (COSY) experiment and verified by a TOtal Correlation
SpectroscopY (TOCSY) experiment. Protonated carbon chemical shifts as well as multiplicities
were determined by a multiplicity-edited Heteronuclear Single Quantum Coherence (HSQC)
experiment. The chemical shift of non-protonated carbon C5” was assigned by a Heteronuclear
Multiple Bond Correlation (HMBC) experiment.

To characterize the structure of the products formed by Pal the reaction assay of Pal was
extracted with chloroform and the aqueous phase chromatographed on a Q15 anion-exchange
column as described (33). The peak corresponding to the product was collected, lyophilized,

suspended in 99.9% D,0, and analyzed by COSY, TOCSY, HSQC, and HMBC experiments.

2.3.9 LC-MS/MS analysis:

Reaction products were chromatographed on a HILIC column using a Shimadzu CBM-
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20A HPLC system equipped with an autosampler, coupled to a Shimadzu LCMS-IT-TOF ESI,
mass spectrometer operated in the negative mode. The HILIC chromatography conditions were
the same as the HPLC conditions used for the enzymatic reaction section described above.
Enzyme products were identified based on their retention time, the mass of their parent ion and

their mass spectral fragmentation pattern.
2.4 Results

2.4.1 CMP-pseudaminic acid operon in B. thuringiensis consists of seven genes.

We first performed a BLAST search using amino acid sequences of known bacterial
enzymes involved in CMP-Pse formation in order to identify B. thuringiensis genes that may
have a role in CMP-Pse formation. The BLAST approach however, identified several misleading
gene targets. For example, the first enzyme in the pseudaminic acid pathway in Helicobacter
pylori is a bi-functional UDP-GIcNAc 4,6-dehydratase/5-epimerase (PseB) that forms, UDP-4-
keto-6-deoxy-L-AltNAc. PseB has 46% amino acid sequence similarity (e-value 3e™) to
rbth_05809 of B thuringiensis israelensis ATCC 35646 and to bc3750 of Bacillus cereus ATCC
14579. However, bc3750 was found not to encode a 5-inverting 4,6-dehydratase activity®.
rbth_04253, (i.e. Pen) has a 40% amino acid sequence similarity to PseB (e-value 7¢ see
Table 2.1). Adjacent to the Pen is rbth 04254 (Pal), annotated as a dehydratase (Fig. 2.1B) and
has a low sequence identity to PseB (24% see, Table 2.1). rbth 04255 (Pam), which has low
(35%; e-value of 8¢”’") amino acid identity with the functional aminotransferase PseC from H.
pylori, follows the two annotated dehydratases. rbth 04258 (Pdi), has low amino acid identity
(30%; e-value of 4e'") to the functional N-acetyltransferase PseH; whereas rbth 04257 (Phy)
has only 26% amino acid identity (e-value of 3¢™) to H. pylori PseG; rbth_04259 (Ppa) shares

sequence identity (41%; e-value of le™) to H. pylori pseudaminic acid synthase Psel, and
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rbth 04256 (Pcp) protein that shares very low sequence identity (29%; e-value 0.001) to
functional pseudaminic acid cytidylytransferase PseF from Campyloribacter jejuni, while no
similarity was detected compared to H. pylori PseF (see Table 2.1).

TABLE 2.1. Amino acid sequence similarity between various proteins involved in the synthesis of CMP-
pseudaminic acid. Comparison of pse metabolic proteins between B. thuringiensis (Bti), C. jejuni and
H.pylori

Bti pse C.jejuni 81-176 E-value Identity Function in Bti
. 69 UDP-GIcNAc 4-oxidase/5,6-

rbth 04253 Pen  ¢j1293 PseB 2e 37% dehydratase/4-reductase
UDP-6-deoxy-D-GIcNAc-5,6-ene

rbth_04254 Pal ¢j1293 PseB 4™ 24% 4-oxidase/5,6-reductase/5-
epimerase

rbth_ 04255 Pam  ¢j1294 PseC 4¢7" 39% C4” aminotransferase

rbth_ 04258 Pdi ¢j1313 PseH 1e” 22% C4” N-acetyltransferase

rbth_04257 Phy  ¢j1312 PseG 6e’ 31% UDP-sugar hydrolase

rbth 04259 Ppa  ¢jl1317 Psel 4™ 45% Pse synthase

rbth 04256 Pcp  ¢jl1311 PseF 0.001 29% CMP-Pse synthase

Bti pse H.Pylori 26695 E-value Identity Function in Bti

7 UDP-GIcNAc 4-oxidase/5,6-

rbth_04253 Pen  hp0840 PseB Te 40% dehydratase/4-reductase
UDP-6-deoxy-D-GIcNAc-5,6-ene

rbth_04254 Pal hp0840 PseB 5¢ 22% 4-oxidase/5,6-reductase/5-
epimerase

rbth_04255 Pam  hp0366 PseC 8e™! 35% C4” aminotransferase

rbth_ 04258 Pdi hp0327 PseH 4e! 30% C4” acetyltransferase

rbth_04257 Phy  hp0326b PseG 3e” 26% UDP hydrolase

rbth_04259 Ppa  hp0178 Psel le™ 41% Pse synthase

rbth 04256 Pcp  hp0326a PseF No similarity CMP-Pse synthase

Although the encoded proteins in this B. thuringiensis operon share an overall low amino
acid sequence identity to known functional genes involved in CMP-Pse synthesis, we decided to
clone and characterize these proteins since sugar (Pse) modification of flagella proteins have not
been reported previously in Bacillus. Below, we describe that seven enzymes are required to
form CMP-Pse from UDP-GIcNAc in B. thuringiensis (Fig. 2.1B), unlike Gram-negative

bacteria that complete this reaction with six enzymes (27).
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2.4.2 Biochemical characterization of CMP-pseudaminic acid operon in B. thuringiensis.
Each of the seven predicted Pse pathway genes were cloned from B. thuringiensis and
expressed in E. coli as recombinant Hises-tagged proteins. Each protein was purified over a
nickel-affinity column. Individual protein bands for recombinant Pen (40 kDa,); Pal (37.1 kDa);
Pam (47.6 kDa); Pcp (39.5 kDa); Phy (42.8 kDa); Pdi (24 kDa); Ppa (40.7 kDa) were detected by
SDS-PAGE (Fig. 2.2A). The ability of the recombinant enzymes to catalyze the various steps in
the formation of CMP-Pse was then tested. As UDP-GIcNAc is the only commercially available
substrate, we used the product formed by one enzyme as the substrate for the next enzyme. For
example, recombinant Pen and Pal proteins were reacted with UDP-GIcNAc and the product was
then used as the substrate for Pam, the putative L-Glu:C4”-transaminase. The UDP-4-amino-
sugar formed together with Acetyl-CoA was the substrate for Pdi, an Acetyl-CoA:C4”-N-
acetyltransferase. The resulting product (UDP-2.4,6-trideoxy-2,4-diNAc-L-altrose) then served
as the substrate for the UDP-sugar hydrolase Phy whose reaction product, along with
phosphoenolpyruvate (PEP) and Ppa, led to Pse. In the final reaction, Pse was reacted with CTP
and recombinant Pcp to generate CMP-Pse (structure shown in Fig. 2.2B). The progression of

each reaction was monitored by LC-MS based assays.
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FIGURE 2.2. Purification of the seven B. thuringiensis israelensis ATCC 35646 (Bti) recombinant enzymes and
their involvement in the biosynthesis of CMP-pseudaminic acid (CMP-Pse). Panel A. SDS-PAGE analysis of each
of the Bti CMP-Pse biosynthetic enzymes after nickel column purification. Protein standards are shown on the left in
kDa. Lane 1, Pen (40 kDa,); lane2, Pal (37.1 kDa); lane3, Pam (47.6 kDa); lane4, Pcp (39.5 kDa); lane5, Phy (42.8
kDa); lane 6, Pdi (24 kDa); lane7, Ppa (40.7 kDa). Panel B. 'H and *C NMR spectroscopic analyses of the peak
eluted from HILIC column at 11 min gives a product with chemical shift corresponding to CMP-Pse. The structure
of CMP-Pse is shown (also see Table 2.2). Panel C. LC-MS analysis of the final biochemical step converting CTP +
Pse to CMP-Pse, as determined after separation of reaction product by HILIC column. The peaks with [M-H] ions at
m/z 638.1 and 333.1, respectively corresponding to the predicted mass of CMP-Pse and Pse. Panel D. MS/MS
analysis at collision energy 25% of parent ion 638 (CMP-Pse) gives a predicted ion fragments of Pse-phosphate (m/z
413) and CMP (322). The structure of CMP-Pse is shown.

HILIC-ESI-MS analysis of the products of the final enzymatic step (Fig. 2.2C) gave two
peaks with retention times of 8.2 min and 11.2 min and [M-H] at m/z 333.12 and 638.16,
respectively. These two values suggest a mass for 9-carbon sugar and its nucleotide-derivative
CMP-diacetylamino-tetradeoxy-nonulosonic acid, respectively. NMR analysis (Table 2.2)
established that the peak eluting at 11.2 min is indeed CMP-5,7-diacetamido-3,5,7,9-tetradeoxy-
L-glycero-a-L-manno-2-nonulopyranosonic acid (CMP-Pse). The enzymatic product is not
CMP-legionaminic acid (CMP-Leg), or other CMP-9-carbon sugars such as CMP-Leg 4- and 8-
epimers, as the coupling constant between H5” and H6” (1.5 Hz) is small, (expected for CMP-
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Pse) and not large (10.3 Hz) (expected for CMP-Leg). Fragmentation of the ion at m/z 638.16
gave two ions with m/z 322.04 and 413.08, (Fig. 2.2D) corresponding to CMP and pseudaminic
acid-1-phosphate, respectively and is consistent with the presence of CMP-Pse. Like-wise the
peak eluting at 8.2 min (Fig. 2.2C) with [M-H] at m/z 333.12 is Pse.

TABLE 2.2 NMR data for the sugar moiety of CMP-Pse, product C, H, F
CMP-pseudaminic acid

Chemical Chemical
H shift (ppm) °C shift (ppm) Jun (Hz)
H3” 1.59 C3” 36.7 J3ax3eq (13.5)
J3ax 4 (12.3)
H3”¢q 2.20 C3” 36.7 J3eq,4(4.6)
H4” 4.22 c4” 64.5 J15(4.2)
HS5” 4.26 Cs5” 49.5 J56(1.7)
H6” 4.28 Cc6” 73.4 J67(10)
H7” 4.01 c7 54.5 J75(4.8)
H8” 4.10 Cc8” 69.4 Jg0(6.4)
H9” 1.18 c9” 17.9
5”"NAc-CHj; 1.98 5”NAc-CH; 22.6
5”NAc-NH 8.49
7"NAc-CH; 1.95 7"NAc-CH; 22.7
7"NAc-NH 8.04
C: UDP-6-deoxy-D-GlcNAc-5,6-ene
Chemical Chemical
H shift (ppm) °C shift (ppm) Jun (Hz)
H1” 5.56 c1” 94.23 Jip (7.6)
H2” 4.18 c2” 53.25 Ji2(3.1)
H3” 3.71 C3” 70.87 J23(9.9)
H4” 4.09 Cc4” 71.15 J34(9.5)
C5” 154.93 Ja6a(2.1)
H6,” 4.89 Cc6” 97.55 Jaep(2.1)
H6,” 4.87 Joasb (1.8)
2”NAc-CH; 2.07 2”NAc-CH; 22.56
2”NAc-NH 8.36 2”NAc-C=0 175.03
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H: UDP-4-keto-6-deoxy-L-AltNAc-hydrated

Chemical Chemical
1 shift (ppm) ) shift (ppm) Jun (H2)
H1” 5.56 Cc1” 97.00 Jip (8.5)
H2” 4.25 c2” 55.36 J12(3.0)
H3” 3.91 C3” 71.96 J23(8.0)
Cc4” 95.93
H5” 4.06 C5” 78.44
H6” 1.37 Cc6” 18.43 J56(6.9)
F: UDP-4-keto-6-deoxy-D-GlcNAc-hydrated
Chemical Chemical
1 shift (ppm) ) shift (ppm) Jun (Hz)
H1” 5.45 C1” 94.20 J1p(6.9)
H2” 4.10 c2» 52.32 J12(3.5)
H3” 3.82 C3” 71.37 Jas(11)
H5” 4.12 Cs” 69.76
H6” 1.24 Co6” 11.31 J56(6.2)

We conclude that the seven-gene cluster between rbth 04253-04259 in B. thuringiensis
israelensis ATCC 35646 encodes all the enzymes required to convert UDP-GIcNAc to CMP-Pse
(see Fig. 2.1A). Thus we called this operon the Bti Pse operon. Since the initial steps of the
reaction involve two uncharacterized dehydrate-like enzyme activities, we fully characterized the

activities of Pen and Pal.

2.4.3 Characterization of a unique UDP-sugar: UDP-6-deoxy-D-GIcNAc-5,6-ene formed by
Pen, a UDP-GIcNAc 4-oxidase/5,6-dehydratse/4-reductase.

Our early analysis indicated that in B. thuringiensis, two dehydratase-like proteins are
required to initiate conversion of UDP-GIcNAc to a product that can be used for CMP-Pse
formation. We therefore studied these two enzymes in more detail. Purified recombinant Pen
(Hisg rbth_04253) was reacted with UDP-GIcNAc and the products formed were analyzed by
HILIC HPLC with UV detection. A new peak with a retention time of 14.5 min (Fig. 2.3A) was

detected; a negative control reaction gave no new product. The peak was collected and examined
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by ESI-MS and MS/MS. The negative ion mode mass spectrum contained an ion [M-H] at m/z
588.06 (Fig. 2.3B). MS/MS analysis of this ion gave two fragments at m/z 323 and 403
consistent with UMP and UDP, respectively, suggesting that the product was a UDP-sugar. The
neutral loss of 18 amu suggested the UDP-GIcNAc product lacks the mass of water, implying
that Pen is a dehydratase. However, further analysis of the enzyme product demonstrated that the
enzyme is not a ‘regular’ 4,6-dehydratase since no UDP-4-keto-sugar product was detected.
Time-resolved 'H-NMR of the reaction showed the conversion of UDP-GIcNAc to a new
product (labeled C) with a quartet of signals at 5.56 ppm (Fig. 2.3C and see zoom below). We
also observed that this product lacks signals for a C6-methyl and a C4-keto sugar. Most known
4,6-dehydratases form a 4-keto sugar with C6-methyl group (i.e UDP-4-keto-6-deoxy-sugar).
Moreover, there was a new signal with a chemical shift of 4.09 ppm, which likely arose from the
proton linked to C4” of the UDP-sugar. This suggested that Pen is a 4-oxidase/5,6-
dehydratase/4-reductase and forms a product that has a double bond between C5” and C6” (i.e.
5,6-ene). A detailed explanation of the elucidation of the structure of this product is provided

below.
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FIGURE 2.3. Analyses of UDP-6-deoxy-D-GIcNAc-5,6-ene, the enzymatic product of Pen by UV-HPLC, Mass
spectrometry, and time-resolved 'H NMR. Panel A. Purified Pen was reacted with UDP-GIcNAc, (mid-panel) to
yield a new UV-peak “C”, marked by an arrow. The top UV-chromatogram trace in panel A corresponds to the
standard of UDP-GIcNAc, and the lower is negative control showing incubation of irrelevant purified protein with
UDP-GIcNAc. The peak C (eluting from HILIC-column at 14.6 min) was collected and characterized by NMR (see
Fig. 2.5 and Table 2.2). Panel B shows that the enzymatic product C gives a [M-H] ion at m/z 588.1 corresponding
to UDP-6-deoxy-D-GlcNAc-5,6-ene. Panel C. Time-resolved '"H NMR showing Pen-enzymatic conversion of UDP-
GlcNAc (G) to UDP-6-deoxy-D-GIcNAc-5,6-ene (C). The selected chemical shift regions of the proton NMR
spectrum that are diagnostic for the H-1” anomeric protons of enzymatic reactant and product is shown between

5.44 and 5.64 ppm, and the diagnostic H-4” peak of Pen-product C is shown between 4.18 and 3.98 ppm. A 3 X
zoom of the boxed regions is shown below in panel C.

2.4.4 NMR characterization of UDP-6-deoxy-D-GlcNAc-5,6-ene.
Since the structure of the product from the Pen reaction could not be determined from the

MS or time-resolved NMR experiments, the peak that eluted from the HILIC column at 14.5 min

51



was collected and fully characterized by 1D and 2D-NMR spectroscopy. The one-dimensional
proton NMR spectrum (Fig. 2.4) indicated that the product was UDP-2-acetamido-6-deoxy-a-D-
xylo-hexopyranose-5,6-ene (abbr. UDP-6-deoxy-D-GIcNAc-5,6-ene). Proton and carbon
chemical shifts and proton coupling constants of the sugar moiety are listed in Table 2.2. The
coupling constant between H1” and H2” was small (3.1 Hz), indicating an a-linkage to the
phosphate of UDP. The coupling constant between H1” and the phosphorous of the diphosphate
was 7.6 Hz, which is consistent with a D sugar. The coupling constants between H2” and H3”
(9.9 Hz), along with H3”” and H4” (9.5 Hz) confirmed that the sugar had the gluco configuration.
The H2” chemical shift at 4.18 ppm and the methyl proton resonance of the N-acetyl group
(2”NAc) at 1.96 ppm are consistent with an acetamido moiety at the C2”. Two very diagnostic
signal peaks for the C6”-methylene protons of product UDP-6-deoxy-D-GlcNAc-5,6-ene, were
identified at 4.87 and 4.89 ppm. These peaks were assigned to H6a” and H6b” of the 5,6-ene
moiety of the product. A COSY experiment showed the correlation of protons that were two and
three bonds apart (Fig. 2.5A). Surprisingly connectivity between H4” and H6” was also observed
in this experiment, even though a correlation between protons that are four bonds apart is
typically not observed (34). Proton chemical shifts were assigned and verified by a TOCSY
experiment (Fig. 2.5B). Protonated carbon chemical shifts, as well as multiplicities, were
established by an HSQC experiment (Fig. 2.5C). The signal of C6” gave reverse phase from C1”,
C2”, C3”, and C4”. This suggested that protons at the 6” position are methylene protons (-CHj-)
while other protons in the sugar moiety are methine protons (-CH-). The chemical shift of non-
protonated carbon C5” was assigned by a HMBC experiment (Fig. 2.5D), and the connectivity of

C5” to H1”, H4” and H6” were observed in the spectrum. These results, when taken together,

52



provide evidence that Pen is a UDP-GIcNAc 4-oxidase/5,6-dehydratase/4-reductase that converts

UDP-GIcNAc to UDP-6-deoxy-D-GIcNAc-5,6-ene.
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FIGURE 2.4. One-dimensional proton NMR spectrum of Pen-enzymatic product: UDP-6-deoxy-D-GIcNAc-5,6-ene.
This provides evidence that the dehydratase is a UDP-GIcNAc 4-oxidase/5,6-dehydratase/4-reductase. Panel A.
Ilustration of UDP-6-deoxy-D-GlcNAc-5,6-ene. The protons (H) and carbons (C) are labeled with a number where
the sugar pyranose ring is labeled as “C”; ribose is labeled as “R”; and uracil is labeled as “U”. Panel B. 'H NMR
spectrum of UDP-6-deoxy-D-GIcNAc-5,6-ene (selective signals are labeled). Spectrum was cropped to fit the
window. Contaminant signals are labeled for H,O signal (*) and glycerol (**).
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FIGURE 2.5. Two-dimensional NMR characterization of UDP-6-deoxy-D-GIcNAc-5,6-ene derived by enzymatic
reaction of Pen with UDP-GIcNAc. Panel A: COSY experiment showing the connectivity between protons in the
sugar ring moiety that are two to three bonds apart. Specifically note the connection between protons H4” and H6”.
Panel B: TOCSY experiment showing the connectivity of H1” and H6” to all the other protons in the sugar ring.
Note the connection of H6” to all the other 4 protons: H1”, H2”, H3” and H4”. Panel C: HSQC experiment showing
the "°C and 'H chemical shift of all protonated carbons in the sugar moiety. Note the phase of each CH group
indicating 6” belongs to CH, group while others belong to CH group. Panel D. HMBC experiment showing the
connectivity of carbon to protons that are two to three bonds away, specifically the connection of C5” to H1”, H4”
and H6”. Note the signal of C5” was aliased so the actual chemical shift is 154.93 ppm.

2.4.5 Pal, encodes UDP-6-deoxy-D-GIcNAc-5,6-ene 4-oxidase/5,6-reductase/S-epimerase,

that converts UDP-6-deoxy-D-GlcNAc-5,6-ene to UDP-4-keto-6-deoxy-L-AltNAc.

We have provided evidence that Pen is a UDP-GIcNAc 4-oxidase/5,6-dehydratase/4-

reductase. We now describe the function of Pal, the second enzyme encoded by the pse operon of

B. thuringiensis. The UDP-6-deoxy-D-GIcNAc-5,6-ene formed by recombinant Pen was purified
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by HPLC and used as a substrate for recombinant Pal. Two products (labeled K and H in Fig.
2.6A) eluted from HILIC column as a broad UV,4; peak between 15-17 min and a retention time
of ~16.5 min. A negative enzymatic reaction containing unrelated Hise-tagged purified enzyme
yielded no product. For initial characterization of the products (K, H), the broad peak was
collected and analyzed by ESI-MS and MS/MS. Two ions at m/z 588.01 and 606.03 (Fig. 2.6B)
were detected. Interestingly, the new UDP-sugar product (K) has a mass identical to UDP-6-
deoxy-D-GIcNAc-5,6-ene. Their different elution times (16.5 versus 15.5 min, respectively,)
suggest that the product and substrate are chemically different. MS/MS analysis of each parent
ion gave two ion fragments having m/z 323 and 403 values that are consistent with UMP and
UDP, respectively. This indicated that the products were UDP-sugars.

To gain further insight into Pal-enzyme activity we monitored the reaction by time-
resolved '"H-NMR (Fig. 2.6C). Two products with a quartet of signals at 5.74 ppm and 5.555
ppm in the anomeric region of the NMR spectrum appeared over the reaction time. The anomeric
signal at 5.555 ppm (see 60 min time point) was clear but overlapped at early reaction time
points (5-30 min) with the anomeric signal of the substrate, UDP-6-deoxy-D-GIcNAc-5,6-ene
(labeled C, H-17), at 5.56 ppm. The H-4” proton signal of the substrate (labeled C, H-4")
decreased over time while the amounts of product depicted by other proton signals (labeled H
and K) increased. Two signals appeared at the 6-deoxy region around 1.55 ppm and 1.37 ppm.
These signals correspond to C6-methyl protons (H-6") of product K [UDP-2-acetamido-2,6-
dideoxy-p-L-arabino-hex-4-ulose (abbr. UDP-4-keto-6-deoxy-L-AltNAc)] and H (hydrated form
of K), sugar moiety, respectively. Proton and carbon chemical shifts and proton coupling

constants of H are listed in Table 2.2.

55



Figure 6

>
oe

) 606.029
HPLC purified 588.013
Pen Product C: =
UDP-6-deoxy-D- g
GlcNAc-5,6-ene =
L)
500 550 600 650 700

Pal Reaction

ﬁ H-1” H-1”
<« K-i'H 60 i\ M
e 30 M
Negative Control Time 15 M
(min) 10 M
5 M
0 M
7 C ¥ C
V/— . y H-1" p H-4" /
10 ' 15 575 5.65 5.55 545 4.20 4.10 4.00 3.90 150 1.40 1.30 1.20
Time (min) Chemical Shift (ppm)

FIGURE 2.6. Analyses of UDP-4-keto-6-deoxy-L-AltNAc, the enzymatic product of Pal by UV-HPLC, mass
spectrometry, and time-resolved 'H NMR. Panel A. Purified Pal was reacted with UDP-6-deoxy-D-GlcNAc-5,6-ene
(“C”, the purified enzymatic product of Pen) to yield at least two new UV-broad HPLC peaks labeled “K”, “H” and
marked by arrows. The top HPLC-trace in Panel A corresponds to purified product “C” standard, and the bottom
trace is the negative control: an assay of purified irrelevant protein with “C”. The K and H peaks (eluted from HILIC
column at 16 min) were collected and characterized by NMR (see Table 2.2). Panel B. MS analysis in negative
mode gives two [M-H] ions at m/z 588.1 and 606.0 corresponding to two forms of UDP-4-keto-6-deoxy-L-AltNAc:
4-keto and its hydrated forms, respectively. Panel C. Time-resolved '"H NMR showing Pal-enzymatic conversion of
UDP-6-deoxy-D-GlcNAc-5,6-ene (C) to UDP-4-keto-6-deoxy-L-AltNAc. As the reaction proceeds, two molecular
species are produced: a 4-keto form and a 4-keto-hydrated form of UDP-4-keto-6-deoxy-L-AltNAc. The selected
chemical shift region of the proton NMR spectrum that corresponds to the H-1" anomeric proton of enzymatic
reactant and product is shown between 5.80 and 5.40 ppm. Note the H-4” peak of the substrate (“C”) shown at 4.09
ppm is converted to new product K and H (the 4-keto and its hydrated form). The far right Panel (between 1.60 and
1.30 ppm) shows the methyl groups (H-6) belonging to the hydrated (H) and the keto (K) forms of the product
UDP-4-keto-6-deoxy-L-AltNAc.

2.4.6 Pen and Pal together produce UDP-4-keto-6-deoxy-D-GlcNAc and UDP-4-keto-6-
deoxy-L-AltNAc.
Another interesting aspect of these two Bacillus enzymes was the formation of an

additional product when the enzymes were incubated together rather than in a sequential manner
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(see illustration in Fig. 2.8). When Pen and Pal were combined and incubated with UDP-
GlcNAc an additional product was formed besides K and H. We used "H NMR spectroscopy to
monitor the reaction of recombinant enzymes with the substrate, UDP-GIcNAc, over 8 h to
determine the nature of this new product (Fig. 2.7A, labeled F). Two signals at 5.74 ppm and
5.555 ppm corresponding to the anomeric protons of K and H appeared within 1 h and started to
disappear after 3 h. Similarly, two signals at 1.55 ppm and 1.37 ppm corresponding to the 6-
deoxy protons of K and H also disappeared after 3 h. A new signal at 5.47 ppm developed
gradually over the 8 h period as did a signal at 1.24 ppm. We have assigned these signals to the
anomeric proton and H6” of the sugar moiety of UDP-2-acetamido-2,6-dideoxy-a-D-xylo-hex-4-
ulose (abbr. UDP-4-keto-6-deoxy-D-GIcNAc, F), which is the 5-epimer of UDP-4-keto-6-deoxy-
L-AltNAc. UDP-4-keto-6-deoxy-D-GlcNAc was formed only when both Pen and Pal were added
to the reaction; it was not detected when the two enzymes were added sequentially (Fig. 2.7B).
To verify that UDP-4-keto-6-deoxy-D-GlcNAc was produced enzymatically, we reacted UDP-6-
deoxy-D-GIcNAc-5,6-ene with Pal for 8 h. No UDP-4-keto-6-deoxy-D-GIcNAc was formed.
Thus, UDP-4-keto-6-deoxy-D-GlcNAc is likely formed by an enzymatic reaction. The chemical
shift (Table 2.2) suggested that product F is the 4-keto hydrated form of UDP-4-keto-6-deoxy-D-

GIcNAc. A biosynthetic pathway for the Pen and Pal reactions is proposed (Fig. 2.8).
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FIGURE 2.7. Co-incubation of Pen and Pal with the UDP-GlcNAc (G) yields four molecular species as determined
by time-resolved 'H NMR. Panel A. When co-incubation reaction was carried out up to 8h, in addition to the keto
and hydrated forms of UDP-4-keto-6-deoxy-L-AltNAc, another predominant hydrated form of UDP-4-keto-6-
deoxy-D-GIcNAc was observed. The selected chemical shift region for the anomeric protons of reactant and product
is shown between 5.75 and 5.35 ppm, and the diagnostic H-6" peak of the dual enzyme final products “F” is shown
between 1.70 and 1.20 ppm. The peak annotated * belongs to a signal of Pal’s hydrated product (“H”) as an
intermediate; whereas the peaks annotated ** belongs to signal peaks of Pal’s keto product (“K”). Panel B. 2 h
reaction of the single enzyme Pal incubated with UDP-6-deoxy-D-GlcNAc-5,6-ene, showing only UDP-4-keto-6-
deoxy-L-AltNAc was produced but no UDP-4-keto-6-deoxy-D-GIcNAc.
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FIGURE 2.8. The two proposed biosynthesis pathways involving Pen and Pal. In a sequential reaction pathway,
Pen was incubated with UDP-GIcNAc and Pal was then added. In the co-incubation pathway, both enzymes Pen and
Pal were incubated together with UDP-GIcNAc. In the sequential reaction, UDP-GIcNAc (labeled as “G”) was
converted to UDP-6-deoxy-D-GIcNAc-5,6-ene (labeled as “C”) by Pen, followed by Pal converting C to keto and
hydrated forms of L-configured UDP-4-keto-6-deoxy-L-AltNAc (labeled as “K” and “H”). Note that products K and
H were able to undergo C4” transamination reaction by Pam leading to product A: UDP-4-amino-6-deoxy-L-
AltNAc. In the co-incubation pathway, UDP-GIcNAc was converted to a mixture of four products, including C, K,
H and a novel product F: a D-configured UDP-4-keto-6-deoxy-D-GIcNAc. After a long period of incubation the
product would be predominantly F, as the other products including C, K and H would be consumed. Note that
product F, UDP-4-keto-6-deoxy-D-GIcNAc, was not a substrate for Pam, hence Pam was unable to C4” transaminate
this D-configured UDP-sugar.

2.4.7 UDP-4-keto-6-deoxy-L-AltNAc is a substrate for the Pse metabolic enzyme. UDP-4-
keto-6-deoxy-D-GlcNAc is not a substrate.
The sequential activity of Pen and Pal results in the formation of UDP-4-keto-6-deoxy-L-

AltNAc, which is a substrate for next enzyme Pam in the Glu:C4”-aminotransferase reaction.
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However, the UDP-4-keto-6-deoxy-D-GIcNAc formed when the two enzymes are combined is
not a substrate for the transaminase. Thus, the 4-aminotransferase (Pam) is specific for the 5-

epimer-4-keto-sugar, UDP-4-keto-6-deoxy-L-AltNAc.

2.4.8 Enzymatic properties of Pen and Pal.

The pH and temperature dependent activity of Pen and Pal and kinetic data for these
enzymes is summarized in Table 2.3. Pen has its highest activity in phosphate buffer at pH 7.64;
however high activity was also observed in MOPS-NaOH pH 7.6, Tris-HCI1 pH 7.4, and with the
slight acidic condition in MES buffer at pH 6.85. The optimal temperature for Pen activity was at
37 °C; however the activities of Pen ranging from 30 °C to 50 °C were similar and varied by no
more than 10%. As for Pal, we were unable to separate the products from the substrates through
HILIC column. Consequently, we only measured the optimal pH and temperature for Pal by
comparing the peak reduction of the substrates.

Comparative analyses of the kinetics between PseB from C. jejuni and H. pylori (35,36)
with Pen from B. thuringiensis showed that Pen K, for UDP-GIcNAc has a similar affinity for
the substrate (Table 2.3). However, Pen turnover (kq./Km) was 209, which is much higher than
PseB, suggesting that the B. thuringiensis Pen converts UDP-GIcNAc into a product more
efficiently.

To determine if the 4-oxidase activities of Pen and Pal require NAD" or NADP", and to
address if Pen enzyme functions as a dimer or forms a functional complex with Pal, we
performed a series of experiments (Fig. 2.9) using size-exclusion chromatography on Superdex
75. The proteins were pre-incubated with and without substrate (UDP-GIcNAc). The proteins
were either loaded on the column individually or were loaded in a mix together. Protein peaks

were then collected and tested for activity and analyzed by SDS-PAGE. Pen eluted from the
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column in two peaks (peak a, b, Fig. 2.9A). One peak migrated as a protein of 31.9 kDa
(presumably a monomer) while the second peak eluted in the region for a protein with a mass of
about 192.8 kDa. The earlier peak (presumably a pentamer, a tetramer or a dimer of dimers) but
not the later peak had enzymatic activity when supplied with UDP-GIcNAc (Fig. 2.9B).
Conversely, Pal eluted from the column as a single peak (peak d, Fig. 2.9A), migrating 87.6 kDa
presumably as a dimer. This peak was only enzymatically active when supplemented with NAD"
(Fig. 2.9B). No Pal activity was obtained by adding NADP". Taken together we propose that Pal
activity involves the co-factor NAD" for oxidation/reduction cycle of the enzyme product. The
nature of the oligomeric state of Pen and Pal however, is speculative and the chromatographic

mobility could be influenced by the shape of the protein.

TABLE 2.3. Pen and Pal enzyme properties

Pen Pal PseB (C.j.)' | PseB (H.p.)’
Optimal pH’ 7.6 7.6 7.0 7.0
Optimal temperature (°C)* 37 30 42 37
K, (mM)’ 0.143+0.006 ND 0.050 0.159
Ve (MMs™) 15.01+£0.29 ND - -
Kear (min™) 30.02+0.58 ND 1.51 5.7
keat /K (MM 'min™) 209.9+12.9 ND 30.6 35.9
protein monomer (kDa)° 40 37.1 37.4 37.4

'Kinetic data of PseB in Campylobacter. jejuni from (35)

? Kinetic data of PseB in Helicobacter. pylori from (36)

* For Pen, optimal pH assays were determined using phosphate buffer in which Pen yielded highest
activity compared to MOPS-NaOH, Tris-HCI, and MES buffer. For Pal, optimal pH assays were
determined using Tris-HCI buffer.

* Optimal temperature assays were determined using Tris-HCI for both Pen and Pal.

> The reaction was determined by HPLC-UV after 5 min 30 °C incubation for Pen.

% The active forms of proteins eluted from size exclusion column were for Pen, 192.8 kDa and for Pal,
87.6 kDa, presumably suspected to be a tetrarmer and a dimer, respectively.
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FIGURE 2.9. The nature of the oligomeric state of Pen and Pal as estimated by size exclusion chromatography.
Panel A. Individual proteins (Pen or Pal) or combined proteins (Pen plus Pal), were incubated with UDP-GIcNAc on
ice prior to chromatography on Superdex-75 column. The UV,;5 chromatogram trace in the top panel is showing that
Pen migrates on Superdex75 in two molecular species: peak “a” and peak “b”. Only the peak “a” is enzymatically
active. Peak “c” is UDP-GIcNAc. The Mid-panel is showing that Pal migrated as single peak “d”. The bottom-panel
shows no apparent interaction between Pen and Pal during co-incubation with UDP-GIcNAc. The migration of
standard molecular weight proteins on the Superdex-75 column is indicated on top. Panel B. Each eluted protein
fraction (a, b, d, a’, b’, d’) and peak c, was visualized by SDS-PAGE. The last two lanes labeled as “Pen” and “Pal”
are controls: purified proteins before size exclusion chromatography. The detailed enzymatic activity of each eluted
protein shown below the SDS-PAGE gel was tested in the presence of NAD" and/or NADP". The “+” sign indicates
activity. It is not suggesting enhanced activity. Panel C. Different ratios of Pen, Pal enzymes and substrate UDP-
GlcNAc were mixed prior to chromatography on Superdex-75 column. No obvious Pen-Pal complex was formed.

We tested if Pen and Pal interacted with each other; however, gel filtration assays showed
when both enzymes were mixed together and chromatographed (Fig. 2.9A bottom panel) each
enzyme had the same elution pattern as the individual protein. Each peak was collected from the
column and resolved on SDS-PAGE (Fig. 2.9B). A single peptide band was observed, (compare
lanes a, b, d with a’, b’, d”). No difference in elution profiles were obtained by adding UDP-
GlcNAc or with UDP-GIcNAc + NAD' to the combined enzymes. In addition, when different

ratios of Pen, Pal and UDP-GIcNAc were chromatographed (Fig. 2.9C) the peak signal increase
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proportionally. Taking together, the results suggest that Pen and Pal do not form a complex
under this experimental setup.

No data indicating that Pen requires a cofactor for activity was obtained by size-exclusion
chromatography (Fig. 2.9B). Nevertheless, we suspected that this protein binds NAD" or NADP"
so tightly that it would only be released when denatured. Therefore, we heat-inactivated purified
Pen as well as Pal and examined the products released by LC-ESI-MS/MS. NADP" with [M+H]"
ion m/z at 743.9 and diagnostic MS/MS ion fragments (603.9, 621.9, 489.9, 409.9) were detected
when Pen was denatured (Fig. 2.10A), whereas NAD" with m/z at 664.0 (MS/MS 523.9, 541.9,
232.0, 427.9) was detected when Pal was denatured (Fig. 2.10B). The inability of the size-
exclusion column to separate bound-NADP" from Pen suggests a strong interaction between the
protein and its co-factor. By comparison to Pal, it is likely that within Pen-protein more amino-
acid residues are involved in hydrogen-bond connection between the co-factor and the enzyme.

Together these experiments provide evidence that NAD' is a co-factor required for the

oxidase/reductase activity of Pal-enzyme.
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FIGURE 2.10. Pen has an NAD" bound co-factor, and Pal is bound to NADP" as determined after heat inactivation
and mass spectrometry analyses. An aliquot of purified Pen or purified Pal was heat-treated, centrifuged,
concentrated, and a portion was chromatographed through HILIC column using LC-ESI-MS/MS. A major positive
ion at m/z 743.9 was eluted from HILIC column at 10.4 min for the denatured Pen sample. This m/z value
corresponding to parent ion NADP" and the diagnostic MS/MS ion fragment’s of NADP' is shown in Panel A. A
major positive ion at m/z 664.01 was eluted from HILIC column at 8.4 min for the denatured Pal sample. The latter
m/z values corresponding to NAD" and the MS/MS fragmentation is shown in Panel B. Std NAD" and NADP" were
separately chromatographed and analyzed by LC-ESI-MS/MS.

2.5 Discussion

We have identified an operon in B. thuringiensis israelensis ATCC 35646 (Fig. 2.1A, B)
which contains seven genes that encode enzymes involved in the conversion of UDP-GIcNAc to
CMP-Pse. The product of each enzymatic reaction, UDP-6-deoxy-D-GIcNAc-5,6-ene, UDP-4-
keto-6-deoxy-L-AltNAc, UDP-4-amino-4,6-dideoxy-N-acetyl-p-L-altrosamine (UDP-4-amino-6-
deoxy-L-AltNAc), UDP-2,4-diacetamido-2,4,6-trideoxy-p-L-altropyranose (UDP-2,4,6-trideoxy-
2,4-diNAc-L-altrose), 2,4-diacetamido-2.,4,6-trideoxy-p-L-altropyranose  (2,4,6-trideoxy-2,4-
diNAc-L-altrose), Pse, and CMP-Pse were characterized by LC-MS/MS and NMR spectroscopy.

B. thuringiensis is unusual as it uses two dehydratase-like enzymes to initiate the conversion of
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UDP-GIcNAc to UDP-4-keto-6-deoxy-L-AltNAc. The known functional PseB from the Gram-
negative bacteria uses only one enzyme to catalyze this reaction (27,37).

H. pylori and C. jejuni both have a single bi-functional 5-epimerase/4,6-dehydratase
(PseB) that converts UDP-GIcNAc to UDP-4-keto-6-deoxy-L-AltNAc. C. jejuni PseB
complexed with NADP" has been proposed to mediate the C4”oxidation of UDP-GIcNAc, which
is followed by series of enzyme-bound intermediates that include 4-keto, dehydration, NADPH-
mediated reduction of the ene-group, and a C5”-epimerization to yield UDP-4-keto-6-deoxy-L-
AltNAc (37). The two separate B. thuringiensis dehydratase-like activities produce the same end
product as PseB (Fig. 2.1A), but carry out this reaction differently. We propose that Pen oxidizes
C4” of UDP-GlcNAc via E:NADP" to form the C4”-keto intermediate (Fig. 2.11A). The same
enzyme then carries out a 5,6-dehydratase reaction to form the 5,6-ene moiety. E:NADPH then
performs a stereospecific C4”-keto reduction to give UDP-6-deoxy-D-GIcNAc-5,6-ene. What
elicits the Pen E:NADPH-mediated C4”-reduction rather than the C5”-C6”-reduction as is the
case in the ‘classical 4,6-dehydratase activity’ is not known. Amino-acid sequence comparison
shows that, interestingly, Pen has “10 extra” amino acids [aa 242-252] when compared with
PseB. We postulate that the extra sequence forms secondary structure that exists to either push
away the 5,6-ene moiety or transiently bind the 5,6-ene moiety in order to protect it from the
NADPH-reduction step. On the other hand, the extra 10 aa long peptide structure of Pen may
exist to facilitate a C4” specific reduction and maintain the same gluco-sugar ring configuration.
Taken together, we propose that Pen is a UDP-GIcNAc 4-oxidase/5,6-dehydratase/4-reductase.

We postulate that Pal catalyzes a NAD -mediated C4”-oxidiation to generate a UDP-4-
keto-GIcNAc-5,6-ene intermediate (Fig. 2.11B). Following this reaction, the hydride from

E:NADH is transferred to the C5”-C6”-ene moiety via the opposite face of the double bond
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leading to C5” reduction and C5” epimerization to give UDP-4-keto-6-deoxy-L-AltNAc. Hence
Pal is a UDP-6-deoxy-D-GIcNAc-5,6-ene 4-oxidase/S,6-reductase/S-epimerase. Interestingly, a
long co-incubation of Pen and Pal leads to the production of UDP-4-keto-6-deoxy-D-GlcNAc
(Fig. 2.7, 2.8). Thus, it is possible that Pal could mediate 5”-epimerization between UDP-4-keto-

6-deoxy-L-AltNAc and UDP-4-keto-6-deoxy-D-GIcNAc.

Figure 11
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FIGURE 2.11. The proposed enzyme reaction intermediates involved in the conversion of UDP-GIcNAc to UDP-6-
deoxy-D-GlcNAc-5,6-ene; and the proposed intermediates in the conversion to UDP-4-keto-6-deoxy-L-AltNAc.
Panel A. Pen is predicted to first carry out a NADP'-dependent C4”-oxidation to form a 4-keto-intermediate.
Subsequently, dehydration at C5”-C6” forms an enone intermediate (5,6-ene moiety). This is followed by NADPH-
mediated specific reduction at C4” to form a product of the same gluco-configuration and the release of a product
with a double-bond along C5”=C6”, UDP-6-deoxy-D-GlcNAc-5,6-ene. Hence, we abbreviated the Pen-activities as
UDP-GlcNAc 4-oxidase/5,6-dehydratase/4-reductase. Panel B. Pal is predicted to first carry out a NAD-dependent
C4”-oxidation forming an UDP-4-keto-intermediate. Subsequently, we assume that C5”=C6” undergoes reduction
followed by C5” epimerization leading to the production of UDP-4-keto-6-deoxy-L-AltNAc. In solution, the product
UDP-4-keto-6-deoxy-L-AltNAc is found predominantly in its hydrated form. We abbreviated the Pal-activities as
UDP-GIcNAc 4-oxidase/5,6-reductase/5-epimerase.

Pal shares low amino-acid sequence identity to the dTDP-Glc 4,6-dehydratse from
Bacillus Anthracis Str. Ames. However, Pal is not acting on various NDP-sugars that were tested
including UDP-GIcNAc, UDP-GalNAc, and UDP-Glc. Pal shares even lower amino acid

sequence identity to PseB and is unable to act on UDP-GIcNAc. Insight into the amino-acid
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residues involved in the catalytic activities of Pen and Pal will require the use of site-directed
mutagenesis in combination with a description of the enzymes’ three-dimensional structures.

In B. thuringiensis two-enzymes are required to generate the UDP-4-keto-6-deoxy-L-
AltNAc. This reaction also generates UDP-6-deoxy-D-GlcNAc-5,6-ene. It is not known if the
UDP-GIcNAc derivative participates in other metabolic pathways. Interestingly, UDP-6-deoxy-
D-GIcNAc-5,6-ene is an intermediate formed by TunA during the synthesis of tunicamycin by
Streptomyces species (38). Whether or not an analogues pathway exists in B. thuringiensis
remains unknown. Although the TunA enzyme structure was solved (38), very low amino-
sequence similarity (24% and e-value 0.004) exists between the Pen and the TunA protein,
suggesting these genes are evolutionary not related and perhaps arose from different ancestral
genes. With regards to Pal, we are currently unaware of another single activity identical to this
enzyme.

Our kinetics data (kcat/Km) for Pen suggested that it converts UDP-GIcNAc into product
more efficiently (Table 2.3) compared with TunA and PseB (27,38). However, the product itself
inhibited the Pen forward reaction. This resulted in a maximum ~ 10% conversion of substrate to
product. Pal, however, rapidly converts the 5,6-ene to the 4-keto derivative and thereby
facilitates almost full conversion of UDP-GIcNAc to UDP-4-keto-6-deoxy-L-AltNAc. The
formation of UDP-4-keto-6-deoxy-D-GIcNAc when Pen and Pal were combined together and
reacted with UDP-GIcNAc suggests that Pal can be a stand-alone C5”-epimerase, albeit of low
efficiency. Incubating C. jejuni PseB with UDP-GIcNAc for periods up to 15 h also resulted in
the C5" epimerization UDP-4-keto-6-deoxy-L-AltNAc to UDP-4-keto-6-deoxy-D-GIcNAc (37);

the exact mechanism to explain this remains unknown.
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Our characterization of the first two enzymes (Pen and Pal) in the Bti-pse operon

provides insight into the metabolic pathway leading to the formation of Pse in B. thuringiensis.

However, we cannot exclude the possibility that the products formed by these enzymes also

participate in other metabolic pathways. Additional studies are now required to determine if

other members of the Bacillaceae also have these enzymes. Understanding the molecular factors

that control the flux of UDP-GIcNACc to different metabolic pathways in bacteria is important, as

this nucleotide sugar is a precursor used for the formation of wall polysaccharides and

peptidoglycan as well as other glycans.
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CHAPTER 3
DISCOVERY OF A UNIQUE EXTRACELLULAR POLYSACCHARIDE IN MEMBERS

OF THE PATHOGENIC BACILLUS THAT CAN CO-FORM WITH SPORES’

2 Li, Z., Hwang, S., and Bar-Peled, M. 2016. The Journal of biological chemistry. 291, 19051-19067.
Reprinted here with permission of the publisher.
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3.1 Abstract

An exopolysaccharide, produced during late stage of stationary growth phase, was
discovered and purified from the culture medium of Bacillus cerues, B. anthracis, and B.
thuringiensis when strains were grown in a defined nutrient medium that induces biofilm. Two-
dimensional NMR structural characterization of the polysaccharide, named pzX, revealed that it
1s composed of an unusual three amino-sugar sequence repeat of [-3)XyINAc4OAc(ol-
3)GIcNACcA4OAc(al-3)XyINAc(o.l-],. The sugar residue XyINAc had never been previously
described in any glycan structure. The XNAC operon that contains the genes for the assembly of
pzX is also unique and so far identified only in members of the Bacillus cereus sensu lato group.
Microscopic and biochemical analyses indicate that pzX co-forms during sporulation, such that
upon the release of the spore to the extracellular milieu it becomes surrounded by pzX. The
relative amounts of pzX produced can be manipulated by specific nutrient in the medium, but
rich medium appears to suppress pzX formation. pzX has unique characteristics: a surfactant
property that lowers surface tension, a cell/spore antiaggregant, and an adherence property that
increases spores binding to surfaces. pzX in Bacillus could represent a trait shared by many
spore-producing microorganisms. It suggests pzX is an active player in spore physiology and
may provide new insights to the successful survival of the B. cereus species in natural

environments or in the hosts.

3.2 Introduction

In 1881 Louis Pasteur developed the first vaccine for anthrax, the devastating disease
caused by Bacillus anthracis, a Gram-positive endospore forming bacterium. Since then,
outbreaks of anthrax affecting humans and animals have dramatically decreased (1,2); although

infrequent incidents have been reported (3). However, letters containing B. anthracis spores sent
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by mail to US officials a week after the September 11, 2001 attack, led to public fear of infection
and the use of its spores as a bioweapon agent (4). B. anthracis, although elicits different disease
phenotypes, is closely related in terms of gene content and synteny (5) to other Bacillus species
collectively named Bacillus cereus sensu lato (6) or Bacillus cereus group. These highly related
Bacilli are able to colonize in diverse hosts including insects and mammals, and they are
commonly found in soil, water, and depending on the specie in cadavers, vegetation and food. In
addition to B. anthracis, this group includes B. cereus, recognized as a cause of food poisoning
toxins, and B. thuringiensis that produces insecticidal proteins. In the past 15 years, several B.
cereus strains were reported to cause severe anthrax-like disease in humans (7,8) and apes (9).
Some of these virulent strains while retaining B. cereus diagnostic phenotypes harbor plasmids
similar to the toxin and capsule virulence plasmids pXO1 and pXO2 present in B. anthracis (10-
12). Hence, it is no wonder that the need to distinguish these Bacillus strains has led to a massive
genome sequencing effort around the globe. In addition to 57 Bacillus genome sequenced
deposited in Genbank until 2009 (13), 94 environmental Bacillus genome sequences from the
U.S. were added in 2013 (6); followed in 2014 by 122 sequences of French Bacillus strains (14)
and more recently, in 2015, a Danish genome effort provide sequences of 41 isolates of Bacillus
(15). These 314 Bacillus genome sequences should provide information to discriminate the
different sub-groups of Bacillus.

Common to members of the B. cereus group is the formation of spores that are resilient to
heat and chemicals and have the ability to survive for long duration (16). Another trait that raises
serious concerns for health organizations is the ability of Bacillus to develop and live within a
biofilm. Bacterial biofilms, in general, require special attention for the food industry, as they can

be a source of persistent contamination leading to food spoilage and to the transmission of
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diseases (17). Indeed, Bacillus cereus spores and, to a lesser extent, vegetative cells embedded in
biofilm are more protected against sanitizers (18,19). In bacterial species that were studied,
biofilm provides means for the bacterial cell to attach and adhere to a variety of surfaces (both
natural and man-made)(20,21). In Staphylococcus and Pseudomonas, it was suggested that cells
imbedded in biofilm promote the survival of bacteria by forming a niche where bacteria can
evade recognition by the host immune system (22,23); however, less is known regarding the
myriad roles of biofilm in Bacillus cereus group. Biofilms form an extracellular polymeric
matrix that is comprised of exopolysaccharides (EPS), proteins, lipids, and nucleic acids (24,25).
A rigid biofilm structure from the motile model bacterium, B. subtilis, has extremely liquid and
gas repellent properties; and mutation in biofilms formation suggested the involvement of EPS
(26). While extended genetic research led to identification of numerous biosynthetic and
regulatory genes involved in EPS formation in B. subtilis biofilm, less is known about biofilm
formation in members of the pathogenic B. cereus group. Hence, despite differences in their
pathogenicity, the exact nature of biofilm produced by this group of Bacillus and the repertoire
of polysaccharide molecules made remain largely unknown.

In 2010 Gu et al. (27) identified two enzymes (Fig. 3.1A, B) and their corresponding
genes in Bacillus food pathogen, and showed their involvement in the sequential conversion of
UDP-N-acetyl-glucosamine to UDP-N-acetyl-glucosaminuronic acid and then to UDP-N-acetyl-
xylosamine (hereafter abbr., UDP-GIcNAcA and UDP-XyINAc, respectively). These enzymes
were named UGIcNAcDH for UDP-GIcNAc dehydrogenase and UXyINAcS for UDP-XyINAc
synthase. The genes encoding these proteins are located within a conserved six-gene operon
(XNAC) that includes, in addition to the nucleotide-sugar biosynthetic enzymes, two genes likely

encoding glycosyltransferases and two small proteins of unknown functions. Based on
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bioinformatics analyses (Fig. 3.1C), the XNAC operon is unique to bacteria of the B. cereus
group and thus far appears to be lacking in other bacterial phyla. Despite the functional activities
of enzymes in the XNAC operon no Bacillus glycan composed of GIcNAcA or XyINAc were
reported. Hence, it remained unknown if XNAC-genes are expressed and if such glycan is truly
made.

Here we provide the first evidence of a glycan that consists of two uncommon amino
sugars, GIcNAcA and XyINAc. This glycan, named pzX, is made in Bacillus strains belonging to
the B. cereus group. The formation of this exopolysaccharide occurs when cells are induced to
grow in a medium composition known to trigger biofilm formation in B. subtilis, and it is

released to the extracellular milieu during the release of mature spores.
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FIGURE 3.1. Comparative analyses of XNAC operon. (A) Organization and conserved synteny of genes within the
XNAC operon. (B) The biochemical pathway for the conversion of UDP-GIcNAc to UDP-XyINAc by UGIcNAcDH
and UXyINAcS (27) within the XNAC operon are illustrated. A phylogenetic tree of UXyINAcS (C) depicts that
XNAC operon is only present in members of the Bacillus cereus sensu lato group. Strains marked with * are the
lines that were used to analyze pzX in this study.
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3.3 Results

3.3.1 Growth condition promoting pzX glycan synthesis

Following the finding of genes and the enzymes involved in UDP-GIcNAcA and UDP-
XyINACc synthesis (27), the identification of glycan(s) consisting of these unusual amino sugars
was unsuccessful when Bacillus cells were growing under typical laboratory conditions. We
therefore decided to grow Bacillus in different growth media in order to find conditions that
stimulate transcription of genes in the XNAC operon and promote the synthesis of XyINAc-
containing molecule. RNA isolation followed by RT-PCR analyses concluded that genes likely
involved in XyINAc-glycan(s) were not transcribed when Bacillus was grown in rich medium
like LB or BHI. In contrast, genes of the XNAC operon were highly transcribed (Fig. 3.2A)
when cells were grown in Msgg, a medium used to induce biofilm formation in B. subtilis (28).
Under this medium we were able to identify a polymer that contains XyINAc, herein named pzX
(fondly for Zi’s XyINAc polymer). pzX was found outside the cells in the culture medium. We
found that acidification of the medium led to a selective precipitation of pzX from other
components, and such segregation protocol significantly aided in the isolation and further
characterization of pzX. Crude pzX obtained from Bacillus thuringiensis strain israelensis (Bti)
was hydrolyzed by TFA to monosaccharides and derivatized to alditol-acetate prior to separation
by GC and analyses by EI-MS (Fig. 3.2B). Among the neutral monosaccharides residues
observed in crude pzX were arabinose (Ara), glucose (Glc) and galactose (Gal) eluting from GC
column at 23, 33.5, 34 min, respectively. A peak annotated X (30.6 min) later identified as
XyINAc was also observed only when cells were grown in Msgg medium but not in BHI
medium (Fig. 3.2B compare upper and lower panel). A few other amino-sugars residues were

observed in the crude pzX including GlcNAc, GalNAc, and ManNAc (not shown). No
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detectable XyINAc was observed when the Bacillus thuringiensis cells were grown in several

other rich media including for example LB.

XyINAc-alditol-acetate-derivative
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FIGURE 3.2. pzX is a secreted polysaccharide and induced to form when strains belonging to Bacillus cereus group
are growing in Msgg nutrient medium. A. Genes of the XNAC operon are co-transcribed and the expression is
induced during growth of B. thuringiensis in Msgg liquid medium but not in LB or BHI medium. RT-PCR analysis
for the expression of gene encoding: lane 1, putative glycosyltransferase; lane 2, UGIcNAcDH; lane 3, UXyINACcS;
lane 4, putative glycosyltransferase; lane P, sigA positive control; lane N, negative control (RT reaction without
added primers). GC-MS analyses of alditol-acetate derivatives of (B) crude pzX of B. thuringiensis israelensis
grown in Msgg and BHI medium (lower panel); of (C) B. cereus and B. subtilis (lower panel) grown in Msgg
medium; of (D) purified pzX*'**”.. Note a single peak X (denote XyINAc) of borodeuterated XyINAc-alditol-
acetate-derivative. In Panel C, peak * denotes an unknown sugar peak, and peak a denotes an unknown but non-
sugar peak. In Panel D, the EI-MS with m/z ion fragments of peak XyINAc (X) is shown in the left boxed area; and
the right boxed insert shows the predicted primary and secondary MS fragments of C1-deuterated alditol-acetate of
derived XyINAc. Panel (E) shows the GC-MS spectra of B. cereus wild-type (WT), glycosyltransferase deletion
(4bc0486) and complemented strains (complemented Abc0486) The GC-MS of (F) shows non-deuterated XyINAc-
alditol-acetate-derivative obtained from B. cereus cells fed with [C2-"C]glycerol and yielded *C-2,5 labeled pzX

bcl4579 Note the addition of 2 mass units to alditol-acetate derivative due to incorporation of two C per XyINAc
(e.g. 288 ->290).
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To determine if pzX synthesis is specific to Bacillus sp harboring XNAC operon, we
examined different Bacillus strains grown in Msgg and BHI media. The data (Table 3.1) show
that Bacillus strains lacking XNAC operon for instance, B. megaterium (Bm) and B. subtilis
(Bs), did not produce pzX whether grown in Msgg or BHI medium. However, strains harboring
XNAC operon like B. thuringiensis strain berliner ATCC 10792 (Btb), B. thuringiensis strain
kurstaki (Btk), B. thuringiensis strain israelensis 4Q5 ATCC 35646 (Bti), B. cereus ATCC
10876, B. cereus ATCC 14579 and B. anthracis 34F2, all made pzX glycan but only when cells
were grown in Msgg. For reason that remains unclear some strains like Bti, Btb, Btk produce
much less pzX-polymer when compared to for example, B. cereus ATCC 14579 (Fig. 3.2C;
Table 3.1). We thus decided to concentrate our effort on elucidating the structure of the pzX
from B. cereus ATCC 14579 (herein abbreviated pzX belds ™). Crude pzX bel4s79 preparation was
bound to anion-exchange column and was eluted with ammonium formate. Alditol acetate
analyses of this fraction (Fig. 3.2D) show predominantly a single neutral monosaccharide,
XyINAc. The electron ionization mass spectrometry (EI-MS) of this peak has primary ion
fragments (see left insert in Fig. 3.2D) at m/z 288 and 145 along with secondary ion fragments at
246, 228,126, 187, 127 and 103 (right insert in Fig. 3.2D). The retention time and m/z values are
identical with those found for alditol acetates derivatives of a XyINAc standard derived from
UDP-XyINAc (27). Hence the major neutral sugar in pzX is XylNAc. Since previous works
showed that UDP-XyINAc is made by the enzymatic actions of Bc0487 and Bc0488 (27), we
addressed if the putative glycosyltransferase (Bc0486) that co-resides in the operon facilitates
pzX formation. To this end, we generated Bc0486 mutant (Abc0486) and complemented strains.

GC-MS analysis of glycosyltransferase deletion strain (Abc0489) strain reveals no production of
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pzX in B. cereus (Fig. 3.2E middle panel) while the complementation strain does (Fig. 3.2E

lower panel).

Table 3.1. Comparison of pzX production among Bacillus strains

XNAC operon | *XyINAc production | "XyINAc production
Bacillus strains in genome in Msgg medium in BHI medium
B. thuringiensis
israelensis ATCC 35646 | Yes 6.8 ND
B. thuringiensis berliner ND
ATCC 10792 Yes 5.1
B. thuringiensis kurstaki ND
HD73 Yes 7.5
B. cereus ATCC 14579 Yes 228 ND
B. cereus ATCC 10876 | Yes 493 ND
B. anthracis 34F2 Yes 154 ND
B. subtilis PY79 No ND ND
B. megaterium QMB1551 | No ND ND

a. The relative amount of crude pzX in the medium was estimated after GC-MS analyses by peak
integration and ratio of XyINAc and the internal std. inositol.
b. ND not detected under our standard procedure.

3.3.2 NMR Analysis of pzX "'*" reveals a trisaccharide repeating units of
[XylpNAc(40Ac) a-1,3 GlcpNAcA(40Ac) a-1,3 XylpNAc|n

To gain initial insight into carbon flux leading to pzX and follow the metabolism of
glycerol to pzX we fed culture with either a *C—labeled glycerol at carbon-2 [C2-"C] or at all
three carbons [*C3]. Feeding B. cereus ATCC 14579 grown in Msgg/[C2-"*C]glycerol, where
the carbon source glycerol was replaced with glycerol labeled at C2 with '>C, was shown to
incorporate the heavy carbon into C2 and C5 position of the XyINAc residue (see left insert in
Fig. 3.2F of non-deuterated alditol acetate XyINAc derivative). The *C labeling was also
incorporated to monosaccharaide residues of other glycans at carbon 2 (C2) and carbon 5 (C5)
like hexoses (Glc, Man, Gal), HexNAc’s (GIcNAc, ManNAc, GalNAc), pentose (ribose) and 6-
deoxy-hexose (Rha). Feeding the culture with all labeled glycerol (i.e ['*C3]glycerol) yielded

cells with fully labeled sugars in the six carbon of hexose and 6-deoxy-hexose and the five
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carbon pentose. The '*C-labeled pzX was purified and used subsequently to determine its
structure by NMR.

Our studies shown below will provide evidence that the proposed structure of pzX (Fig.
3.3A) is a glycan composed of a repeating trisaccharide unit made of three sugar residues that are
linked a-1,3 one to another. For the purposes of NMR assignment and description of the pzX
glycan we labeled the repeating three sugar residues as A, B and C: A refers to XyINAc-4-O-
acetate (XyINAc-40Ac), B refers to XyINAc residues, and C to GIlcNAcA-4-O-acetate
(GIcNACcA-40Ac). The structure of pzX fits with our current knowledge and genes within the
XNAC operon, where the UDP-GIcNACA is the precursor for UDP-XyINAc (27) and the two
glycosyltransferases likely utilize these nucleotide-sugars for the assembly of GIcNAcA and

XyINAc into pzX.

3.3.3 pzX beld57 consists of three sugar residues
Initial analyses of purified pzX "'*” by NMR gave broad peak widths likely due to the
high molecular weight and viscosity of this molecule. To reduce the size and obtain sharper

X "M% wwas sonicated and NMR analysis was carried out at 65 °C. One-dimensional

spectra, pz
'H-NMR revealed three clear regions (Fig. 3.3B) each consists of overlapping proton peaks:
Protons (5.05-5.26 ppm) belonging to the sugar anomeric region (H-1) together with downfield
shifted protons (H-4s) that derived from O-acetylation (see discussion below); the resonances of
sugar ring protons between 3.2 and 4.2 ppm; and proton signals between 1.9 and 2.2 ppm of
terminal methyl group protons (typically found within acetate moiety). One-dimensional '*C
NMR of °C fully labeled pzX *'**” gave four distinct spectral regions that are consistent with

the structure as follows: the anomeric carbon region (~100 ppm) shows three major glycosyl

residues (Fig. 3.3C, see boxed window), each showing expected doublet peak as a result of
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anomeric peak split by *C-labeled carbon-2 of pzX **'*”; and the three other regions of the ">C
spectrum show several resonances near ~175 ppm, near ~23 ppm and several signals between 80
and 50 ppm, and each fits to the chemical shifts of the carbonyl (C=0), the methyl (CH3) groups
of acetate, and the carbons from the sugar ring, respectively. To complete the assignment of
sugar residues and confirm the structure of pzX *'**”°, two-dimensional NMR including COSY,
TOCSY, NOESY, HMQC, HSQC, HMBC, HMQC-TOCSY and HMQC-NOESY were acquired.
The complete chemical shifts assignments of pzX *'*” and of de-O-acetylated form of pzX

bel437 are provided in Table 3.2 and Table 3.3, respectively.

82



0 _
Ly A Ho oy
_— -
B N T ENET
. o\\CJ-Z(':\C/H o=t o S
I \/NH ] Ho i 0/31' H /NH 1c|)——
Hoed O—u | B/ (l; o=C
\ 3C”Illlu| e 1 N \
CHs SR / H CHs
O— s H
H3C\C/ \4C|3//%\0
5§ " S0 C
HO
B
A&C
A&B A B H-CH3 A&B&C
c H-1 Me of OAc H-CH3
H-4 H-3,H-5b H-4 rMe of NAG
B C B L
H-2 H-3,H-5 i
W5 Hes
c A
H-1 Hod A B
H-2 H-3
c
Heo A&B
H-5a
55 50 45 40 35 3.0 25 20 15
Chemical Shift (opm)
C
B
C-1
B C
c -+ A
il 1L e C4C5  Asc
A&C C-CH3
C-3C-4 CB5 Me of%c AZBAC
oA C-CH3
Me of NA
103_.102__.101_100__99 98 B C-5 /eo ¢
A&C , c-3
C=0 of OAc A&BS&C
A&B&C 1 C-2
rc=o of NAc 1
Y L bataldn,
L b M eow
200 180 160 140 120 100 80 60 40 20 0

Chemical Shift (oom)
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spectrum (B) of purified pzX™'*";

carbon anomeric region (C-1) are shown in the boxed insert.
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Table 3.2. Chemical shifts of pzX polymer components. Data was acquired in NMR 600Hz at 65 °C in

D20. DSS was used as reference.

Chemical A B C

shifts in ppm 4-OAc-XyINAc XyINAc 4-OAc-GlcNAcA
Ring Position | 'H Bc 'H Bc 'H Bc

1 5.05 99.41 5.06 100.14 5.24 100.88
2 4.07 53.92 3.99 54.43 4.15 54.79
3 3.85 76.10 3.62 81.45 4.00 75.57
4 4.95 75.42 3.84 72.74 5.10 76.22
5a 3.81 60.70 3.68 64.33 3.94 73.09
5b 3.43 3.40 -- --

6 -- -- -- -- -- 176.41
Substitution

C=0 O-Ac -- 175.22 -- -- -- 174.85
CH3 O-Ac 2.04 23.00 -- -- 2.03 23.20
C=0 N-Ac -- 176.61 -- 176.61 176.61
CH3 N-Ac 1.97 25.00 1.98 25.14 1.99 25.23

Table 3.3. Chemical shifts of de-O-Ac pzX. Data was acquired in NMR 600Hz at 65 °C in D20. DSS

was used as reference.

Chemical A B C

shifts in ppm | XylNAc XyINAc GIcNAcA

Ring Position | 'H Bc 'H Bc 'H Bc

1 5.12 101.47 5.06 101.72 5.21 100.99
2 3.97 55.06 3.95 54.98 4.01 54.76
3 3.61 82.12 3.72 81.01 3.71 81.38
4 3.81 72.92 3.81 73.06 3.87 74.22
5a 3.65 64.50 3.64 64.50 3.73 75.33
5b 3.45 3.45

6 -- -- -- 178.73
Substitution

C=0 N-Ac -- 176.66 -- 176.66 176.75
CH3 N-Ac 2.01 24.857 2.01 24.857 1.97 25.23

3.3.4 pzX "' sugar residues A, B are identified as 2-deoxy-2-N-acetyl-xylose

The initial carbon-proton correlated two-dimensional NMR signals were not prominent

. . . . . . . 14
and gave poor signal intensity. This problem was overcome after generating in vivo pzX '**”

samples that were *C-labeled. pzX *'*" was either selectively *C-labeled in carbons 2 and 5 or
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fully "*C -labeled in all carbons. This labeling was obtained by purifying pzX "'*” from B.
cereus cell fed with [C2-">C]glycerol or fully labeled [*C]glycerol, respectively.
Two-dimensional HMQC analyses show the protons directly bonded to their carbons.
Analyses of the [2, 5 *C]pzX "'**” sample show three C-5/H-5 signals (Fig. 3.4A) as well as a
number of C-2/H-2 signals (Fig. 3.4B). The three C-5/H-5 signals have carbon chemical shifts
between 60 and 75 ppm. The C-2/H-2 signals (A, B, C) have noticeably upfield carbon chemical
shift (~54 ppm) and downfield proton (H-2) chemical shifts around 4 ppm. These three upfield
carbon chemical shifts are consistent with a nitrogen attached to carbon 2. The downfield proton
chemical shifts suggest that the C-2 nitrogen is acetylated; i.e. C-2 is attached to an N-acetyl
group. Taken together, each of the three A, B, C residues contains a C-2 that has an N-acetyl
substituent; i.e. all three residues are C-2 N-acetylglycoses. Fig. 3.4 also shows that the C-5 of
residues A and B each has two attached protons indicating that both residue A and B are
pentoses. Analyses of de-O-acetylated pzX *'**" sample (see below) strongly support that the
CS5-pentose ring for both residue A and B is in a xylo-configuration based the large (~10-11) J
coupling constant between H-4 and H-5b (Table 3.3). Hence, the NMR data indicate that A and
B are XyINAc (2-deoxy-2-N-acetyl-xylose) which is in agreement with the GC-MS data (Fig.

3.2D).
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FIGURE 3.4. 2D-NMR revealed pzX consists of three sugars with XyINAc and GIcNAcA configurations. The
partial HMQC NMR spectrum of *C-2,5 labeled pzX showing A) protons bond to carbon 5, in residues A, B, C
[CH-5]; (B) protons bond to carbon two in residues A, B, C [CH-2 region]. The partial HMQC-TOCSY spectrum
(C) of *C-2.5 labeled pzX depicts a unique H4 chemical shifts of the proton in residue A and C, implying 4-O
substitution. An INADEQUEATE "*C-"*C NMR experiment (D) of 13C fully labeled pzX shows residue C has a
connectivity of C5 to another carbon C6, with carbon chemical shift of a carbonyl. The NMR multiplicity-edited
HSQC experiment (E) of pzX depicts carbon five (C5) of residue C only have one proton (phase red) whereas C5 of
residue A and B have two protons (phase blue) implying residue A and B have xylo-configuration with two
hydrogens linked to C5 and residue C is a 6-ring sugar with carboxylate at C6. The HMBC experiment of de-O-
acetylated pzX (F) illustrates connectivity of C6 to H4 and H5 of residue C. Dionex HPLC- PAD spectrum (G) of
TFA-hydrolyzed pzX (lower panel) gave two peaks, one eluted as neutral sugar (~9 min) and the other (~26 min)
eluted as charged sugar. Label * indicates buffer contamination.
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3.3.5 pzX belds79 sugar residues C is identified as 2-deoxy-2-N-acetyl-glucuronic acid

The C-5/H-5 signal in HMQC spectra (Fig. 3.4A) for residue C shows its carbon is linked
to a single proton implying that C-5 is bonded to another nuclei. Four lines of experimental
evidence provide support that residue C is N-acetyl-glucosaminuronic acid (GlcNAcA) residue.
The first proof was obtained by a °C carbon-carbon connection INADEQUATE experiment
(Fig. 3.4D) with "*C fully labeled pzX **'*”, [*C]pzX. INADEQUATE experiment shows a pair
of signals for C-5 of and a C-6 carbon with chemical shift of 176.4 ppm that fits resonance of CO
likely a carboxylate (COQO") group (Table 3.2). This data along with C2/H2 HMQC established
that C is a N-acetylhexaminouronic residue. The subsequent multiplicity-edited HSQC NMR
experiment (Fig. 3.4E) illustrated the C-5/H-5 groups of residue A and B have different phase
(blue) indicating that these carbons are linked to two hydrogens, as expected for XyINAc sugar
residue. In contrast, the C-5/H-5 group of residue C has opposite phase (Fig. 3.4E, red)
supporting the INADEQUATE and HMQC experiments that show that its C-5 carbon is bonded
to a single hydrogen as well as to C-4 and C-6. The HMBC spectrum of the de-O-acetylated
sample (Fig. 3.4F) also shows that residue C has cross-peaks from C-6 to H-4 and to H-5
consistent with it being a N-acetylhexaminouronic residue. To determine if residue C is in gluco-
or galacto- configuration, pzX was TFA-hydrolyzed; and sample was analyzed by TOCSY. As
expected, the acetate of OAc and NAc groups were cleaved upon the acid treatment to yield an
amino monosaccharide (i.e. 2-deoxy-2-amino-hexouronic acid), of which the large coupling
constants of J45=8.3, J,3=9.4, J;4=8.2 Hz are consistent for residue with gluco-configuration and
the small coupling of J; ,=3.6 Hz supports an alpha sugar. Hence, the NMR data along with sugar

analyses by HPLC (Fig. 3.4G) indicate that residue C is GIcNAcA (i.e. N-acetyl-
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glucosaminuronic acid). Further analysis of HMQC-TOCSY spectra of the partially *C-labeled

pzX *'*" provided additional chemical shifts (see Table 3.2) that are consistent with GIcNACA.

3.3.6 Residues A and C of pzX beldS7 are 4-O-acetylated.

The unusual higher than expected downfield chemical shifts of H-4s (~5 ppm) in residues
A and C (Fig. 3.4 C, E) imply a substitution at position 4 of those residues. The carbon and
proton C-4/H-4 in both residue A and C have increased C/H chemical shifts of ~ 75/5 ppm (Fig.
3.4C,E) consistent with O-acetylation when compared to unacetylated C-4 with C/H shifts of
~70/3.7 ppm. The correlation between H4 and a carbonyl carbon in the HMBC of the partially
BC-labeled [C2, C5 *C] pzX be1457 firther confirmed that the substitution on the C-4 position of
residue A and C is O-acetate (Fig. 3.5 panel A). The carbons from the carbonyl region (~175
ppm) show cross peaks to proton H-4 in both residue A and C (Fig. 3.5A on the left side).
Additional cross-peaks from the same carbonyl carbon to the methyl hydrogens (Fig. 3.5A, right
side) indicates that an acetate group is attached to carbon C-4 of residue A and C. Hence, residue
A is XyINAc-4-O-acetate (XyINAc-40OAc) and residue C is GIcNAcA-4OAc. Further support
for 4-OAc bonded to C-4 in residue A and C is shown after chemical hydrolysis of the ester
group.

The ester linkage of O-acetate (C-4-OAc) group should be more susceptible to de-
acetylation when compared with the amide N-linked acetate (C-2-NAc). Hence, base treatment
of pzX be14579 should remove the O-acetate group from C-4 but keep the N-acetate linked to C-2
intact. Indeed, HSQC NMR analysis of the de-O-acetylated pzX *'*" sample shows that the
original signals for C-4/H-4 protons of residues A and C (Fig. 3.4E) were shifted to the more
conventional position with chemical shifts around 3.8 ppm (marked by arrow in Fig. 3.5 panel B).

Comparison of one-dimensional proton NMR between before and after de-O-acetylation (Fig.
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3.5C) also indicates a significant reduction in intensity of the methyl group region (dotted boxes)
of the O-Ac group. As expected, no obvious shift in the protons linked to C-2 regions of A, B,
and C residues (Fig. 3.5B, C-2/H-2 ~55/~4 ppm) is consistent with the expectation that the C-2-

N-acetate groups are untouched after KOH treatment.
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FIGURE 3.5. Residue A and C in pzX are 4-O-acetylated. Partial HMBC NMR spectrum (A) of *C-2,5 labeled
pzX illustrates connectivity of carbon from OAc carbonyl group to protons of OAc methyl group and to the H4 in
residues A and C. The partial multiplicity-edited HSQC experiment (B) of de-O-acetylated pzX illustrates the CH-4
proton belonging to A and C residues are shifted from their position (dotted circle denotes the chemical shifts before
de-O-acetylation) to a regular non-substituted sugar ring region (pointed with arrow). Comparative analysis of
partial spectrum of one-dimensional proton NMR is shown (C) before and after de-O-acetylation. Note the methyl
region of acetate moieties (dotted rectangular box) is significantly reduced upon removal of OAc group.
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3.3.7 Residue A, B, and C are alpha 1-3 linked to each other.
The position of the glycosidic linkages was determined initially by per-O-methylation

analysis using GC-MS (Fig. 3.6 A, B). The free hydroxyl groups of intact pzX "'**”°

were
methylated and the per-O-methylated glycan was hydrolyzed. The resulting monosaccharides
were reduced, acetylated, and the partially methylated alditol acetates (PMAA) were separated
by GC-MS. A single peak eluting at 27.3 min gave primary and secondary ion fragments (Fig.
3.6B) with the following m/z values: 274, 231, 229, 171, 159 and 117. The m/z 159 and 117 ion
fragments are diagnostic for NAc group attached to carbon 2 of the sugar residue, and the ion
fragments 171 and 231 along with the other m/z values indicates this peak is a 3-O-acetyl-4-O-
methyl-2-methyl-2-acetoamido-2-deoxy-xylitol. These PMAA analyses support that XyINAc

. 14
residues on pzX >+

are 1-3 linked, however, linkage information related to the acidic residue
C, GIcNACcA was not provided. Thus, further NMR experiments were conducted to complete the
linkage analyses.

The linkage positions between the sugar residues were confirmed using HMBC and
HSQC-NOESY spectra (see Fig. 3.6C, D, and E). In NOESY, if sugar residues were connected
in a-configuration one would expect a strong NOE from HI1 to H2 (for both XyINAc and
GlcNAc configuration) because both proton are facing up and close in proximity. In the TOCSY
spectrum however, one would expect for a-configuration to have a weak cross peak between H1
to H2, but a very strong cross peak in B-linked sugar residues. HSQC-NOESY spectrum of de-O-
acetylated pzX shows strong NOEs between H1 and H2 within the same sugar residue (Fig.
3.6C), whereas weak cross peaks between H1 and H2 were detected in the HSQC-TOCSY

spectrum (data not shown) suggesting both protons are close in proximity but with small

coupling, thus each sugar residue are in a-configuration. The HSQC-NOESY experiment shows
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additional cross peaks between H-1 of residue A and H-3 of residue C (Fig. 3.6D) indicating
residue A and C are 1-3 linked (aC1-cH3) (Fig. 3.6D). Similarly, residue B and A, and residue C
and B are 1-3 linked due to inter-glycosidic cross peaks between C-1 and H-3 (¢C1-bH3; bCl1-
aH3). The same combinations of inter-glycosidic cross peaks were detected in HMBC
experiment (Fig. 3.6E). Both spectra together with PMAA analyses support the fact that sugar
residues A, C and B are linked A(1-3)C(1-3)B. In toto the NMR data provide strong evidence for
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FIGURE 3.6. PMAA and NMR analyses of pzX revealed sugars are linked alpha 1-3 and sugar sequence is A-C-B.
GC-MS (A) of partially permethylated alditol acetate (PMAA) has a single peak at 27.3 min with m/z ion fragments
shown in panel (B). The boxed insert in B indicates the primary and secondary MS ion fragments depicting that
XyINAc is linked at position 3. The partial HSQC-NOESY NMR spectrum (C) of de-O-acetylated pzX shows NOE
cross peaks of HI- H2 in all three residues, indicative of alpha linked residues; and (D) shows 1-3 linkage and
connectivity of anomeric carbon (C1) to proton along the glycosidic linkages with cross peaks of C1 of residue A to
H3 of residue C, C1 of residue C to H3 of residue B, C1 of residue B to H3 of residue A. A carbon-proton inter-
residue cross peaks (E) were detected in the HMBC experiments of °C fully labeled pzX further confirming the
linkage and sugar order of pzX is —A(a-1,3)B(a-1,3)C(a-1,3)A—.
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3.3.8 pzX isolated from Bacillus anthracis Sterne 34F2 and B. cereus ATCC 10876 is similar
to pZX14579

Initial GC-MS analyses of crude pzX isolated from the medium of Msgg-grown B.
anthracis and B. cereus 10876 showed predominantly the XyINAc residue (Fig. 3.7 panel A).
Further purification and analyses by proton-NMR (Fig. 3.7B) and TOCSY two-dimensional
NMR (Fig. 3.7C) provided evidence that the purified EPS from the B. cereus ATCC 10876 and
B. anthracis 34F2 have similar structures to the pzX from B. cereus ATCC 14579. The B.
anthracis 34F2 strain used in this study is the one isolated by Max Sterne in the 1930s, which is
the strain that was used to develop vaccine to anthrax in animals (2). The conserved chemical

structure among the pzX from these Bacilli characterized in this report thus far suggests that it

has a common role that is shared by all members of the B. cereus group.

92



A

B.cereus 14579 B.cereus 10876 B.anthracis 34F2
X X Ino.
100 X
=
- Ino.
Q
14
Ino.
0 } I Ty I A l e
26 30 34 38 26 30 34 38 26 30 34 38
Time (min) Time (min) Time (min)
B
A B
ASB H-3,H-5b H-4
c ™1 B C
H-4,: H-2 H-3,H-5 B OAc and NAc Met region
i A ! :H-3H5b

H2 0 1 1 asB
c :: i H-5a
H-2 : [ .

ﬁ
:
|

I S : : F——
B. anthracis 34F2 S LI
5.0 4.0 35 2.5 2.0
Chemical Shift (ppm)
C
B.cereus 14579 B.cereus 10876 B.anthracis 34F2
: 3.2
3.6 E
>
4.0E
@
448
5
° 485
5.2
53 51 4.9 47 53 51 49 47 53 51 4.9 47

Chemical Shift (ppm)

FIGURE 3.7. GC and NMR spectral overlay of pzX from B. cereus ATCC 14579, B. cereus ATCC 10876 and B.
anthracis Sterne 34F2. A. GC-MS analyses of alditol-acetate derivatives of crude pzX of three Bacillus strains
grown in Msgg. 1D proton NMR (B) and TOCSY experiment (C) spectral overlay of purified pzX from three
Bacillus strains.
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3.3.9 pzX is synthesized during late stationary growth phase and released into extracellular
milieu

In order to address the timing of pzX**'*”

synthesis and determine if it is further
metabolized, we monitored the amount of pzX daily for 14 days in cells grown in Msgg medium.
szbCI4579 starts to accumulate around the second day, with highest amounts being produced
during day 4-to 6 to a level of approximately 10 pg/ ml culture. Between days 6 to 14 in the
culture, no further accumulation or degradation of pzX was observed, suggesting it is not
catabolized. Microscopy analyses (Fig. 3.8A) show that once cells shifted to grow on Msgg,
vegetative cells continued to grow and replicate (8 h). Between 12 h to 24 h, at which point cell
density of 3 was reached, the cells entered aggregation phase and asynchronous sporulation,
which consisted of mixed cell types with less than 10% spores. At 48 h, maximum cell density
was reached (Aeoo, 5.5), and the cells entered the beginning of de-aggregation phase and started
to release ~20% mature spores. At day 3 as cell aggregation continued to disintegrate, the
absorbance was reduced to 4.8 as more mother cell lysed during sporulation, and on days 4-6,
almost all cells (>90%) in the culture completed sporulation and released dormant heat-stable
spores as confirmed by the ability of cell survival after 80 °C (Fig. 3.8B). The pattern of
szbCI4579 accumulation overlays with the release of spores into extracellular milieu when

cultures are grown in Msgg (Fig. 3.8B). pzX formation was not detected when cells were grown

in rich medium that does not support sporulation like BHI, not even after 14 days in culture.
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FIGURE 3.8. Analyses of pzX produced during sporulation. Cells of B. cereus ATCC 14579 grown in Msgg from 8
hours to 6 days were analyzed by phase-contrast microscopy (A) and the relative amount of spores and amount of
pzX (B, left panel), as well as culture Agoo and pH (B, right panel) are indicated. Various amounts of pzX and spores
were produced in other media (C). Variable amount of pzX is produced when Msgg medium is supplemented by
increasing amounts of rich medium components or glucose (D). Note high level of nutrients media did not support
mature spore formations nor did pzX formation. Note: CDS is CDS-Glc medium; M-Temp is modified Tempest
medium.

The timeline of szbCl45 " formation was further studied using different media known to
enhance biofilm or sporulation of Bacillus sp. All media at day 1 produced cell aggregates. This
was followed by de-aggregation phase and mature spore release after 5 days similar to Msgg
medium. The media tested (Fig. 3.8C) included CDS-Glc, G, modified Tempest, CDM, DSM,
EPS, and HCT, all produced pzX as determined by GC-MS analyses albeit in different amounts.
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Interestingly, rich medium DSM, which is known to support spore formation, produced much
smaller amounts of pzX"'*” compared to Msgg. This finding along with the previous
observation that rich media like BHI, LB, and TSB prevent pzX"*'*” formation prompted us to
test if rich medium suppresses pzX synthesis. We examined cultures grown in Msgg (control)
and cultures grown in Msgg supplemented with various amounts of rich medium components.

GC-MS analyses of crude pzX"™'*"

(Fig. 3.8D) showed that moderate increased addition of
nutrient broth (comprised of beef extract and peptone), tryptone and low glucose to Msgg culture
broth do affect the amount of pzX. However the addition of excessive dosage of rich medium
(e.g. 8 g/L nutrient broth or 5 g/L tryptone), that is comparable in amounts to DSM or HCT
medium, or high level of glucose (3%) prevents the formation of both pzX and spores.
Collectively, the data suggest that pzX is released to extracellular milieu predominantly when
spores are made. It appears that the production of pzX is regulated by several factors that include

the type and amount of nutrients (e.g. glucose), the environment (where more pzX is made in

shaking vs. still cultures), and lastly the completion of sporulation.

3.3.10 pzX has surfactant, adherence and antiaggregant properties

Further investigation into the role of pzX in the extracellular medium revealed that pzX
has a surfactant property with the ability to increase the growth diameter of a colony when grown
in agar by over 30% (Fig. 3.9A). The surfactant property was determined by the drop collapse
method, and the data show that when pzX is dissolved in deionized water it decreases the surface
tension of water from 84 to 34° (Fig. 3.9B). The dose response curves show that the surface
tension decreases continuously with increasing concentration of pzX. The decrease in surface
tension is not affected if pzX is deacetylated or autoclaved (Fig. 3.9C) suggesting that the glycan

is heat stable and maintains its property even under alkaline or hydrolytic conditions that may
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strip off its O-acetate side-chain decoration. We also observed surfactant activity with B. subtilis

suggesting that this property of the glycan is not unique to Bacillus cereus sensu lato group.
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FIGURE 3.9. pzX has surfactant properties. B. cereus ATCC 14579 planktonic cells and spores spotted on Msgg
agar plates previously layered with pzX (lower) or water (upper panel, control) developed a wider colony
morphology within 48 hours compared to control (A). Drop of water collapsed on a flat polystyrene surface
previously spread with native pzX, de-O-acetylated, or autoclaved pzX compared to the surface with water or 0.5%
SDS as control. The contact angle of each sample is diagramed below (B). Various amount of water (30, 20, 15, 10,
5, 2 ul) collapsed on polystyrene surface spread with native pzX, de-O-acetylated, or autoclaved pzX compared to
the surface with water or 0.5% SDS as control (C).
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Since no apparent degradation of szb°‘4579

is observed after spores are released, we
investigated the role of pzX as a molecule that increases/decreases adherence of the spores to
surfaces. Figure 3.10 panel A left shows that in the presence of pzX 56% of spores adhered to the
surface of a defined soil-like material (vermiculite) when compared with control showing 16% of
adherence. The adherence to vermiculite is dose-dependent (Fig. 3.10A right), suggesting that
with increasing amount of pzX in the extracellular milieu of the spores, a higher number of cells
will adhere to environmental surfaces.

To investigate the role of pzX after spore germination we carried out the following
experiments. First we determined that pzX itself is unable to induce spore germination (data not
shown). To examine pzX post spore germination we incubated germinated Bacillus spores with
no nutrient for 2 days in the presence or absence of pzX. The phase-contrast microscopy analyses
(Fig. 3.10B) suggest that germinated B. anthracis spores tend to aggregate, however, pzX
reduces aggregation (antiaggregant). The CFU counts (Fig. 3.10C) show a decrease during the
first 4 hours, indicating an initial aggregation immediately post germination. However, post the 4

hours window, the CFU count is increased to its initial level, likely due to the antiaggregant

activity of pzX.
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FIGURE 3.10. Other properties of pzX. Panel A shows the role of pzX in spore adherence. Purified spores of B.
cereus ATCC 14579 wild type were mixed with or without purified pzX; dried on vermiculites; washed and the
remnant attached spores were counted by CFUs (A, left). Adherence is concentration dependent (A, middle). In
addition, culture medium of B. cereus WT and 4bc0486 mutant grown for 5 days in Msgg were directly added to
vermiculites without any purification, and the adherence was compared (A, right). Panels B, C show pzX as an
antiaggregant. Germinated B. anthracis Sterne spores were incubated with or without 20 ug pzX for 2 days, and
phase-contrast microscopy shows pzX disperses spores (B) and in addition enhances number of CFUs (C). Panels D,
E, F, G provide evidence for pzX role in a film-like matrix formation at environment with low pH. B. anthracis
spores mixed with or without pzX show the formation of cotton fluff-like floating structure (D). Note the UP and
DOWN bracket indicates region above or below the ‘fluff’. CFUs from the UP and DOWN regions show that spores
are associated with the fluff pzX structure (E). Phase-contrast microscopy shows a film-like structure of pzX with
spores embedded (F). Total CFU of spores after vortexing (panel D) and plating on BHI agar shows that spores
within this structure are not aggregated (G).
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Since the chemical and physical property of pzX is to precipitate below certain pH, and
the data so far suggest that pzX co-forms with spores, we wonder how spores behave at such
environment. To test this, Bacillus anthracis spores were challenged with pH 2 for 24 h in the
presence or absence of pzX. Spores without pzX aggregate and settle to the bottom (Fig. 3.10D)
as expected. However, we were surprised to notice that the spores with pzX formed a cotton
fluff-like structure that floated on the top of the culture (see Fig. 3.10D bracket labeled UP).
Analyses of spores above or below the floated fluff show that the cotton structure consists a
significant number of spores (Fig. 3.10E). Phase-contrast microscopic analyses (Fig. 3.10F)
reveal that the fluff-pzX forms a film-like structure that harbors the spores. Interestingly in such

matrix configuration, the spores do not aggregate (see Fig. 3.10G).

3.4 Discussion

Bacterial pathogenic species belonging to Bacillus cereus group have an advantage in
nature due to their capacity to survive for many years as dormant spores despite harsh changes in
the environment. Past work utilized purified spores to examine their chemical and physical
properties in adaption and fitness to environment or to examine infection processes, but here we
provide new evidence that dormant spores are in fact, co-made within an extracellular matrix
containing an unusual polysaccharide, pzX.

The XNAC operon consists of two nucleotide-sugar biosynthetic enzymes that were
biochemically shown to form the precursors UDP-GIcNAcA and UDP-XyINAc (27), and two
glycosyltransferases that are likely involved in pzX synthesis. Genomic data (Fig. 3.1C) reveal
that all strains belonging to this group carry the XNAC operon in their chromosomes and
therefore have the capacity to synthesize pzX. We further examined this capacity by analyzing

six random Bacillus members of this group representing strains from different phylogenetic
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clades (see * in Fig. 3.1C), and showed they all produced pzX, while non-group members like B.
megaterium or B. subtilis that are lacking the XNAC operon in their chromosome did not
produce pzX (Table 3.1). The collective biochemical analyses including *C-carbon labeling,
sugar methylation, GC-MS and NMR analyses provide strong evidences that pzX backbone
consists of a repeating trisaccharide sequence of [-3)XyINAc(o.l-3)GlcNACcA (al-3)XyINAc(al-],
and with a side chain decoration of O-acetate group link to C-4 of XyINAc and to C-4 of its
acidic amino sugar, GlcNAcA. Hence, the chemical structure of pzX agrees with the two UDP-
sugar biosynthetic enzymes encoded by the XNAC operon (Fig. 3.1A). Taken together, the
conserved pzX chemical structure among the three Bacillus strains (B. cereus ATCC 10876, B.
cereus ATCC 14579, B. anthracis Sterne 34F2) as characterized by NMR (Fig. 3.7) and the
conserved XNAC operon let us to propose that pzX has a common role that is shared by all
members of the B. cereus group.

In addition to biochemical analyses, we have shown that the XNAC operon is directly
involved in pzX formation in members of the Bacillus cereus sensu lato. For example, deletion
of the glycosyltransferase (4bc0486) yielded no pzX (Fig. 3.2E) in B. cereus ATCC 14579.
Similarly deletion of glycosyltransferases in B. thuringiensis israelensis (Bti) strain also showed
no production of pzX (data not shown). This genetic data provide strong evidence that the
glycosyltransferase encoded by XNAC operon is involved in the synthesis of pzX.

Although Bacillus pathogens have been studied extensively for many years, it is not
surprising that pzX was not detected since typical laboratory growth media is discarded during
spore isolation, and specific and extensive analytical methodology will be required to identify,
purify and characterize minute polysaccharides. pzX is formed when Bacillus cells are grown in

a defined nutrient medium, like Msgg, however, other media also support its formation (see Fig.
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3.8C). The data so far suggest that pzX is accumulated during sporulation, however, the relative
amount may be regulated by the amount of nutrient available. For example, when the defined
medium Msgg was supplemented with 0.5% glucose, higher amount of pzX was produced in
comparison to cells grown in Msgg alone. Higher amount of pzX can also be made when Msgg
is supplemented with small amount of undefined medium (see Fig. 3.8D). Other defined nutrient
media differing in composition that support sporulation also support pzX formation (Fig. 3.8C).
On the contrary, media that do not support sporulation produce no pzX. For instance, pzX was
not detected when strains were grown in rich medium (like BHI and LB) even after prolonged
time (2-6 days of incubation) or when Msgg was supplemented with a rich medium component
or with 3% glucose, as those media did not support mature spore formations (Fig. 3.8D).
Analyses of the putative promoter DNA region, 5’ to Bc0484, revealed sequences that
potentially can be recognized by the sporulation specific sigma factors, SigG and SigE. Clearly,
future studies will be required to identify the molecular mechanism that controls pzX formation.
Interestingly, little pzX was observed when B. cereus ATCC 14579 were grown in Difco
Sporulation medium (DSM). This observation raises two questions: do all sporulation media
make identical spores or are some spores made in certain medium chemically or physically
different from others? Since DSM has excessive nutrients that probably do not mimic natural
environments Bacillus would encounter, we propose that under natural settings spores are made
with pzX. Alternatively, DSM may consist of a factor that suppresses pzX formation. We are
currently pursuing a study aimed at identification of nutrient factors controlling XNAC operon
gene expression, the accumulation of intermediate metabolites, and the amounts of pzX formed.
Further studies are clearly needed to elucidate the molecular mechanism that senses, controls and

regulates the level of pzX accumulation. The relationship between nutrients and pzX may
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identify new regulatory factors that tune (enhance or suppress) the flux of metabolism to pzX
formation, and factors that control EPS common to only species belonging to B. cereus sensu
lato group.

The biological role of pzX as biosurfactant (see Fig. 3.9) is complex. Some surfactants
are toxic, but we have seen no such toxic effects of few laboratory E. coli and fungal strains that
were co-cultivated on agar with pzX. The surfactant could enhance the spread of germinated
spores and this may give an advantage over other bacteria fighting for limited nutrient resources.
We have shown that pzX precipitates at low pH, most likely due to protonation of its acidic sugar
GlcNACcA. The precipitated pzX is dissolved when pH is higher than 4-5. While several factors
are known to protect the spore including for example, spore outer coat layer and the exosporium
(29), we cannot exclude the possibility that glycan (pzX) is an additional factor in spore biology.
It is therefore probable that under acidic environments (e.g. human stomach, soil) precipitated
film pzX like-structure (Fig. 3.10F) gives additional protection to the spore. Contrary to animal,
the midgut cavity of some larvae is alkaline, and under such high pH values the pzX is not
degraded. Despite the fact that the O-acetate could be cleaved under alkaline condition, our data
show that the biosurfactant property is still maintained even when pzX is de-acetylated.

The pzX adherence assays (Fig. 3.10A) show that spores mixed with pzX adhere
significantly stronger to an artificial soil surface (vermiculite) in comparison to spores alone.
This is difficult to interpret, and our current working model is that pzX enclosed and trapped
spores to the soil surface during desiccation. Brief contact with water may not be sufficient to re-
hydrate pzX and release spores. This adhesion property may have a more profound affect under

acidic soil environment where larger amounts of dormant spores may cling to a soil particle
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rather than being washed away. Further research will be required to determine if pzX adherence
property plays a role during interaction or persistence with the microbial host.

Following sporulation we found no evidence that pzX undergoes hydrolysis despite the
fact that the mother cell releases many hydrolytic enzymes. Furthermore, the chemical nature of
pzX and its distinctive a-1,3-linked amino-sugars suggest that it may protect cells from common
lytic enzymes like lysozyme, an enzyme that cleaves B-1,4-linked sugars. Taken together, the
results of the present study reveal a novel extracellular polysaccharide that is formed during
sporulation and likely to play multiple roles in the interaction of the spore with its environment.
Many questions still await answers to fully understand the biology of this novel polysaccharide

we named pzX.
3.5 Experimental Procedures

3.5.1 Strains and culture conditions

The bacteria used in this study (Table 3.1) were stored in BHI containing 16% glycerol at
-80 °C. Bacillus strains were routinely grown in BHI medium, LB, or Msgg medium (28). In
addition, various sporulation and biofilm-inducing media were used: CDS-Glc (30), EPS (31),
HCT (32), modified Tempest medium (33) with 5 mM phosphate and 0.1% glucose, modified-G
medium (34), the modified Schaeffer (35) also known as Difco sporulation media (DSM), and
CDM medium (36). Spores were separated from medium of 5-day culture by centrifugation
(8,000 g, 10 min); washed with sterile deionized water (ddw), suspended and pelleted again
before storage (up to 1 month) to give a total yield of 10° per ml. The number of spores in liquid
culture was determined after heat treatment at 80 °C; conditions that activate spores and kill any
remnant vegetative cells (37). An aliquot of a culture was heat-treated for 20 min at 80 °C,

cooled to 25 °C and vortexed, and serial dilutions were plated on BHI-1.5% agar plates. Total
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CFUs and the percentage of spores from vegetative cells were estimated by comparing samples

that were heat and non-heat treated.

3.5.2 RNA isolation and RT-PCR

B. thuringiensis cells were grown in different liquid media (e.g. BHI, LB, and Msgg) to
an Agoo of 4-5.5; and cell amounts equivalent to Ay of 4 were pelleted at 6,000 g for 1 min at 4
°C, resuspended in 800 pl of lysozyme solution (10 mM Tris-HCI pH 8, 1 mM EDTA, 10 mg/ml
lysozyme), and incubated at room temperature for 10 min. Each sample was supplemented with
80 ul 10xEB (0.3 M NaOAc pH 5.2, 50 mM EDTA, 5% sarkosyl and 1.42 M fB-
mercaptoethanol), and incubated at 65 °C for 2 min, followed by addition of 1 volume of one-
phase 70 °C preheated acidic phenol (phenol:AcE buffer (50 mM NaOAc pH 5.1, 5 mM EDTA)
1:1 v/v). After brief vortex and incubation at 65 °C for 7 min, each sample was centrifuged
(10,000 g for 5 min at 4 °C); the aqueous layer was collected and mixed with 1 volume of
chloroform. Nucleic acid partition to upper phase was collected and precipitated with cold
ethanol and 30 mM NaOAc pH 5.2 at -20°C. The concentration of crude RNA was determined
from the absorbance at 260 nm. To digest remnant genomic DNA contamination, an aliquot of 5
ug crude RNA was treated with DNase I. The resulting RNA was ethanol-precipitated and about
250 ng of RNA was used for further reverse transcriptase (RT) and PCR reactions. For cDNA
synthesis the 20 pl RT reaction was consisted of 250 ng of RNA, 5 uM random hexamers as
primer, buffer, 0.2 uM dNTP’s and 1 unit of reverse transcriptase (SuperScript III, Invitrogen).
Negative control RT reactions were done without added primer. Transcripts of genes in XNAC
operon and Sigma A as positive control (sigA, rpoD BC4289) were amplified using a 25 ul PCR
reaction that included 2 pl of RT reaction, buffer, dNTPs, 1 unit of Tag DNA polymerase

(Fermentas) and 0.4 pM of each gene specific sense and antisense primers (ZL035-5’-

105



ctagcattcatctgtattcttttcttce; Z1.036-5’-gcagatatttgtttattcgttgatggtg; Z1.037-5’-

tcatacactcaccttctttataattcc; Z1.038-5’-atctacaaaaccgtttggatttactc; Z1.039-5’-
ttagccattgttttcttcatgaaacc; Z1.040-5-cgttattttaatatttatggtccaagagc; Z1.041-5-
ctataaaacatctctttttctattgccatc; Z1.042-5’-attatttagatctaagagtaccacttcatc; 71043 -5’-

ctattctaagaaatccttaagacgcttac; Z1.044-5-caattcgtattccagttcatatggttg). Following PCR, a portion (5
ul) of each RT-PCR reaction was loaded on 1% agarose-TAE gel casted with 10 pg/ml ethidium

bromide, separated by gel electrophoresis and UV-imaged using gel imager.

3.5.3 Isolation, purification and analyses of XylNAc-glycan, pzX

A portion of Bacillus strain cells grown in BHI (0.5 ml) was used to inoculate 50 ml
Msgg medium and culture was incubated for 4 days at 30 °C, shaking at 200 rpm. The culture
was centrifuged (10,000 g, 10 min, 4 °C) and the medium was filtered prior to lowering the pH
to 2. After centrifugation (8,000 g, 1 h, 4 °C), the precipitated crude pzX polymer was washed,
resuspended with deionized water, and the sugar composition was analyzed by GC-MS. For
purification, the crude pzX solution was chromatographed on Q-sepharose (GE, 5 ml column)
pre-equilibrated with 5 mM ammonium formate, and eluted by stepwise gradient of increasing
concentration of ammonium formate. The purified pzX eluted at 400 mM ammonium formate
was lyophilized, dialyzed against deionized water, and used for further analyses. To obtain *C-
labeled glycans, the glycerol in Msgg medium was substituted with carbon-2 labeled glycerol,
[C2-5CJglycerol, or with uniformly labeled glycerol, [PCs]glycerol (Cambridge Isotope
laboratories). Following 4 days of incubation, cultures were processed and pzX was purified as
above. The size of pzX was determined by gel filtration on Superdex 75 column (1 c¢m i.d. x 30

cm, GE). An aliquot of pzX (0.5 ml) was injected via Agilent HPLC system equipped with UV
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detector (200 nm) to the column and chromatography was carried out at a flow rate of 0.5 ml/min
using 0.5 M NH4HCO:s.

To determine neutral and amino-sugar composition of crude pzX, column fractions, or
purified pzX glycan, an aliquot was supplemented with 10 pg inositol; hydrolyzed with 2M
trifluoroacetic acid (TFA) at 120 °C; and the released monosaccharides were reduced to their
alditols (38), and acetylated. The resulting alditol acetate derivatives were analyzed by GC/EI-
MS system (Agilent 7890a/5975c), equipped with an autosampler injector (Agilent 7693). A 1 ul
sample was injected into GC-column (Equity-1 or DB-5, 30 m X 0.25 mm, 0.25 pm film
thickness) using split mode (1:50) with injector inlet setting of 250 °C (helium at 3 ml/min).
Helium was also used as column carrier gas (1 ml/min). After injection, the GC column chamber
temperature program was held for 2 min at 80 °C; the temperature was increased to 140 °C at a
rate of 20 °C/min, followed by an increase to 200 °C at 2 °C/min; an increase to 250 °C at 30
°C/min; finally the temperature was held at 300 °C for 5 min before next sample injection (run
time of ~ 50 min). The MS detector was operating under electron impact (EI) ionization at 70 eV
and the temperature of the transfer line between the column end to MS was 250 °C. The
temperature of the MS source was 230 °C and the quadrupole 150 °C, respectively. MS data were
collected after solvent delay of 5 min, in a continuous scanning mode, recording ion abundance
in the range of 50-550 m/z. The spectra were analyzed using Software MSD ChemStation
D.02.00.275 (Agilent Technologies). To determine the elution time of authentic XyINAc and the
El-mass fragments formed, UDP-XyINAc was produced enzymatically and purified over Q15-
column (27); TFA-hydrolyzed, converted to alditol-acetate, separated by GC using DB-5 column

and analyzed EI-MS using above GC conditions.
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3.5.4 O-Methylation, de-O-acetylation, and HPLC-PAD analyses

The position of glycosidic linkages was determined by methylation analysis. Dry pzX-
glycan was dissolved in 200 pl dimethylsulfoxide and free OH groups were methylated with
methyl iodide in a NaOH-DMSO slurry as catalyst (39) for 7 min at room temperature; the
resulting per-O-methylated pzX was extracted with dichloromethane and dried. The O-
methylated glycan sample was TFA-hydrolyzed, and the released partially methylated
monosaccharides were reduced with NaBDy; acetylated with acetic anhydride in pyridine and the
derived partially methylated alditol-acetate derivatives were analyzed by GC-MS as described
above. For MALDI-TOF MS analyses, 1 pl of per-O-methylated-pzX oligosaccharides was
mixed with 1 ul DHBA solvent (10 mg a-dihydroxybenzoic acid in 0.5 ml MeOH:H2O v/v) and
spotted on MALDI plate and mass spectrometry was carried out in positive mode (Bruker
microflex LT MALDI-TOF). To obtain pzX glycan lacking O-acetate groups, purified pzX
glycan was incubated for 2 h with 1M KOH at room temperature, dialyzed three times against 2
liter of deionized water, lyophilized and resuspended in D>O for NMR analyses. For HPLC
analysis of pzX sugars, purified pzX was hydrolyzed by 2 M TFA at 120 °C for 2 h, and the
excessive TFA was evaporated by air flow followed by three times of 1 ml 2-propanol washes.
Samples were dissolved in 100 pl of water, and 10 ul of each was separated by Dionex-Carbopac

PA1 column and detected by PAD.

3.5.5 Characterization of pzX by NMR

For NMR analyses, approximately 1 mg of the Q-column purified pzX fraction was
desalted by dialysis (1,000 MWCO), sonicated with a 1/8-inch microtip probe at amplitude of 45
(S-4000 Misonix Inc, Farmingdale, NY)) for 80 cycles each of 30 sec pulse, 30 sec rest, dried by

Speed-Vac, and dissolved in 200 ul of D20 (99.99% deuterium) supplemented with 1 ul of 10
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mM DSS (4,4-dimethyl-4-silapentane-1-sulfonic acid). The sample was centrifuged and
transferred to a 3-mm NMR tube and NMR data were recorded at 65 °C on an Agilent DD2 600
MHz NMR spectrometer equipped with a cryogenic 3 mm probe. Standard pulse sequences were
used unless otherwise mentioned. Proton and carbon chemical shifts were referenced to an
internal DSS peak set at 0.00 ppm for both proton and carbon spectra. The structure of pzX
glycan was analyzed using one- and two-dimensional proton and carbon NMR experiments. The
one-dimensional (1D) proton NMR spectrum was recorded using the water-presaturated pulse
sequence and obtained with a spectral width of 6 kHz, a 90° pulse field angle (7.5 us), a 2.7-sec
acquisition time, and a 2-sec relaxation delay (RD). The free induction decays (FIDs) were
multiplied by an exponential function with a line-broadening factor of 1.5 Hz before Fourier
transformation. The one-dimensional ">C spectra were obtained with a spectral width of 37.9
kHz, a 45° pulse field angle (7.5 us), a 0.87-sec acquisition time, and a 1-sec relaxation delay
(RD). The free induction decays (FIDs) were multiplied by an exponential function with a line-
broadening factor of 3 Hz before Fourier transformation. In addition to 'H and *C 1D NMR
spectra, a series of homo- and heteronuclear two-dimensional NMR data sets were obtained
including HMQC, HSQC, HMBC, INADEQUATE, and HMQC-TOCSY, HMQC-NOESY,
HSQC-NOESY. Each experiment was modified to accommodate optimal setup to detect
complex glycan structures. One-bond coupling constant was set to 170 Hz and the two-
dimensional data were processed using Gaussian functions and zero-filled to a final size of 2000

% 1000. Data processing and plotting were performed using software MestreNova.

3.5.6 XNAC operon mutants
Gene knockout was achieved by double crossover recombination that designed to replace

large middle portion of the target gene with chloramphenicol resistance and mKate2 cassette.
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Two DNA fragments flanking bc0486 gene from B. cereus ATCC 14579 were PCR amplified by
primer sets ZL009: 5'- ggatccgatatcgccegacgegaggctggatgge -3,  ZL123 5 —
gaattcgatccttatctgtgecccagtttgctagg-3' and Z1.405 5'- cagataaggatcgaattctgatttcgggaaataaagtaage -
3'; ZL406 5'-ggcgatatcggatccctaatgegtgggctgeatettc-3' and they were individually cloned into
pZL accepting shuttle plasmid, a derivative of pPBCB13 (40) that harbors the thermosensitive ori
from pMAD (41) and facilitates a cloning strategy for chromosomal integration at non-
permissive temperature and subsequently a double crossover recombination event. The resulting
pZL-KO-bc0486 plasmid was transformed to E. coli strain INV110 (Dam’; Dem’, Invitrogen) to
isolate unmethylated plasmid followed by electroporation (42) into wild type B. cereus ATCC
14579 competent cells. The double recombinant mutant strains were screened for
chloramphenicol (5 pg/ml) resistant and erythromycin (5 pg/ml) sensitive clones and the positive
Abc0486 was further confirmed by PCR screen to validate independent double crossover events.
For Abc0486 complementation, a 1.5 kb fragment containing the Bc0486 homolog from B.
thuringiensis israelensis ATCC 35646 was amplified by PCR and cloned by in-fusion into pDZ
vector, a derivative E.coli/Bacillus shuttle plasmid of pDG148-stu (43). The resulting construct
carrying constitutively expressed promoter Phspank, functional glycosyltransferase gene and
kanamycin resistance gene and was then electro-transformed into Abc0486 as previously

described. Positive clones were selected on TSA plates supplemented with 5 pg/ml kanamycin.

3.5.7 Surfactant analysis of pzX

To study the effect of pzX on the growth of Bacillus, purified native pzX, de-O-
acetylated pzX or autoclaved pzX derived from 100 ml Msgg culture of B. cereus was dissolved
in 1 ml of sterile deionized water (DDW) and 50 pl was plated on half of Msgg (1.5% agar)

plate, while 50 ul of sterile DDW was plated on the other half as control. A 2 ul drop of
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vegetative cells or spores prepared from 8 h BHI or 4 days BHI culture, respectively, was spotted
on both halves of the plate and the plate was incubated inverted at 30 °C for 2 days. An aliquot
of 50 ul 0.1% SDS was also layered on half of Msgg agar plate as positive control. Pictures were
taken by both handheld microscope and dissecting microscope. To measure the surface tension
of water in the presence or absence of purified native pzX, de-O-acetylated pzX or autoclaved
pzX, a square area of 1.2 cm? of flat polystyrene surface was spread with either 10 pl of DDW or
each of the pzX samples, and the liquid was allowed to dry. Various amounts of DDW drops (30,
20, 15, 5, 2 ul) were placed on the center each spread surface, and top view pictures were taken
to show the diameter of droplets by handheld microscope. A side view pictures of the 30 ul of
water droplets were also taken at 45- and 90-degree angle. The contact angle of a droplet was

measured.

3.5.8 Adherence analysis of pzX

A replicate set of 4 pre-autoclaved vermiculites was soaked with 50 pl of B. cereus
spores mixed with 50 pl purified pzX (autoclaved) or control. Vermiculites were allowed to air-
dry for 24 h. The vermiculites were washed twice with sterile deionized water (DDW) each
included a quick dip of a vermiculite 5 times into 1 ml sterile DDW. The DDW wash was
discarded and the vermiculites were placed in 1 ml fresh sterile DDW before vortexed (2 min) to
release remnant adhered spores. An aliquot of the water containing spores was used for serial
dilutions, plated on BHI agar plates, and number CFUs were counted. For pzX titration
adherence assays, different amount of pzX (0, 2, 10, 20 ng) were mixed with spores and co-dried
with vermiculites prior to washing and plating. Additionally, 100 pl of 5-day Msgg culture
including spores and medium was directly co-dried with vermiculites, without any purification of

spores or pzX. This adherence test was carried out with B. cereus WT and Abc0486.
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3.5.9 Analysis of pzX as antiaggregant

B. anthracis Sterne 34F2 and B. cereus ATCC 14579 spores isolated from 5 days Msgg
medium were heat activated (80 °C; 20 min) in 0.2 ml of sterile DDW water. The activated
spores were incubated for 15 min at 37 °C in 0.2 ml buffer (10 mM Tris-HCI pH 8, 10 mM
NaCl). Subsequently, the spore suspension was supplemented with 30 pl of germinant solution
(50 mM inosine dissolved in10 mM Tris-HCI pH 8, 10 mM NaCl), and incubated at 37 °C for 20
min. The germinated spores were washed three times with sterile DDW and incubated in 0.5 ml
Msgg salts (Msgg medium lacking glycerol and amino acids) that was supplemented with 20 pg
pzX at 30 °C for 2 days. One set of aliquots was used for serial dilutions, and CFUs were
counted before and after germination, and 4, 8, 12, 24, 53 h post germination. The second set of
aliquots was used to examine cell morphology under phase-contrast microscope. The relative
amount of intact pzX remained in the medium was also tested by alditol-acetate derivatization

and GC-MS analysis.

3.5.10 Analysis of pzX at different pH

B. anthracis Sterne 34F spores isolated from 5 days Msgg medium was suspended in 0.5
ml of sterile DDW and mixed with or without 100 pg pzX. For acid condition, pH was lowered
to 2 by adding 50 mM HCI to a final concentration 10 mM in 0.2 ml of solution. The samples
was incubated at 30 °C for 24 hours. To test if pzX precipitates and bioencapsulates spores, the
top spores/pzX suspension portion and the bottom clear portion of the sample were aliquoted and
tested separately by CFU counts and phase-contrast microscopy. Subsequently samples were

vortexed to mix and were plated on BHI agar plates to count the total spore numbers by CFUs.
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4.1 Abstract

Bacterial glycan structures on cell surfaces are critical for cell-cell recognition and
adhesion and in host-pathogen interactions. Accordingly, unraveling the sugar composition of
bacterial cell surfaces can shed light on bacterial growth and pathogenesis. Here, we found that
two rare sugars with a 3-C-methyl-6-deoxy-hexose structure were linked to spore glycan in
Bacillus cereus ATCC 14579 and ATCC 10876. Moreover, we identified a four-gene operon in
B. cereus ATCC 14579 that encodes proteins with the following sequential enzyme activities as
determined by mass spectrometry and one- and two-dimensional NMR methods: CTP:glucose-1-
phosphate cytidylyltransferase, a CDP-Glc 4,6-dehydratase, an NADH-dependent SAM:C-
methyltransferase, and an NADPH-dependent CDP-3-C-methyl-6-deoxy-hexose 4-reductase.
The last enzyme predominantly yielded CDP-3-C-methyl-6-deoxy-gulose (CDP-cereose) and
likely generated a 4-epimer, CDP-3-C-methyl-6-deoxy-allose (CDP-cillose). Some members of
the B. cereus sensu lato group produce CDP-3-C-methyl-6-deoxy sugars for the formation of
cereose-containing glycans on spores, while others such as Bacillus anthracis, do not. Gene
knockouts of the Bacillus C-methyltransferase and the 4-reductase confirmed their involvement
in the formation of cereose-containing glycan on B. cereus spores. We also found that cereose
represented 0.2%—1% spore dry weight. Moreover, mutants lacking cereose germinated faster
than the wild type, yet the mutants exhibited no changes in sporulation or spore resistance to
heat. The findings reported here may provide new insights into the roles of the uncommon 3-C-
methyl-6-deoxy-sugars in cell surface recognition and host-pathogen interactions of the genus

Bacillus.
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4.2 Introduction

Bacterial cells produce myriad glycan structures that are secreted or attached to cell
surfaces. Often, being at the outermost surface of the cells, glycans have significant impact on
cell-cell recognition, cell-to-cell adhesion and in host-pathogen interaction (1-4). Glycans also
have a profound role in shaping the cell (5). In recent years it was also recognized that spore-
producing bacteria like members of Bacillus cereus sensu lato group are decorated with glycan
structures (6,7). While very few of these glycans were studied, they were found as glycoproteins
of the spore exosporium, the outer most surface layer surrounding the spore coat. Among the
exosporium glycoproteins that were characterized are ExsH and the collagen-like protein, BclA
(8,9). The BclA protein plays a central role in B. anthracis pathogenesis by promoting
interaction of spores with the host phagocytic cell. This was proposed to facilitate transport of
the spores to sites of spore germination and bacterial outgrowth (10,11). These two glycoproteins
characterized in the B. cereus ATCC 14579 exosporium have different sugar composition and
glycosylation patterns (12). The reason for the presence of several surface glycoproteins and
each being differently glycosylated on B. cereus ATCC 14579 exosporium remains unknown,
but various glycosylation patterns could suggest specific recognition to different cell receptors.

Genome sequence analyses have revealed the presence of at least 13 different collagen-
like protein-encoding genes and proteomic studies indicate some of them being in the
exosporium (13). Whether these are also glycoproteins with glycans that differ in their sugar
composition and sequence remains unknown. This feature is critical to study because spore
glyco-epitopes could explain host recognition and strain specificity. Thus, in a systematic screen
to identify sugar-containing polymers in spores, we have identified by GS-MS analyses new

unknown sugar-like residues in spore glycans.
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FIGURE 1
A
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FIGURE 4.1. A proposed biosynthetic step for the formation of CDP-cillose and CDP-cereose in Bacillus cereus
ATCC 14579. Panel A. Organization of the four-genes in the C3CM operon. Panel B. Bc3358 converts Glc-1-P and
CTP to CDP-glucose. Bc3359, a 4,6-dehydratase, converts CDP-glucose to CDP-4-keto-6-deoxy-glucose. Bc3360, a
C3-methyltransferase, converts CDP-4-keto-6-deoxy-glucose to CDP-3-C-methyl-4-keto-6-deoxy-hexose in the
presence of NADH and SAM. Bc3361 is a 4-reductase converting predominantly CDP-3-C-methyl-4-keto-6-deoxy-
hexose to CDP-3-C-methyl-6-deoxy-gulose (CDP-cereose), and likely at a much reduced amount, to CDP-3-C-
methyl-6-deoxy-allose (CDP-cillose).

Here we provide the evidence of two rare sugars, 3-C-methyl-6-deoxy-hexoses, that are
displayed on Bacillus spores. We showed that the activated forms of the sugars are CDP-3-C-

methyl-6-deoxy-hexose isomers as illustrated in Fig. 4.1. The formation of the C-methyl-sugar-
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containing glycan on spore surface occurs when cells are induced to grow in a sporulation

medium.

4.3 Results

4.3.1 Spores are decorated with two rare sugars, 3-C-methyl-6-deoxy-hexoses

Subtle differences among glycoconjugate structures were proposed to facilitate specific
interaction of a pathogen with its host. Hence, one important task is to determine all sugar
residues that decorate a glycan. This becomes difficult when different growth environments
influence glycan composition. Furthermore, some sugar residues are labile to the common
hydrolytic harsh conditions (high temperature and high concentration of acid).

In this study, we have examined sugar composition under different hydrolytic conditions
using Bacillus cereus ATCC 14579 cells. In addition, B. cereus was grown in different media
because its glycan do change to altered medium (14). This approach led us to detect two
unknown sugar peaks (labeled B and C, see Fig. 4.2A) by GC-MS analyses. The EI/MS spectra
of B and C showed identical fragment ions pattern suggesting they are isomers. Calculations of
the potential structure of the alditol-acetate derivatives implied that B and C are sugar residues
predicted to be 3-C-methyl-6-deoxy-hexoses. The GC chromatogram and MS fragmentation
pattern of such structures were not reported in Bacillus. The peaks at m/z 245 and 231 (Fig. 4.2A)
suggest a cleavage between C3-C4. The peaks at m/z 189, 129, 87 and m/z 203, 143 are likely
secondary ion fragments due to loss of m/z 42 (ketene) or 60 (acetate) from m/z 231 and 245,
respectively. Interestingly, hydrolyses of samples at very low molarity of TFA, HCI, acetic acid
gave different sugar composition profile. However, no peaks for B and C sugar residues were

observed when samples were hydrolyzed with 2 or 4 M TFA suggesting they are labile.
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FIGURE 2
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FIGURE 4.2 Two uncommon 3-C-methyl-6-deoxy-hexose sugar residues were detected upon mild hydrolysis of
spore glycan from Bacillus. Panel A. GC-MS of alditol-acetate derivatives of sugars released by mild acid
hydrolyses from spore glycan of B. cereus ATCC 14579 grown in Msgg medium. The two novel sugar peaks are
eluting at 22.7 and at 23.3 min and labeled ‘B’ and ‘C’, respectively. Peak ‘*’ is 6-deoxy hexose. The EI-MS
fragmentation pattern of peak ‘B’ and ‘C’ with their major m/z ion fragments is shown in the right spectrum; and the
boxed insert shows the predicted primary and secondary MS fragments (labeled in bold) of CDP-3-C-methyl-6-
deoxy-hexose alditol-acetate derivative. Panel B. GC-MS analyses of cereose and cillose standards depict that peak
B is cereose; and peak C is cillose. Standards were obtained from mild hydrolysis of corresponding CDP-3-C-
methyl-sugars purified from in-microbe based assay (see Fig. 4.4 for CDP-cillose); and after enzymatic assay (see
Fig. 4.8 for CDP-cereose). Alditol acetate sugar derivatives peaks of ribose and arabinose are also shown. Panel C.
Structures of cereose and cillose.
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4.3.2 C3CM operon harbors a biosynthetic pathway that includes a methyltransferase to
form CDP-3-C-methyl-6-deoxy-hexoses

Because sugar B and C were unknown deoxy-sugars, possibly uncommon, with a
potential unique 3°-C modification, we predicted that their formation would require an enzyme
having a capability to C-methylate its NDP-sugar precursor. We therefore, used the amino-acid
sequence of functional C-3’-methyltransferase from Micromonospora chalcea (15) to BLAST
against translated genome of B. cereus ATCC 14579 and this led us to identify a potential gene,
BC3360, encoding a protein with 31% amino-acid sequence identity. The M. chalcea C-3'-
methyltransferase is involved in the formation of dTDP-3-amino-2,3,6-trideoxy-4-keto-3-
methyl-D-glucose (dTDP-tetronitrose) (15,16). This unusual C3-methylated amino deoxysugar
(tetronitrose), is incorporated from its precursor, dTDP-tetronitrose, to a molecule with anti-
bacterial property, kijanimicin (17), and to an antitumor agent, tetrocarcin A (16). While 31%
sequence identity is not high (with expect value 1e°®), we were encouraged to pursue this
Bacillus homologous protein as a candidate methyltransferase (MetT) because it harbors a few
conserved amino acids and domains shared with the M. chalcea C-MetT. Interestingly, flanking
the putative Bacillus C-methyltransferase are three additional genes predicted to be involved in
NDP-sugar synthesis as well (Fig. 4.1A). However, rather than dTDP-biosynthetic genes, as in M.
chalcea, the genes flanking the Bacillus BC3360 were annotated as CDP-sugar biosynthetic
genes.

A proposed biosynthetic pathway of this operon is shown in figure 4.1B. The C3CM
operon encodes the following enzymes based on their specific activities that will be described in
details in the succeeding sections: CTP:glucose-1-phosphate cytidylyltransferase (Bc3358,

Glc1P-CytT), CDP-glucose 4,6-dehydratase (Bc3359, 4,6-dehydratase); SAM:CDP-4-keto-6-
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deoxy-glucose C3-methyltransferase (Bc3360, C3-MetT). Subsequently, a CDP-3-C-methyl-4-
keto-6-deoxy-hexose 4-reductase forms predominantly the final product CDP-3-C-methyl-6-

deoxy-gulose.

4.3.3 In-microbe analyses of genes of the C3CM operon in E. coli show synthesis of CDP-3-
C-methyl-6-deoxy-allose

Of the two experimental approaches used to determine the function of genes within the
C3CM operon, the first one is named “in-microbe”. The in-microbe experimental setup consisted
of a combination of up to four recombinant genes of the C3CM operon that were co-transformed
into E. coli. After IPTG-gene induction, the NDP-sugars were directly extracted from the cell
and separated by HILIC-column. Chromatographic peaks were further purified and analyzed by
NMR. E. coli induced to express the first gene BC3358 gave a distinct peak (Fig. 4.3A 1) with an
ion [M-H] at m/z 564 that gave MS/MS ion fragments at m/z 322 and 241 (Fig. 4.3B 1) which
are consistent with CDP-hexose, CMP [M], and sugar-1-P [M-H,O]’, respectively. The m/z 564
was not found in control E. coli expressing empty plasmid (Fig. 4.3A v). Subsequently, the E.
coli (Bc3358)-produced NDP-sugars were purified by HPLC and analyzed by NMR
spectroscopy. The NMR data confirmed the m/z 564 peak is CDP-Glc (supplemental Fig. 4.S1).
The chemical shift assignments for CDP-Glc are summarized in Table 4.1. The large Ju»», 13~ and
Ju3», na» coupling constants of 9.9 Hz and 9.8 Hz, respectively, are consistent with a sugar in
gluco-configuration. The chemical shift of 5.59 ppm of the anomeric proton and Jui», m2»
coupling constants of 3.4 Hz are consistent with a a-linkage. This suggests that enzyme Bc3358
is a CTP:glucose-1-phosphate cytidylyltransferase.

E. coli induced to express both BC3358 and BC3359 gave a broad peak eluting from

HILIC column between 16.5 to 18 min. This peak was characterized as CDP-4-keto-6-deoxy-
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glucose (CDP-4k-6d-Glc) (Fig. 4.3A ii) with an ion [M-H] at m/z 546 that gave by MS/MS an
ion fragment of m/z 322 (Fig. 4.3B 1ii). This suggests that BC3359 encodes a CDP-glucose 4,6-
dehydratase. Similarly, E. coli induced to express three Bacillus genes BC3358, BC3359 and
BC3360 produced yet another broad peak with retention time (14-15.5 min) distinct from the
previous time shown in Figure 4.3A iii and an ion [M-H] at m/z of 560 (Fig. 4.3B iii) that gave
MS/MS ion fragments of m/z 322 and 237. The empty vector control yielded no m/z 560 (Fig.
4.3A v). This increase of 14 amu indicates that the combined three Bacillus genes yielded a C-
methylated CDP-4-keto-6-deoxy-glucose. The MS/MS of the product (m/z 560) gave an ion
fragment at m/z 237 (Fig. 4.3B iii), which is consistent with a methyl modification of 4-keto
sugar-1-P [M-H,O]'. Hence, we tentatively suggest that BC3360 encodes a CDP-4-keto-6-deoxy-
glucose C3-methyltransferase. Lastly, when all four genes were co-expressed in E. coli, a new
peak observed (Fig. 4.3A iv) with an ion [M-H] at m/z 562 which gave MS/MS ion fragments of
m/z 322 and 239 (Fig. 4.3B iv). This increase of 2 amu indicates that the 4-keto moiety of the
substrate is reduced. Such peak was not detected in E. coli control. Hence, the last gene (BC3361)
when expressed in E. coli suggested encoding a CDP-3-C-methyl-4-keto-6-deoxy-hexose 4-

reductase.
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FIGURE 4.3. In-microbe analyses of the four genes encoded by the C3CM operon. HILIC chromatograms of
extracts isolated from E. coli cells overexpressing combinations of up to four genes are shown in Panel A. E. coli
expressed a single gene, BC3358 (see i) produces CDP-glucose; E. coli expressed the combined BC3358+BC3359
genes (ii) produces CDP-4-keto-6-deoxy-glucose; E. coli expressed the combined BC3358+BC3359+BC3360 genes
(iii) produces a 3-C-methylated CDP-4-keto-6-deoxy-hexose; E. coli expressed the combined four genes (iv)
produces a new UV-peak, later assigned as CDP-cillose; E. coli expressed an empty vector control (v) produces no
such peaks. A,;; is the maximum absorption for cytosine-based molecule. The large peak (16 min) labeled *
indicates internal reference. Panel B. LC-MS/MS analyses of each in-microbe reaction product. (i) CDP-glucose
with m/z of [M-H] 564 and its MS/MS fragment products; the combined BC3358+BC3359 (ii) produces CDP-4-
keto-6-deoxy-glucose with m/z of [M-H]" 546 and its MS/MS fragment products; the combined
BC3358+BC3359+BC3360 (iii) produces a 3-C-methylated CDP-4-keto-6-deoxy-hexose glucose with m/z of [M-
H] 560 and its MS/MS fragment product; the combined four genes (iv) yields CDP-3-C-methyl-6-deoxy-allose with
m/z of [M-H] 562 and its MS/MS fragment product. The control empty vector had no such mass.
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FIGURE S$1
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FIGURE 4.S1. Proton NMR analyses of CDP-glucose peak eluting from HILIC-column at 18.5 min in Fig. 4.3 Ai.
The chemical shift is shown on Table 4.1.

Table 4.1 chemical shifts of CDP-cillose, CDP-cereose and CDP-glucose

CDP-cillose H Bc J coupling
1 5.52 97.70 Jip=7.18

2 3.56 73.33 J1,=3.79

3 - 76.28 -

4 3.15 77.69 J45=10.10
5 4.08 67.87 J56=5.37

6 1.26 19.46 -

7 1.29 23.40 -
CDP-cereose H B¢ J coupling
1 5.54 98.07 J1p=7.26

2 3.67 70.67 J1,=3.68

3 - 75.80

4 3.36 77.89 J45<1

5 4.56 67.10 J56=6.72

6 1.19 18.23

7 131 25.45
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CDP-Glucose H J coupling

1 5.59 Tip=7.1

2 3.52 11734

3 3.88 1,5=9.9

4 3.45 15,=9.8

5 3.76 7,5=9.8

6a 3.84 Jsea=2.1
J5.65=6.4

6b 3.75 Joap=12.5

4.3.4 One- and two-dimensional NMR reveal the chemical structure of CDP-3-C-methyl-6-
deoxy-allose

Column purification of the final four-gene product (CDP-3-C-methyl-6-deoxy-hexose)
produced by the in-microbe experiment (see peak point by the arrow in Fig. 4.3A iv) was
analyzed by NMR spectroscopy (Fig. 4.4A). One-dimensional NMR spectrum (Fig. 4.4B) shows
protons H5, H6 belonging to Cyt base ring; anomeric signals belonging to ribose H1” (5.98 ppm)
and 3-C-methyl-6-deoxy-allose H1” (5.52 ppm), as well as ring protons (3 to 4.5 ppm) and
diagnostic H5” proton of 6-deoxysugar. In addition, two distinct signals in the methyl region
were observed: the first peak (H7”, 1.29 ppm) is a singlet and was later assigned to the methyl
group attached to C3’’; the second peak is a doublet and later assigned to the methyl group at
C6”. The singlet peak suggested no proton is connected to the C3” on the sugar ring, while the
doublet peak (i.e. split) at H6 is the result of coupling to H5”. If the C3”-methyl was O-linked
to C3” (like in methanol) we would expect a H3” signal and a doublet signal of H7” due to the

split of H3”.
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FIGURE 4
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FIGURE 4.4. The combined Bacillus cereus BC3358+BC3359+BC3360+BC3361 genes expressed in E. coli
produce CDP-3-C-methyl-6-deoxy-allose: CDP-cillose. Panel A. Structure of CDP-cillose. The specific numbered
protons (H) and carbons (C) are labeled. Panel B. '"H NMR spectrum of CDP-cillose with selective peak proton
signals. Spectrum was cropped to fit the window. Signals labeled with “*’ and ‘#’ are ammonium formate and DSS,

respectively.

Two-dimensional COSY experiment (Fig. 4.5A) shows the connectivity between H1” to

H2”, H4” to H5” and H5” to H6” on the cillose ring. The absence of a proton connected to C3”
position and the absence of connectivity of methyl H7” to any adjacent protons suggests that this
methyl group is connected via carbon at 3” position. In addition, HBMC experiment (Fig. 4.5B)

also indicates the connectivity of methyl H6” to C4” and C5”; and methyl H7” to C2”, C3” and

C4” suggesting a sugar ring with 3-C-methyl-6-deoxy-allose configuration.
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FIGURE 5
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FIGURE 4.5. Detailed NMR characterization of CDP-cillose derived by in-microbe HPLC purified reaction
product. Panel A. COSY experiment showing the connectivity between protons in the sugar ring moiety that are two
to three bonds apart. Note that there is no proton connected through H2”” and H4” indicating no proton linked to C3”
Panel B. selected spectral region of HMBC experiment showing protons on the methyl region connected to adjacent
carbons that are two to three bonds away. Note, the methyl group (H7”) is connected to C3” indicating cillose is C3-
methylated. Panel C. One-dimensional ROESY experiment with H4” irradiated. Dipolar couplings (NOE effect) are
observed between H4” to H2” also indicating allose-configuration.



Complete determination of the stereoisomerism of this nucleotide sugar came by
measuring the coupling constants in one-dimensional NMR experiments. The large coupling
constant J;5=10.1Hz between H4” and H5” (Table 4.1) strongly supports allose-configuration
and not a gulose-configuration. The distinct chemical shift of the anomeric proton H1” and the J
coupling constant value of 3.79 Hz for Ju;», n»» are consistent with a-linkage to the phosphate
moiety of CDP. Additionly an one-dimensional ROESY experiment was performed (Fig. 4.5C).
When H4” is irradiated, dipolar couplings (NOE effect) between H4” to H2”, H4” to H6” and H4”
to H7” was observed confirming allose-configuration. Taken together, this nucleotide sugar is
characterized as CDP-3-C-methyl-6-deoxy-allose, and we named it CDP-cillose.

In addition to NMR analysis, we also utilized purified CDP-cillose sample as standard for
GC-MS analysis. When the CDP-cillose standard was hydrolyzed, derivatized to its alditol-
acetate and analyzed by GC-MS, the retention time, EI/MS ion and fragments were identical to

the sugar peak “C” in Fig. 4.2B.

4.3.5 In vitro assays of C3CM operon reveal that the combined enzymatic product is CDP-
3-C-methyl-6-deoxy-gulose

While the first method provided evidence that the four-Bacillus genes expressed in E. coli
produced CDP-cillose, the second approach based on in vitro enzymatic assays suggests that the
last step gives a different product with altered sugar configuration, as described below. In the
second method, each individual recombinant protein was expressed and purified by affinity
column (supplemental Fig. 4.S2). Our biochemical data confirm that recombinant Hise-Bc3358 is
indeed a CTP: Glc-1-P cytidylyltransferase as determined by LC-MS/MS (Fig. 4.6A) while the
control empty-vector gave no product. During the initial characterization of the recombinant

enzyme, we determined that the activity requires magnesium, Glc-1-P, and CTP as no activity
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was observed without the metal. The enzyme is specific to CTP as a nucleotide because ATP,
dTDP, GTP are not substrates under the conditions described under “Experimental procedures”;
however a less than 1% conversion was observed with UTP. Gal-1-P is not a substrate. MS
analyses of the enzymatic peak product yielded an ion at m/z 564 and MS/MS ion fragment of
m/z 322 that is consistent with [CDP-Glc-H] and [CMP-H], respectively. As CDP-Glc is

commercially unavailable, we purified a large amount of it using HILIC column and used it for

further characterization of the subsequent enzymes.
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FIGURE 4.6. LC-MS in vitro enzymatic analyses of purified recombinant proteins encoded by the C3CM operon.
Panel A. Purified Hisg-Bc3358 was reacted with CTP and Glc-1-P to yield a new peak of CDP-Glc eluting from
HILIC column at 14 min. The dashed-line indicates the elution of substrates. Panel B. Purified Hisg-Bc3359
converts CDP-Glc to a new peak CDP-4-keto-6-deoxy-Glc eluting as broad peak between 10-12 min. Panel C.
Hisg-Bc3360 methylates and converts CDP-4-keto-6-deoxy-Glc to CDP-3-C-methyl-4-keto-6-deoxy-hexose. Panel
D. When reaction shown in panel B was terminated and co-incubated with purified His¢-Bc3360 and Hisg-Bc3361, a
new peak eluting at 11 min was observed; this peak was later identified as CDP-3-C-methyl-6-deoxy-gulose, CDP-

Cereose.
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FIGURE S2
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FIGURE 4.S2. SDS-PAGE analysis of each of the C3CM operon biosynthetic enzymes after nickel column
purification. Protein standards (M) are shown on the left in kDa. Lanel, Bc3358 (28.8 kDa) CTP:glucose-1-
phosphate cytidylyltransferase (Glc1P-CytT); lane2, Bc3359 (39.4 kDa) 4,6-dehydratase (4,6-DH); lane3, Bc3360
(46.7 kDa) C-3-methyltransferase (C3-MetT); lane4, Bc3361 (34.7 kDa) 4-reductase (4-Red).

The second enzyme is a specific 4,6-dehydratase. The recombinant enzyme, Hisg-Bc3359,
readily converted CDP-Glc to a CDP-4-keto-6-deoxy-glucose, while a control reaction yielded
no product. Fig. 4.6B shows LC-MS/MS analyses of the activity of Bc3359, where the enzymatic
products (labeled CDP-4k-6d-Glc, refer to CDP-4-keto-6-deoxy-Glc) eluted from the HILIC
column as a broad peak between 10 and 12 min and with ion [M-H] at m/z 546. MS/MS
analysis of this peak yielded a fragment of 322 m/z consistent with CMP. To gain further insight
into Bc3359 4,6-dehydratase enzyme activity, we monitored the reaction by time-resolved 'H
NMR. The anomeric signal at 5.59 ppm (Fig. 4.7 labeled G, H-1"; see 0-min time point)
indicates the chemical shift of the substrate, CDP-Glc. As the enzymatic reaction progressed two
new products appeared, each with a quartet of peak signals at 5.56 and 5.74 ppm (Fig. 4.7
labeled K, H-1” and H, H-1”) in the anomeric region of the NMR spectrum, whereas the H-1" of
the substrate disappeared. Product K is CDP-4-keto-6-deoxy-Glc and H is the hydrated form of
K. The H-4" proton signal of the substrate (labeled C, H-4") decreased over time reflecting the

disappearance of H-4” when forming 4-keto structure product. Two signals also appeared at the
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6-deoxy regions around 1.20 and 1.30 ppm. These signals correspond to C6-methyl protons (H-
6") of products K and H sugar moieties, respectively. The collective MS/MS and NMR data
provide evidence that Bc3359 encodes a CDP-Glc 4-6-dehydratase. Further assays were
conducted to determine substrate specificity, but dTDP-Glc and UDP-GIcNAc were not
substrates, however, less than 1% of UDP-Glc was converted to UDP-4-keto-6-deoxy-Glc as
evident by MS/MS.

FIGURE 7
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FIGURE 4.7 Time-resolved '"H NMR showing that recombinant Bc3359 is a CDP-Glc 4,6-dehydratase. The
enzymatic conversion of CDP-Glc (G) to CDP-4-keto-6-deoxy-Gle (K) and its hydrated form (H) is shown over
time by proton NMR. The chemical shift regions of the proton NMR spectrum that are diagnostic for the H-1”
anomeric protons of enzymatic reactant (G) and products (H and K) is shown between 5.5 and 5.8 ppm. The
diagnostic signals for the three methyl protons (H6”) peaks of product K and H are shown between 1.1 and 1.3 ppm.

The next enzyme activity was found as SAM:CDP-4-keto-6-deoxy-hexose C3-
methyltransferase (abrr. C3-MetT). Preliminary assays established that the recombinant Bacillus
Bc3359 C3-MetT requires magnesium and NADH for activity and is SAM-dependent. The

purified recombinant C3-MetT (Hise-Bc3360) was reacted with CDP-4-keto-6-deoxy-glucose
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(the reaction product of Bc3359). A new broad peak with a retention time between 9.5-10.5 min
(Fig. 4.6C) was detected while a control reaction gave no product. The mass spectrum showed an
ion [M-H] at m/z 560 proposing that the product was also CDP-4-keto-sugar, but the increase of
14 amu when compared with the substrate suggested that the product gained a methyl group.
Hence, the product of Bc3360 is CDP-3-C-methyl-4-keto-6-deoxy-hexose. Interestingly, the
activity of the C3-MetT was relatively low and only ~10% conversion was obtained. However,
adding the last enzyme in the pathway (4-reductase, Bc3361) drove the reaction further to
produce a new product. Figure 4.6D shows the enzymatic assay of combined C3-MetT and 4-
reductase. Both purified recombinant C3-MetT (Hise-Bc3360) and 4-reductase (Hisg-Bc3361)
readily reacted with CDP-4-keto-6-deoxy-hexose to yield a final product while negative control
reactions gave no product. A peak with a retention time at 11 min (Fig. 4.6D) was detected
having an ion [M—H] at m/z 562. MS/MS analysis of this ion gave fragments at m/z 322 and 239,
consistent with CMP and sugar-1-P derivatives for CDP-3-C-methyl-6-deoxy-hexsose.

When substituting Mg*" for Zn*" or Mn" in Bc3360 assay, no C3-MetT activity detected.
When omitting NADH no C3-MetT activity and only low activity observed when NADPH was
substituted for NADH or when pyridoxal phosphate (PLP) was used. Lastly, the C3-MetT
activity requires SAM as the methyl donor with the highest activity at 22 °C with little activity at
37 °C. Further support for the in vitro C3-MetT specific activity came from in-microbe
experiment. Engineered E. coli cells co-expressing the C3-MetT gene with either a gene
encoding an enzyme that forms dTDP-4-keto-6-deoxy-Glc, UDP-4-keto-6-deoxy-Glc or UDP-4-
keto-6-deoxy-N-acetylhexosamine were not able to methylate these derivatives. The last enzyme
in the pathway is a 4-reductase. It has the highest activity with NADPH rather NADH. In the in-

microbe experiments, the 4-reductase activity also appeared specific with no activities towards
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dTDP-4-keto-6-deoxy-Glc, UDP-4-keto-6-deoxy-Glc or UDP-4-keto-6-deoxy-N-

acetylhexosamine.

4.3.6 One- and two-dimensional NMR reveal the chemical structure of CDP-3-C-methyl-6-
deoxy-gulose

Column purified product (product peak in Fig. 4.6D) of the in vitro combined enzymatic
assays of Hisg-Bc3360, Hise-Bc3361 was analyzed by NMR spectroscopy. One-dimensional
NMR spectra (Fig. 4.8) showed anomeric signals belonging to the H1” peak (5.54 ppm), ring
protons H2”” and H4” (3.25 to 3.75 ppm) and diagnostic H5” proton of 6-deoxysugar (4.56 ppm).
Similar to CDP-cillose, two distinct methyl signals were observed: the singlet peak H7” (1.31
ppm) which represents the methyl group attached to C3”; and the doublet peak H6” (1.19 ppm)
that was assigned to the methyl group at C6”. The chemical shifts acquired are different from
CDP-cillose, indicating the enzymatic product from in vitro assay of C3CM operon is different
from the E. coli-based in-microbe reaction. The chemical shift differences between CDP-cillose
made in E. coli when compared to the in vitro enzymatic product led us to acquire more NMR

data to determine the structural nature of this material.
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FIGURE 8
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FIGURE 4.8. One-dimensional proton NMR spectrum of the combined four-gene in vitro enzymatic product shows
that the product is CDP-3-C-methyl-6-deoxy-gulose: CDP-cercose. Selected signals are labeled on the spectrum.
Signal labeled with ‘#’ is DSS.

Further two-dimensional COSY and ROESY experiments were performed to determine
the stereoisomerism of H4” (Fig. 4.9). COSY (Fig. 4.9A) shows the connectivity between H1” to
H2” and H5” to H6” on the ring. No proton connected C3” position as expected; however the
coupling between H4” and H5” was not observed, indicating the coupling constant between H4”
and H5” is very small (J45<1). Additional ROESY experiment was conducted to confirm that the
H4” is in axial position (Fig. 4.9B). Dipolar couplings were observed between H4” to H6” and
H4” to H7”, no NOE effect between H4” to H2” (Data not shown), suggesting H4” is in axial
position, consistent with gulose-configuration. The NOE observed between H2” and H7” (Fig.
4.9B) also indicates that methyl on C3” is equatorial. Taken together, the product of in vitro
enzymatic assay from C3CM operon is CDP-3-C-methyl-6-deoxy-gulose. We decided to name it
CDP-cereose because while this work was in progress, a study on spore glycoprotein BclA in

Bacillus cereus ATCC 14579 (18) identified cereose to be attached as a terminal sugar that is -
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1,4-linked to 3-O-methyl-rhamnose on the oligosaccharide of BclA. The complete chemical
shifts of CDP-cereose are listed in Table 4.1. We also utilize purified CDP-cereose sample as a
standard for the GC-MS analysis and the retention time, EI/MS ion and fragments are identical to
the sugar peak “B” in Fig. 4.2B.

To solve the discrepancy between the E. coli in-microbe analysis and the in vitro
enzymatic activities, we decided to examine if the 4-reductase is also a 4-epimerase. However,

CDP-cillose was not converted by Bc3361 to CDP-cereose when assays utilized NADPH or

NADH as determined by NMR.
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FIGURE 4.9. Detailed NMR characterization of CDP-cerecose derived by in vitro assays. Panel A. COSY
experiment showing the connectivity between protons in the sugar ring moiety that are two to three bonds apart.
Note that there is no proton connected to H2” and J coupling between H4” and H5” is too small to observe
indicating they H4” is axial position. Panel B. selected spectral region of ROESY experiment showing dipolar
couplings (NOE effect) between H4” to H6”, H4” to H7”, H5” to H6” and H2” to H7” indicating a gulose-
configuration.
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4.3.7 Bacillus produces predominantly CDP-cereose in vivo during sporulation

We next addressed which CDP-3-C-methyl-6-deoxy-hexose sugar(s) Bacillus produces in
vivo and when. For that purpose we analyzed NDP-sugars as well as the expression of genes
belonging to the C3CM operon. We first examined if the genes are constitutively expressed or
are induced by specific environmental cues. To that end we found that the rich medium BHI,
suppressed transcription of the four genes (Fig. 4.10A), while under a defined nutrient medium
(Msgg) these genes were transcribed as determined by RT-PCR. It took however, about 48 h for

genes of the C3CM operon to be transcribed upon shifting from BHI to Msgg medium.
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FIGURE 4.10. Bacillus produces predominantly CDP-cereose in vivo during sporulation. Panel A. Genes of the
C3CM operon are transcribed during growth in Msgg liquid medium but are not transcribed in rich BHI medium,
which maintains vegetative growth. RT-PCR analysis for the expression of gene encoding: lane 58, BC3358; lane
59, BC3359; lane 60, BC3360; lane 61, BC3361; lane P, sigA positive control; lane N, negative control (RT-PCR
reaction without RT). Panel B. LC-MS/MS analysis of nucleotide sugar extracts from Bacillus cereus ATCC 14579
growing in Msgg medium for 2 days. The data was selected to show only [M-H]- ions at m/z 562 for CDP-3-C-

methyl-6-deoxy-hexose and m/z 606 for UDP-GIcNAc as a reference. The MS/MS fragmentation pattern of ion 562
m/z is shown in the dotted box.
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Because Msgg medium gave rise to both biofilm and spores, we tested if DSM that
induces spore formation, also gave rise to accumulation of CDP-3-C-methyl-6-deoxy-hexose. To
that end, NDP-sugars were extracted from Bacillus growing at either Msgg or DSM. A peak with
a retention time at 11 min (Fig. 4.10B) was detected with m/z 562, an ion consistent with CDP-3-
C-methyl-6-deoxy-hexose. In both DSM and Msgg the m/z 562 was identified in the first day
with highest level at day 2 and reduced amounts in day 4. The HILIC column is unable to
separate the CDP-cillose from its 4-epimer, CDP-cereose. To determine the identity of peak 562,
the NDP-sugars were isolated, mildly hydrolyzed, derivatized to alditol-acetates and analyzed by
GC-MS. The elution time (22.7 min) and MS fragmentation data indicate that the major CDP-
sugar i1s CDP-cereose (Data not shown). Based on the retention time (23.3 min), the amount of
cillose derived from CDP-cillose was too low to be designated conclusively. Hence, the
combined LC-MS and GC-MS data suggests that Bacillus makes predominately CDP-cereose in
vivo but we cannot exclude the possibility that CDP-cillose is made, albeit in substantially

smaller amounts.

4.3.8 C3CM operon is required to form cereose-containing glycan

We first addressed if the C3CM operon is involved in cereose-glycan formation. For this
purpose, we deleted the gene encoding Bc3360, the C3-MetT in B. cereus ATCC 14579
(Supplementary Fig. 4.S3). The data of spore-derived glycan in ABC3360 not surprisingly
showed the lack of the cereose sugar residue (Fig. 4.11). This data suggested that genetically C3-
MetT of the C3CM operon is involved in cereose-containing spore glycans. We then examined
genetically the function of the Bc3361, and whether it is a specific 4-reductase. To that end, we
have generated a BC3361 gene deletion strain ABC3361. The spores’ glycans were analyzed by

GC-MS and data showed a significant reduction in the amount of cereose. This strongly suggests
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that Bc3361 is indeed involved in the formation of cereose-containing glycan in spores. Further
investigation and protein crystallography will be required to fully understand the contribution of

Bc3361 to the formation of cillose-containing glycan.

FIGURE S3
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FIGURE 4.S3. PCR verification of mutant ABC3360. PCR was conducted on ABC3360 and wild type B. cereus
ATCC 14579 (BcWT) to confirm the deletion of BC3360 and integration of chloramphenicol resistant gene CAT
using 4 pairs of primers: Primer set TM003 and ZL053 was designed to encompass a 1.6 kbp fragment (Lanel) that
included 3’-portion of BC3359 and the disrupted BC3360 with the CAT gene in the mutant strain ABC3360. Similar
PCR reaction using BcWT gave no band (Lane5) as expected. Primers TM006 and ZL054 were designed to amplify
a 2.4 kbp fragment (Lane2) that contained the disrupted BC3360 with the CAT gene and BC3361 in ABC3360,
while BcWT gave no band (Lane6). Primer set TM003 and TM006 was designed to amplify DNA region from
BC3359 to BC3361 that included the CAT-disrupted BC3360 in the mutant ABC3360, and expected to have a band
of 3.3 kbp (Lane3,). Similar primer set TM003 and TM006 used with BcWT amplified as expected a DNA of 1.7
kbp (Lane7) that included BC3359, intact BC3360, and BC3361 region; Primer set TM005 and TMO006 was
designed to amplify DNA region from BC3360 to BC3361: in the mutant ABC3360 no PCR DNA band was
expected due to partial deletion of BC3360 (Lane 4), while in the BcWT a band of 0.4 kbp was expected (Lane 8,).
Primers are listed in supplemental Table 4.S2.
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FIGURE 11
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FIGURE 4.11. GC-MS of alditol-acetate derivatives of sugars released by mild acid hydrolyses from spores of:
Panel A. wild type B. cereus ATCC 14579; Panel B. ABC3360, and Panel C. ABC3360 complementation strain. All
strains were grown on DSM sporulation agar plates. *An unknown contaminant; non-sugar peak.

We next addressed if all Bacillus sp have the capability to form the cereose-containing
glycans. We examined 17 different Bacillus strains (Table 4.2) of the Bacillus cereus sensu lato
group: B. cereus, B. thuringiensis, and B. anthracis. Genomic sequences revealed that four of the
seventeen strains do not harbor DNA sequences for the C3CM operon; and these strains showed

no cereose residue by GC-MS. But all strains having the C3CM operon produced cereose.
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Together, it is evident that the C3CM operon is indeed involved in the formation of cereose
containing glycans.

Table 4.2. Different strains in Bacillus correlate with C3CM operon and cereose production in spores.

Bacillus strain C3CM operon in | Cereose production
genome in spores
B.thuringiensis israelensis ATCC 35646 No No
B.thuringiensis berliner ATCC 10792 Yes Yes
B.thuringiensis kurstaki HD73 Yes Yes
B.cereus ATCC 14579 Yes Yes
B.cereus ATCC 10876 Yes Yes
B.anthracis 34F2 No No
B.subtilis PY79 No No
B.megaterium QMB1551 No No

4.3.9 C3CM operon may contribute to spore germination

We next address whether mutants of the C3CM operon have an effect on spore
properties, sporulation, or spore germination. Upon the initial analysis of ABC3360 and
ABC3361, we did not detect difference in sporulation rate after 8 days of growth on DSM agar
plates compared to the wild type. Similarly, the lack of 3C-methyl sugars had no impact on spore
stability; and mutant spores pre-incubated at 80°C, 85°C or 90°C had similar heat stability
properties as the wild type (Data not shown). However, we observed between 10 to 20 %
increase in the germination rate of ABC3360 and ABC3361 when compared with the wild type
(Fig. 4.12). Taken together, cereose glycosylation may contribute to spore germination, but

seems not to impact the stability of spores under heat.
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FIGURE 12
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FIGURE 4.12. Mutants ABC3360 and ABC3361 are germinating faster than parental wild type B. cereus ATCC
14579. Germination of spores was determined by the relative decrease in spore optical density at 600 nm over time.
The data represent average of two separate experiments.

4.3.10 Timing of cereose-containing glycan expression

In Msgg or DSM, over 90% of B. cereus ATCC 14579 cells sporulate at day 3-4.
Analyses of glycans isolated from one-day cultures provided no evidence of cereose-containing
glycan. Cereose-containing glycan started to appear in day two to three in culture with higher
amounts accumulated at day six. To determine if cereose-containing glycans are stable we
analyzed spores isolated from culture grown for up to 14 days in Msgg. No degradation of
cereose sugar signal was observed between 6 and 14 days, suggesting that cereose containing
glycan is not degraded. Similar amount of cereose was observed in spores produced by DSM. In
general, the amount of cillose-containing glycans based on GC-MS analyses was not sufficient to
be quantified for the timing analysis when compared with cereose-containing glycans.

The amount of cereose in spores was calculated to be 0.2-1% of dry mass. This

significant amount may play an important role in spore biology.
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4.3.11 Cereose sugar is not exclusive to spore glycoprotein BclA

Following the identification of the CDP-cereose in this report, we further examined
whether cereose is found only in BclA and enriched in spores by analyzing the enriched
exosporium fraction in the BclA mutant as described earlier (18,19). Cereose indeed appeared in
the exosporium preparation, but significant amount of cereose, was also detected in the spores
lacking exosporium (Fig. 4.13A), suggesting cereose may not be unique to BclA glycoprotein. In
addition, upon examination of the BclA as well as ExsJ mutants from Bacillus cereus ATCC
10876 (20) we found cereose is present in spores, indicating that cereose may be attached to
other glycans as well (Fig. 4.13B).

Consistent with the above observation, we treated spores with urea and SDS, as the
combined reagents are known to release glycoproteins like BclA (21) and BelB (22). Analysis of
B. cereus ATCC 14579 spores after urea/SDS treatment showed two clear GC-MS signals of
cereose and cillose at a ratio of 36:1 respectively (Fig. 13C). This suggests that a large portion of
cereose- and cillose-containing glycans still decorates the spores. The explanation to this will
require further intensive research, and it could suggest that some of the cereose/cillose glycan
structures on the spores are either cross-linked to other macromolecules, urea-resistant

glycoproteins or SDS-resistant glycolipids.
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FIGURE 13
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FIGURE 4.13. Cereose-containing glycan is not exclusive to the major spore glycoprotein, BclA. GC-MS of
alditol-acetate derivatives of sugars released by mild acid hydrolyses from: Panel A. exosporium-free spore of B.
cereus ATCC 14579 and exosporium fraction; Panel B. spores of wild-type B. cereus ATCC 10876 and
glycoprotein mutants ABclA and AExsJ (20); Panel C. urea-SDS-treated spores of wild-type B. cereus ATCC

4.4 Discussion

In this study, we have identified and biochemically characterized a new metabolic

pathway involved in the formation of uncommon sugar residues in Bacillus. The characterized

pathway includes four B. cereus ATCC 14579 recombinant proteins (Bc3358-Bc3361) and
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Figure 4.1 summarizes our proposed biochemical route for the formation and conversion of
CDP-glucose to CDP-3-C-methyl-6-deoxy-gulose, named CDP-cereose and potentially its 4-
epimer CDP-cillose. The first protein Bc3358 is magnesium- and CTP-dependent enzyme that
attaches the cytidyl group from CTP to Glc-1-P to from CDP-glucose. The second enzyme,
Bc3359, is a specific 4,6-dehydratase that converts CDP-Glc to a CDP-4-keto-6-deoxy-Glc. This
intermediate exists in two forms: hydrated and keto forms. Existing in two forms appears to be a
common feature observed with other 4-keto nucleotide-sugar derivatives including UDP-4-keto-
6-deoxy-glucose (23), UDP-4-keto-6-deoxy-AltNAc (24), UDP-4-keto-6-deoxy-GlcNAc (25),
and UDP-4-keto-xylose (26). The third enzyme is a distinct C3-methyltransferase (C3-MetT,
Bc3360) that requires magnesium to catalyze the transfer of the methyl group from SAM and
link it to C3” of the sugar moiety of the CDP-sugar to form CDP-3-C-methyl-4-keto-6-deoxy-
hexose. Like some of other characterized C3-methyltransferases (27,28), Bc3360 is a NADH-
dependent. There is no apparent formation of NAD" and the enzyme does not appear to function
as a reductase in the absence of SAM. It is also able to use NADPH as co-factor with 50% less
conversion than NADH as a co-factor. Other co-factor like pyridoxal phosphate (PLP), which
maybe suitable for other C3-methyltransferase (29) gave very little conversion (less than 1%).
Finally, in vitro Bc3361 reduces in an NADPH-dependent manner the 4-keto moiety of the
methyl sugar and converts it to CDP-cereose and NADP. The analog NADH could not substitute
NADPH in the 4-reductase reaction.

The order of genes within the C3CM operon, the nucleotide space and the overlap
amongst the gene is highly similar to other Bacillus sp. For example, BC3360 is overlapped by
one nucleotide with BC3361 and 1- and 12-nucleotide gap are found between coding region of

BC3358 and BC3359; BC3359 and BC3360, respectively. Such gene overlap and reading frame
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offset appeared conserved in other Bacillus spp including B. weihenstephanensis FSL R5-860, B.
cereus ATCC 10876, B. thuringiensis serovar israelensis ATCC 35646, B. thuringiensis serovar
kurstaki str. HD-1; B. toyonensis BCT-7112, and B. cereus m1293. It is therefore possible that
the expression of the C3CM genes is under the same regulation mechanism. Not all strains of the
B. cereus group harbor the C3CM operon, for example the B. anthracis strains including 34F2,
Ames, vollum do not have the C3CM genes in there genome. On the other hand, some Bacillus
cereus strains which are also human pathogens (supplemental Table 4.S1) like B. cereus G4264,
G9241 or food and dairy spoilage strains like Bacillus wiedmannii do have C3CM operon. This
could suggest that cerecose decoration on spores may function in assisting spore survival under
certain environmental conditions or infecting hosts via specific mechanisms.

Enzyme activity of recombinant proteins showed that the last protein a 4-reductase gives
a gulose configured sugar residue, cereose. However, in E. coli the 4-reductase produces
predominantly the 4-epimer with allose configuration, cillose. The discrepancy was not easily
discerned, specifically when cillose and cereose are both present in Bacillus. One possibility is
that the predominant activity of the 4-reductase is to generate CDP-cereose and little activity is
expended to form CDP-cillose. The second possibility is that an additional 4-epimerase in
Bacillus or E. coli epimerizes CDP-cereose to CDP-cillose. Or alternatively, the 4-reductase
activity could be regulated post-translationally by other factors, resulting in this enzyme having a
different activity compared to its activity in vitro. The specific mechanism behind this variance is

unknown. Further protein crystallography is required to elucidate the enzymology of Bc3361.
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Supplemental table 4.S1. Sequence similarity of C3CM operon genes from B. cereus ATCC 14579 to

other Bacillus strains

Bacillus cereus | Bc3358 Bc3359 BC3360 Bc3361
ATCC 14579 GlclP CytT CDP-Glc 4,6- | C3-MetT 4-reductase
dehydratase
Origin Sp. Locus tag, % AA seq | % AA seq ID % AA seq ID % AA seq ID
ID (e-value) (e-value) (e-value) (e-value)
toxic wild | B. thuringiensis | ADH07857 BMB171_C3048 BMB171_C3049 BMB171_C3050
strain to | BMBI171 BMB171_C3047 97(0) 100(0) 99(0)
Lepidoptera 95 (0)
food spoilage B. cereus | BCAH187_A3399 BCAHI187_A340 | BCAH187_A3401 | BCAH187_A3402
AHI187 () 0 92(0) 92(0)
88(0)
99(0)
Contaminated B. cereus | EEK49878 beere0002_31310 | beere0002_31320 | bcere0002_31330
flask ATCC 10876 beere0002_31300 DJ50 148 DJ50_147 DJ50_145
DJ50_149 99(0) 97(0) 97(0)
99(0)

Tissue, animal

B. thuringiensis
serovar berliner

bthur0008_30730

bthur0008_30740
92(0)

bthur0008_30750
97(0)

bthur0008_30760
99(partial seq)

ATCC 10792
99(0)
pasteurized Bacillus C175_03708 C175_03713 C175_03718 C175_03723
milk weihenstephane | 99(0) 99(0) 100(0) 99(0)
nsis FSL RS-
860
Wound Bacillus cereus | beere0005_29970 beere0005_29980 | beere0005_29990 | beere0005_30000
172560W 98(0) 99(0) 97(0)
98(0)
Blood and | Bacillus cereus | ACK60932 BCB4264_A3374 BCB4264_A3376

pleural fluid of
fatal

B4264

BCB4264_A3373
99% (0)

99(0)

BCB4264_A3375

97(0)

pneumonia

male patient 93(0)

Animal feed Bacillus Btoyo 0594 Btoyo 0595 Btoyo 0596 Btoyo 0597
toyonensis 95(0) 85(0) 91(0) 88(0)
BCT-7112

Human clinical | Bacillus cereus | EAL16983 BCE_G9241 332 | BCE_G9241 332 | BCE (G9241 332

sample
resembling
inhalation
anthrax

G9241

BCE_G9241 3322
96(0)

3
88(0)

4
92(0)

5
92(0)

Food poisoning

Bacillus cereus
AHI1271

beere0028_31110
94(0)

beere0028_31120
86(0)

beere0028_31130
93(0)

beere0028_31140
91(6xe-175)

Raw milk

Bacillus
wiedmannii
FSL W8-0169

AT260_18250

AT260_18255

AT260_18260
93(0)

AT260_18265

4.5 Experimental Procedures

4.5.1 Strains and culture conditions

The strains used in this study were listed in Table 4.2. Each strain was stored in 16%

glycerol at -80 °C. The media (agar or liquid) used were Luria Bertani (LB) (10 g/L tryptone, 5
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g/L yeast extract, 10 g/L NaCl), BHI, DSM (Difco Sporulation Medium) and Msgg medium
(30). Escherichia coli DH10B cells were used for cloning and Rosetta2(DE3)pLysS (Novagen)
cells were used to express protein.

B. cereus cells were cultured in either liquid or agar plate with Msgg or DSM plates and
incubated at 30 °C for 5 days to achieve over 90% sporulation rate, as confirmed by microscopy
and CFU counts after 80 °C heat stability treatment. Spores were purified as described (31); and
subsequently washed repeatedly with sterile double distilled water (ddw) and finally centrifuged

(8,000 x g, 10 min).

4.5.2 Cloning genes of the C3CM operon

A single colony of B. cereus growing on BHI agar was suspended in 50 pl sterile ddw,
heated for 5 min at 95 °C and then centrifuged (10,000 x g, 30 sec). A portion of the supernatant
(5 pl) was used as the source of DNA to amplify each specific gene by PCR. Each primer was
designed to include a 15-nucleotide extension with exact sequence homology to the cloning site
of the target plasmid at the 5’ end. This facilitated cloning between the Ncol and Bpul 1011 sites
of pET28 Tevl.15 (32) or the Sacl site of pCDF-ParaB vector. pCDF-ParaB is a modified
pCDF-duet where expression is control by arabinose via the regulator gene araC. The
pET28 Tevl.15 vector was (32) opened with primer sets ZL169 and KB T7t, and the individual
genes (BC3358, BC3359, BC3360, and BC3361) were PCR-amplified with primer sets KB2 S
and KB2 AS; KB5 S and KB5S AS; KB3 S and KB3 AS; and KB4 S and KB4 AS, respectively
(See supplemental Table 4.S2), using high fidelity Pyrococcus DNA polymerase (0.4 U Phusion
Hot Start II; ThermoScientific), including buffer, dNTPs (0.4 pl 10 mM), B. cereus DNA
template (5 ul), PCR primer sets (1 pl each of 10 uM) in a 20-ul reaction volume. The PCR

conditions were a 98 °C denaturation cycle for 30 sec followed by 25 x cycles [8 sec
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denaturation at 98 °C, 25 sec annealing at 54 °C, and 20 sec elongation at 72 °C] and 4 °C. After
PCR, portions (2 pl each) of the amplified vector and insert were mixed, treated for 15 min at 37
°C with 0.5 U FastDigest Dpnl (ThermoScientific), and then transformed into DH10B
(LifeTechnologies) competent cells. Positive transformed clones were selected on LB agar
containing kanamycin (50 pg/ml for pET vector) or Spectinomycin (100 pug/ml for pCDF
vector). Clones were verified by PCR and DNA sequencing. The resulting recombinant
plasmids are: pET28b:Hisc-Tev-Bc3358#3 yielding N-terminal Hisq-Tev-tagged Glc1P-CytT;
pET28b:Hise-Tev-Bc3359#10  yielding N-terminal Hise-Tev-tagged CDP-Glc 4,6-DH;
pET28b:Hise-Tev-Be3360#12 yielding N-terminal Hise-Tev-tagged C3-MetT; and pET28b:Hise-
Tev-Be3361#2 yielding N-terminal Hise-Tev-tagged 4-reductase. Plasmids were isolated and
purified by PureLink Quick Plasmid Miniprep Kit (Invitrogen) and transformed into
Rosetta2(DE3)pLysS competent cells for recombinant protein expression. Once protein activities
were confirmed, the DNA sequences of the plasmids harboring specific genes were deposited in
Genbank with the following accession numbers: KY445942 for Bc3358, KY445943 for Bc3359,
KY432406 for Bc3360, and KY432407 for Be3361.

Supplemental table 4.S2. Primer list.

ZL169 5'-CATGGCGCCCTGAAAATACAGGTTTTCGCC-3'

KB T7t 5'-TAGCCGCTGAGCAATAACTAGCATAACCCCTTG-3'

KB2 S 5S'-TTTCAGGGCGCCATGaaagctgttattcttgctggtg-3'

KB2 AS | 5'-ATTGCTCAGCGGCT Attaccaaaccttccacgg-3'

KB5S S'-TTTCAGGGCGCCATGgcttcatcatctttttggaataag-3'

KB5 AS | 5'-ATTGCTCAGCGGCT Attataaatttttgaatacatcgatttgttgtc-3'

KB3 S S'-TTTCAGGGCGCCATGgaacagaaaaaatgccgtttttg-3'

KB3 AS | 5-ATTGCTCAGCGGCT Atcatggctcgatcacctc-3'

KB4 S S'-TTTCAGGGCGCCATGaagaaagttgttgtaacaggtg-3'

KB4 AS | 5'-“ATTGCTCAGCGGCTAGATTTACGATttagtgacgtatatcg-3'

ZL190 5’-GCAAAAAACCCCTCAAGACCCGTTTAGAGG-3’

ZL191 5-TGAAAGGAGGAACTATATCCGGATTGGCG-3’

71192 5’-CTTGAGGGGTTTTTTGCggtgatgtcggcgatatagg-3’

71193 5’-TATAGTTCCTCCTTTCAgcaaaaaacccctcaagacc-3’

ZL194 5’-CGGGCTCATGAGCGCTTGTTTCGGC-3’

ZL195 5’-AAGTGGCGAGCCCGATCTTCCCCATC-3’
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ZL196

5’-AAGCGCTCATGAGCCCGggtgatgtcggcgatatagg-3’

Z1.197 5’-GATCGGGCTCGCCACTTgcaaaaaacccctcaagacc-3’

JGIO01 5' ccataccegtttttttgggaattcgagetc-3’

JGI002 5’-ggttaattaagctgcgetagtagagagete-3°

TMO001 5’-gtgtagaaccatggaaagttacac-3’

TMO002 5’-ctattactttcccatagctcgac-3’

TMO003 5’-tcagagctggtaacgtcatc-3’

TM004 5’-gaatacatcgatttgttgtcgtg-3’

TMO005 5’-gaagtcgatcatgggttagatac-3’

TMO006 5’-tcgatcacctcaacttctgg-3’

TMO007 5’-acgaacaaggtaatcggctc-3’

TMO008 5’-atcgtatgttggtttcccag-3’

71347 5’-GCGCGAACAATTCGTATTCC-3’

71.348 5’-CCTTAAGACGCTTACTACGGC-3’

71479 5’-CGATGCATGCCATGGcattcttccgcactaatacccag-3’

71480 5’-GAGTTAGGATCGCTAGCcaagagttacaaacaaatgtgtgc-3’
71481 5’-CAGATAAGGATCGAATTCggaaacacccttttgaattattge-3°
71482 5’-GGCGATATCGGATCC Cctgtttgttgtgcatacgtttctag-3’

71489 5’-CGATGCATGCCATGGtgatgtagaagaactttcaacgc-3’

71490 5’-GAGTTAGGATCGCTAGCggtgaatgagatggctaggc-3’

71491 5’-CAGATAAGGATCGAATTCactagacgcgattcctttctc-3’
71492 5’-GGCGATATCGGATCCgatgcatatgcgacagatcatg-3’

Z1.007 5’-GCTAGCGATCCTAACTCACATTAATTGCGTTGCGC-3’
71008 5’-CCATGGCATGCATCGATAGATCTGTCTAGTTAATGTG-3’
Z1.009 5’-GGATCCGATATCGCCCGACGCGAGGCTGGATGGC-3’
71123 5’-GAATTCGATCCTTATCTGTGCCCCAGTTTGCTAGG-3’
Z1.213 5’-CATAGTAGTTCCTCCTTAAGCTTAATTGTTATCC-3’
Z1.214 5’-GGATCCGATCAGACCAGTTTTTAATTTAAGC-3’
71483 5’-CTTAAGGAGGAACTACTATGgaacagaaaaaatgccgtttttgee-3°
71484 5’-ACTGGTCTGATCGGATCCtcatggctcgatcacctcaac-3’
71493 5’-CTTAAGGAGGAACTACTATGaagaaagttgttgtaacaggtgg-3’
71.494 5’-ACTGGTCTGATCGGATCCttatgtttttgtataaatgattcccacc-3’
Z1.053 5-ATGAACTTTAATAAAATTGATTTAGACAATTGG-3’
71054 5>-TTATAAAAGCCAGTCATTAGGCC-3’

secondary vector for the insertion of Bc3360. Vector pET28b:Hiss-Tev-Bc3359 and insert
pET28b:Hiss-Tev-Be3360 were amplified with primer sets ZL190 and ZL191; ZL192 and
71193, respectively (See supplemental Table 4.S2), and cloned as previously stated. The
resulting construct pET28b:Hise-Tev-Bc3359+His¢-Tev-Be3360 was then used as tertiary vector

for the insertion of B(C3358. Vector pET28b:Hise-Tev-Bc3359+Hise-Tev-Be3360 and insert

For C3CM operon gene stacking, plasmid pET28 Tev harboring BC3359 was used as a
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pET28b:Hiss-Tev-Be3358 were amplified with primer sets ZL194 and ZL195; ZL196 and
71197, respectively, and cloned as previously stated. The resulting construct, pET28b: Hisec-Tev-
Bc3358+Hise-Tev-Bc3359+His¢-Tev-Be3360, was verified by PCR and DNA sequencing, co-
transformed with pCDF-Parab: Bc3361-Hise plasmid, and cloned by primer sets JGIO01 and
JGIO02 into Rosetta2(DE3)pLysS-competent cells for C3CM recombinant proteins co-

expression.

4.5.3 His¢-tagged protein expression and purification

Rosetta2(DE3)pLysS strains harboring pET expression plasmids were grown at 37 °C
and 250 rpm in 250 ml LB supplemented with chloramphenicol (35 pg/ml) and kanamycin (50
ug/ml). Gene expression was induced when cell Ago reached 0.6 by adding 0.5 mM isopropyl-1-
thio-b-D-galactopyranoside (IPTG). After induction, cells were grown for 18 h at 18 °C and 250
rpm and then harvested by centrifugation (6,000 x g) for 10 min at 4 °C. The cell pellets were
washed with ddw and then suspended in 10 ml lysis buffer (50 mM Tris-HCI, pH 7.4, 10% (v/v)
glycerol, | mM EDTA, 2 mM DTT, and 0.5 mM PMSF). Cells were lysed by sonication (26)
and after centrifugation (6,000 x g for 15 min at 4 °C), the supernatant was supplemented with 1
mM DTT and 0.5 mM PMSF and again centrifuged (20,000 g for 30 min at 4 °C). The
supernatant was applied to a Ni-Sepharose fast-flow column (GE Healthcare Life Sciences,
Piscataway, NJ, USA; 2 ml of resin packed in a polypropylene column; inner diameter 1 cm x 15
cm). Each column was pre-equilibrated with buffer A (50 mM Tris-HCI, pH 8, 4% (v/v)
glycerol, 100 mM NaCl). The column was washed with 30 ml of buffer A containing 20 mM
imidazole and then with 10 ml of buffer A containing 40 mM imidazole. His-tagged proteins

were eluted with 5 ml of buffer A containing 250 mM imidazole. The eluates containing these
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proteins were divided into small aliquots, flash frozen in liquid nitrogen, and kept at -80 °C.

Proteins were separated by SDS-12.5% PAGE and visualized by staining with Coomassie blue.

4.5.4 Nucleotide-sugar analyses derived from “in-microbe”-based assay

Nucleotide sugars produced by the C3CM operon were extracted as previously described
(33). Briefly, Rosetta2(DE3)pLysS strains harboring expression plasmids were grown at 37 °C
and 250 rpm in 5 ml LB supplemented with chloramphenicol (35 pg/ml) and kanamycin (50
ug/ml) (pET vector), or chloramphenicol (25 pg/ml) and kanamycin (35 pg/ml) with additional
spectinomycin (35 pg/ml) (pET plus pCDF vector co-expression). Gene expression was induced
after 2 h by adding 0.5 mM isopropyl-1-thio-B-D-galactopyranoside (IPTG). After induction,
cells were grown for 3-4 h at 30 °C and 250 rpm and then harvested by centrifugation (10,000 x
g, for 1 min at 2 °C). The cell pellets were washed with 4 volumes of 10 mM sodium phosphate
(pH 7.5) and 150 mM NaCl (PBS) and then suspended in 1 volume of ddw. Ten volumes of cold
chloroform/methanol (1:1, v/v) was added, and the sample was mixed for 15 min on ice. Samples
were centrifuged (12,000 rpm, 3 min, 22 °C), and the upper aqueous phase enriched in
nucleotide sugar was collected. Portions of this aqueous phase were chromatographed on HILIC
column using HPLC-UV or LC-ESI-MS/MS (liquid chromatography—electrospray ionization—
tandem mass spectrometry), using a Shimadzu ESI-MS/MS IT-TOF mass spectrometer system
that included a Nexera UFPLC LC-30AD pump, A Sil30AC autosampler, and a column heater at
37 °C). HPLC peaks of nucleotide sugars were detected by UV Aj71nm (max for CDP-sugars),
collected, and lyophilized prior to analyses by NMR. The purified product of HissBC3358 (CDP-
Glc) was also used as substrate for the downstream enzymatic reactions. The purified product of
entire C3CM operon (CDP-cillose or CDP-cereose) was suspended in D,O (99.9%) for NMR

analysis.
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For analyses by HPLC-UV or LC-MS/MS, an Accucore 150-amide HILIC column (150

X 4.6 mm, 2.6 pm particle size, ThermoScientific) was used for chromatography with solvent

system of 40 mM ammonium-acetate pH 4.3 (solvent A) and acetonitrile (solvent B). The
column was equilibrated at 0.4 ml/min with 25% A and 75% B prior to sample injection (20 pl).
Following injection, the HPLC conditions were: 0-1 min, 0.4 ml/min with 25% A/75%B then a
gradient to 50% A and 50% B over 24 min. The flow rate was then increased to 0.6 ml/min with
a gradient to 25% A and 75% B over 5 min. The column was then washed for 5 min with

25%A/75%B prior to the next injection.

4.5.5 In vitro Enzyme reactions

The activity of recombinant His¢Bc3358 (refer herein as Bc3358, or Glc1P-CytT) was
examined by HPLC-UV and LC-ESI-MS/MS. The total reaction volume of 50 pl was consisted
of 50 mM Tris-HCI pH 7.4, 3.3 mM MgCl,, 1.5 mM CTP, 1 mM Glec-1-P, and up to 15 pl of
purified Bc3358. Reactions were proceed for 1 h at 30 °C. An aliquot (20 ul) was mixed with
acetonitrile (40 pl) and 0.5M ammonium-acetate pH 5.3 (2 pl) and a portion (30 pl) was
chromatographed and detected by the LC-ESI-MS/MS operating in the negative ion mode.
Enzyme products were identified based on their retention time, the mass of their parent ion and
their mass spectral fragmentation pattern.

The activity of recombinant HisgBc3359 (refer herein as Bc3359, or 4,6-DH) was
examined similarly as above. To a total reaction volume of 50 pul was added 50 mM Tris-HCI1 pH
7.4, CDP-Glc, and up to 15 pl of purified Bc3359. Reactions were preceded for 2 h at 30 °C,
followed by enzyme inactivation and extraction with 50 pl chloroform (32). The activity of
recombinant His¢Bc3360 (refer herein as Bc3360, C3-MetT) was examined using the reaction

product of Bc3359 supplemented with 1 mM NADH, 33 mM MgCl,, 1 mM s-
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adenosylmethionine (SAM) and up to 15 pl of purified Bec3360 in total volume of 25 pl.
Reactions were preceded for 2 h at 22 °C. For the co-incubation assays that included both
Bc3360 and Bc3361, enzymatic reaction product of Bc3359 was supplemented with 1 mM
NADH, 1 mM NADPH, 3.3 mM MgCl,, | mM s-adenosylmethionine (SAM), 4 ul of purified
Bc3360 and 4 pl of purified Bc3361 in total volume of 25 pl. Reactions were preceded for 2 h at
30 °C. Aliquots of reactions were prepared as previously described and analyzed by HILIC LC-

ESI-MS/MS.

4.5.6 NMR spectroscopy used to characterize the structure of products

Time-resolved NMR for the formation of CDP-4-keto-6-deoxy-Glc by recombinant
Bc3359 was carried out in a final volume of 180 pl, essentially as described (34). The HPLC
peaks of CDP-Glc, CDP-cillose and CDP-cereose collected as previously described were
lyophilized, dissolved in DO (99.9%), supplemented with 1 pl of 10 mM DSS (4,4-dimethyl-4-
silapentane-1-sulfonic acid), and analyzed by NMR spectroscopy (Agilent DD2 600 MHz NMR
spectrometer equipped with a cryogenic 3 mm probe). Proton and carbon chemical shifts were
referenced to an internal DSS peak set at 0.00 ppm for both proton and carbon spectra. The one-
dimensional proton NMR spectrum was recorded using the water-presaturated pulse sequence
and obtained with a spectral width of 6 kHz, a 90° pulse field angle (7.5 ps), a 2.7-sec acquisition
time, and a 2-sec relaxation delay (RD). Proton chemical shifts were assigned by a COrrelation
SpectroscopY (COSY) experiment. Carbon chemical shifts as well as the connectivity between
carbons and protons were determined by a Heteronuclear Multiple Bond Correlation (HMBC)
experiment. The configuration of each hydroxyl group on CDP-cillose or CDP-cereose was
determined by one-dimensional proton and ROESY (Rotating-frame Overhauser SpectroscoPY)

experiment. Data processing and plotting were performed using software MestreNova.
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4.5.7 RNA isolation and RT-PCR

A 1:100 dilution of over night BHI-culture of B. cereus ATCC 14579 were used to
inoculate 50 ml liquid medium (BHI or Msgg) and cultures were grown for up to 72 h at 30 °C
while shaking (200 rpm). Cells were rapidly pelleted by centrifugation (10,000 x g for 1 min at 4
°C), resuspended in 0.8 ml of lysozyme solution (14) and incubated at room temperature for 10
min. To each sample 80 ul 10xEB (0.3 M NaOAc pH 5.2, 50 mM EDTA, 5% sarkosyl and 1.42
M B-mercaptoethanol) was added. After 3 min at 65 °C one volume of 70 °C pre-heated acidic
phenol (phenol:AcE buffer: 50 mM NaOAc pH 5.1, 5 mM EDTA (1:1 v/v)) was added and the
mixture was incubated at 65 °C for 7 min. The sample was centrifuged (10,000 g for 5 min at 4
°C); the top aqueous layer was collected and mixed with equal volume of chloroform. Nucleic
acid partitioned to the upper phase was collected mixed with 1-volume of 30 mM NaOAc pH 5.2
and 3-volumes of cold ethanol and nucleic acids were precipitated at -20 °C. To digest remnant
genomic DNA, an aliquot of 5 pg crude RNA was treated with DNase I. The RNA was ethanol-
precipitated, and a portion was used for transcript analyses by reverse transcriptase (RT) and
PCR reactions. The RT reaction (20 pl, final) consisted of 250 ng of RNA, 1 ul of 10 uM gene
specific reverse primers, buffer, 0.2 uM dNTPs and 1 unit of reverse transcriptase (SuperScript
III, Invitrogen). Negative control RT reactions were done without added reverse transcriptase.
Transcripts of genes in the C3CM operon, negative controls and positive control (SigA) were
amplified each, at final 25 pl, by PCR reaction that included 2 pl of RT reaction, buffer, dNTPs,
1 unit of Taqg DNA polymerase (Promega) and 0.4 uM of each gene specific sense and antisense
primers (primer set TM001 and TM002 for BC3358; TM003 and TM004 for BC3359; TMO005
and TMO006 for BC3360; TMO007 and TM008 for BC3361; ZLL.347 and Z1.348 for SigA (See

supplemental Table 4.S2). Following PCR, a portion (8 pl) of each RT-PCR reaction was loaded
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on 1% agarose-TAE gel casted with 10 pg/ml ethidium bromide; separated by gel electrophoresis

and UV-imaged using gel imager.

4.5.8 GC-MS analyses for identification of cereose and cillose

As cereose and cillose are labile sugars, mild hydrolysis was used. Purified spores
collected either from liquid culture or scraped from agar plate were washed and suspended.
Around 1 x 10° of spores were supplemented with 10 pg inositol; hydrolyzed with 0.2 M
trifluoroacetic acid (TFA) for 2 h in 70 °C; and the released monosaccharides were reduced to
their alditols (35), and acetylated. The resulting alditol acetate derivatives were analyzed by
GC/EI-MS system (Agilent 7890a/5975c¢), equipped with an autosampler injector (Agilent 7693).
A 1 pl sample was injected into GC-column (Equity-1 or DB-5, 30 m x 0.25 mm, 0.25 pum film
thickness) using split mode (1:50) with injector inlet setting of 250 °C (helium at 3 ml/min); and
chromatography was performed as previously described (14). In some cases the GC column
used was Rtx-2330 by RESTEK. MS data were collected after a solvent delay of 5 min and ion
abundance in the range of 50-550 m/z was recorded. The spectra were analyzed using MSD
ChemStation. To determine the elution time of authentic cereose and cillose and the El-mass
fragments formed, CDP-cereose and CDP-cillose was produced and purified over HILIC
column; TFA-hydrolyzed, converted to alditol-acetate, separated by GC using DB-5 column and

analyzed EI-MS using above GC conditions.

4.5.9 Mutant generation in C3CM operon

Gene knockout was achieved by double crossover recombination as previously described
(36). Two DNA fragments flanking gene BC3360 and two DNA fragments flanking gene
BC3361 were PCR amplified by specific primer sets ZL479 and Z1.480; ZL481 and Z1.482;

71,489 and Z1.490; Z1.491 and Z1.492, respectively (See supplemental Table 4.S2). The flanking
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regions were individually cloned by primer sets ZL007 and ZLO008; ZL009 and ZL123,
respectively, into pZL-KO shuttle plasmid (36), a derivative of pBCB13 that harbors the thermo-
sensitive ORI (origin of replication) from pMAD (37,38). Cloning strategy for chromosomal
integration at non-permissive temperature and subsequently a double crossover recombination
event was conducted as described before (36) to achieve the resulting B. cereus mutant strain
ABC3360 and ABC3361. For complementation of mutants, PCR was used to amplify BC3360
and BC3361 genomic DNA region from wild type B. cereus ATCC 14579 with primer sets
71483 and Z1.484; Z1.485 and ZL486, respectively. Each DNA fragment was cloned into pDZ
vector, a derivative E. coli /Bacillus shuttle plasmid of pDG148-stu (39), that was generated by

primer sets Z1L.213 and ZL.214 as previously described (36).

4.5.10 Germination analysis of mutants

Spores from B. cereus wild-type and mutant strains ABC3360 and ABC3361 were
prepared as previously stated. Prior to germination, purified spores were heated at 70 °C for 30
min, and washed again with ddw. Equal amount of spores, (calculated to an optical density Agoo
= 0.8), were resuspended in germination solution (50 mM inosine in 10 mM Tris-HCI pH 8, 10

mM NaCl), and degree of germination was monitored at Agoo over a time course of 32 min (40) .

4.5.11 Exosporium extraction and Urea-SDS treatment

Purified spores from B. cereus wild-type were washed twice in water and the exosporium
extraction was conducted as previously described (19). Briefly, spores were subjected to four
successive passages through a French press (20,000 psi) and the exosporium-free spores were
recovered after centrifugation (3,000 x g, 30 min, 4 °C). Exosporium in the supernatant was
pelleted by ultracentrifuge at and (120,000 x g, 30 min, 4 °C), treated by mild acid hydrolysis,

derivatized to alditol-acetates; and analyzed by GC-MS.
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Spores were also suspended in urea-SDS buffer (50 mM Tris-HCI pH 7, 2 % SDS, 8M

urea) and boiled for 15 min as described (20,21). The sample was then centrifuged at 10,000 x g

for 10 min at 4 °C, and the supernatant was dialyzed against ddw, lyophilized, and followed by

mild acid hydrolysis, alditol-acetate derivatization and GC-MS analyses.
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CHAPTER 5

CONCLUSION AND FUTURE DIRECTION

5.1 Introduction and Significance

Gram-positive bacteria of the genus Bacillus are universally distributed in many natural
environments, although the primary habitat is soil. B. cereus, B. anthracis and B. thuringiensis
are important Bacilli that belong to the B. cereus group and have profound impacts on agriculture
and public health. Outbreaks of B. cereus contamination in ventilation, disinfectant and dialysis
equipment in hospitals have been reported; and occasionally food poising incidents caused by B.
cereus contaminated meat, fruits or vegetables have raised concerns about proper microbial
control during food processing (1). The serious infectious disease anthrax caused by B. anthracis
in livestock and potentially human (2) and the environmental friendly pesticide originated B.
thuringiensis have a significant influence on agriculture worldwide (3).

Bacillus species are extensively studied, although much knowledge of Bacillus cereus
group species is based on the model system B. subtilis, a model system for sporulation and
biofilm studies (4,5). Even though B. subtilis share some similarity in the genome with B. cereus
group species, gene organization is not always conserved and many putative genes in B. cereus
group species were originated from other bacteria and archaea than B. subtilis (6). This raises
questions about the applicability of existing knowledge to the B. cereus group. Many studies
have shown that B. cereus group bacteria have different structures than B. subtilis in the spore
exosporium and in secondary cell wall polysaccharides and biofilm etc. (7-10). As the result,

there is significant interest in understanding the functions of B. cereus genes that are not present
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in B. subtilis. My work on three operons (Pse, XNAC, C3CM) that only exist in B. cereus group
bacteria, but not in B. subtilis has fulfilled the need of exploring unknown areas of B. cereus
biology. And the novel glycans identified on spores, flagella and extracellular matrix exclusively
for B. cereus group may have roles on the phenotypic difference observed between B. subtilis
and B. cereus and such knowledge could be potentially used to the epidemic control and

agricultural application of those species.

5.2 Summary of Results

5.2.1 Flagellin glycosylation in B. thuringiensis and Pse operon

Flagellin, the protein of the flagellum apparatus has known to be glycosylated with
pseudaminic acid in Gram-negative bacteria, such as Helicobacter pylori (11). And the
glycosylation has a profound role in motility and pathogenicity to hosts (12). Although one
report showed that flagellin in Bacillus sp. PS3 is O-glycosylated, the sugar composition is still
unknown. My preliminary data have indicated, for the first time that in B. thuringiensis
israelensis the flagellin is also O-glycosylated to serine or threonine residues by a sugar with a
mass consistent to a pseudaminic acid (diacetylamino-tetradeoxy-nonulosonic acid) (13).

The pseudaminic acid sugar residue is likely to be transported by a glycosyltransferase
with a nucleotide sugar donor CMP-pseudaminic acid (CMP-Pse). This let us to identify an
operon, named pse by a BLAST-search against the genes involved in CMP-Pse formation in H.
pyvlori (14). The operon in B. thuringiensis consists seven genes: rbth 04253-rbth 04259. The
biochemical characterization of this operon was achieved by recombinant protein expression in E.
coli and purification, followed by in vitro enzymatic activity tests. The final product of this

operon is indeed CMP-Pse, as confirmed by LC-MS and NMR spectrometry.
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Interestingly, compared to the biosynthetic pathway of CMP-Pse in H. pylori, there is one
additional intermediate product in the early steps of the enzymatic pathway in B. thuringiensis
that has an uncommon structure of UDP-6-deoxy-D-GIcNAc-5,6-ene. Thus, more work was
done focusing on the enzymatic characterization of the first two enzymes, named Pen and Pal.
Biochemical analysis via LC-MS and NMR revealed that the first enzyme Pen is UDP-GIcNAc
4-oxidase, 5,6-dehydratase, and 4-reductase, and strongly bound to NADP". It converts UDP-
GlcNAc to UDP-6-deoxy-D-GlcNAc-5,6-ene. And the second enzyme Pal is NAD -dependent
and has distinct UDP-6-deoxy-D-GIcNAc-5,6-ene 4-oxidase, 5,6-reductase, and S-epimerase
activities. It converts the Pen product to UDP-4-keto-6-deoxy-L-AltNAc. Moreover, when Pen
and Pal are co-incubating with substrate UDP-GlcNAc, additional product UDP-4-keto-6-deoxy-
D-GlcNAc was produced which was not the substrate for the downstream enzyme of pse operon.

The mechanism behind this activity is unknown.

5.2.2 pzX as exopolysaccharide in B. cereus group bacteria

An exopolysaccharide, named pzX was found in the species Bacillus cereus, B. anthracis
and B. thuringiensis when they were growing in defined sporulation media. pzX was found
outside the cell in the medium supernatant, and little was seen on the cell pellet. A combination
of biochemical analysis including GC-MS, HPLC and NMR revealed that the structure of pzX
contains trisaccharide repeating units of [XylpNAc(4OAc) a-1,3 GlcpNAcA(40Ac) a-1,3
XylpNAc]n. The amount of pzX produced by the cell is tightly controlled by the nutrient level.
Many sporulation media we have tried in the lab showed pzX production in the extracellular
polysaccharide extract, however, the amount varies based on different recipes of media. The rich
medium like BHI or LB did not yield pzX, rich undefined sporulation medium like DSM

produced much less pzX, and medium with poor nutrient level (carbon source) also produced
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less pzX. The defined media with a mediate level of nutrient produced the maximum amount of
pzX.

Our lab has previously identified an operon, called XNAC operon, which is unique in B.
cereus group bacteria. This operon produces UDP-XyINAc and UDP-GIcNAcA, which are the
nucleotide sugar precursors for pzX formation. Mutants in this operon were generated (See Table
5.1) and the absence of pzX in those mutants was confirmed, suggesting that XNAC operon is
indeed involved in the formation of pzX exopolysaccharide. The XNAC operon existed in nearly
all species of B. cereus group. Although only a few strains have been tested for the appearance of
pzX, we assume that all B. cereus group species with XNAC operon produce this
exopolysaccharide.

Table 5.1. Mutants generated in this dissertation

Mutant name | Originated from Locus Operon
Apal B. thuringiensis israelensis rbth 04254 Pse operon
ATCC 35646 (Chapter 2)
Aphy B. thuringiensis israelensis rbth 04257 Pse operon
ATCC 35646 (Chapter 2)
Abc0486 B. cereus ATCC 14579 bc0486 XNAC operon
(Chapter 3)
Abc0489 B. cereus ATCC 14579 bc0489 XNAC operon
(Chapter 3)
Abti46 B. thuringiensis israelensis rbth 06246 XNAC operon
ATCC 35646 (Chapter 3)
Abti4d7 B. thuringiensis israelensis rbth 06247 XNAC operon
ATCC 35646 (Chapter 3)
Abti48 B. thuringiensis israelensis rbth 06248 XNAC operon
ATCC 35646 (Chapter 3)
Abti49 B. thuringiensis israelensis rbth 06249 XNAC operon
ATCC 35646 (Chapter 3)
Abc3360 B. cereus ATCC 14579 bc3360 C3CM operon
(Chapter 4)
Abc3361 B. cereus ATCC 14579 bc3361 C3CM operon
(Chapter 4)
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Since pzX was produced in sporulation medium, we suspected it had biological roles
related to spores. We examined the timing of pzX production and found that it overlaid perfectly
with the timing when mature spore released from the mother cell. More biological tests were
conducted to show that pzX has surfactant activity which is able to assist spores moving faster;
an adherence activity which helps spores to adhere surface (of artificial soil) better; and anti-
aggregation property which prevents germinated spores from aggregation upon nutritional stress.
However, the biological roles of pzX in the natural setting rather than a laboratory condition

remain elusive.

5.2.3 Spore glycan in B. cereus and C3CM operon

Upon glycan analysis of spores in Bacillus cereus strain ATCC 14579, we discovered on
the spores two rare sugar residues with a structure of 3-C-Me-6-deoxy-hexose. The unique
carbon-methylation on the sugar ring makes the sugar labile and can only sustain mild hydrolysis
during sugar alditol-acetate derivatization compared to other sugars like glucose or GIcNAc.
These two sugars are 4-epimers to each other: with 3-C-Me-6-deoxy-gulose and 3-C-Me-6-
deoxy-allose configuration. In general, the amount of 3-C-Me-6-deoxy-allose-containing glycans
on B. cereus spores, based on GC-MS analyses, was very low and barely detected when
compared with 3-C-Me-6-deoxy-gulose-containing glycans.

The analyses of these 3-C-Me-6-deoxy-hexoses and their unique C-methyl structures let
us perform BLAST-search against known C-methyltransferases in other bacteria. This resulted
the discovery of an operon called C3CM operon. C3CM operon contains four genes with a C-
metyltransferase and it is able to produce the nucleotide sugar precursors (CDP-3-C-Me-6-
deoxy-allose (named later CDP-cillose) and CDP-3-C-Me-6-deoxy-gulose), depending on the

type of assays performed. When enzymes encoded by C3CM operon were co-expressed in E.
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coli with an “in-microbe” analysis, the product was mainly CDP-cillose. On the other hand,
when enzymes were individually expressed, purified and tested by in vitro assays, the product of
C3CM operon was predominately CDP-3-C-Me-6-deoxy-gulose, as evident by LC-MS and
NMR analysis. The mechanism behind these variances is unknown. Further gene expression of
C3CM operon was conducted to confirm that it was only expressed in sporulation medium like
Msgg but not rich non-sporulation medium BHI. B. cereus produced endogenously CDP-3-C-
Me-6-deoxy-gulose as determined predominantly via LC-MS and GC-MS analysis followed by
nucleotide sugar extraction. This might explain the abundant amount of CDP-3-C-Me-6-deoxy-
gulose found on the spore glycan compared to cillose. Following the chemical structure of CDP-
3-C-Me-6-deoxy-gulose we named it CDP-cereose because while this work was on its way a
group (15) identified a sugar residue they named cereose (CDP-3-C-Me-6-deoxy-gulose)
decorating the oligosaccharide- attached to BclA.

Mutants of this operon were also generated (Table 5.1) to confirm that no cereose
observed in glycan isolated from this strain by the GC-MS analysis, suggesting that C3CM is
indeed responsible for the formation of the activated sugar CDP-3-C-Me-6-deoxy-gulose that is
incorporated into cereose-containing glycan in B. cereus spores. We have also examined several
strains of Bacillus that harbor the C3CM operon and verified that they all have cereose-
containing glycan in the spores. This suggests that the spores of other species in Bacillus

harboring this operon are also likely decorated with cereose.

5.3 Future Direction
My work has shown that flagellin in B. thuringiensis is glycosylated with pseudaminic
acid, which is possibly transported by CMP-Pse produced by pse operon. As previously

described, the glycosylation of flagellin in Gram-negative bacteria is essential for motility and
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infection to hosts. B. thuringiensis on the other hand is a pathogen to many insects by producing
toxins during sporulation (16). Thus, it is prominent to investigate the role of pseudaminic acid
glycosylation in the motility and host (insect) infection of B. thuringiensis. Mutants of two genes
in this operon were generated for this work (Table 5.1). The absence of pseudaminic acid
glycosylation in the mutant lines needs to be confirmed and more biological tests need to be done
to further investigate the role of pseudaminic acid glycosylation in B. thuringiensis. Moreover,
the specific glycosylation site on the flagellin protein and other potential sugar components
besides pseudaminic acid also require further research.

As for the exopolysaccharide pzX, while the chemical structure was well characterized,
the studies on the biological roles were conducted in the laboratory conditions with less
biological relevance, thus it is needed to investigate the roles of pzX in a natural environment for
example during infection. In some Gram-negative bacteria such as Pseudomonas aeruginosa,
exopolysaccharide plays important roles in structure maintenance, antibiotic resistance of
biofilm, and even virulence on hosts (17-20). As the result, it is prominent to test whether pzX
has such roles in Bacillus species. In addition, due to the tight control of pzX production in
response to surrounding nutrient, this may indicate that this exopolysaccharide is highly
regulated by environmental changes, and possibly has a role in the transition between life forms,
such as sporulation. In order to study the relationship between pzX to sporulation, More studies
on the genetic regulation of XNAC operon will be required to provide developmental detail if its
synthesis initiates at the mother cell or endospore compartment of sporulation cell.

Lastly, spores of B. cereus have shown to be glycosylated with two rare 3-C-methyl-
deoxy sugars, cereose and cillose. Little is known for complete cereose- and cillose-containing

glycan structures and the biological roles of these sugar modification. A study on spore
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glycoprotein BclA in Bacillus cereus ATCC 14579 (15) identified cereose to be attached as a
terminal sugar that is B-1,4-linked to 3-O-Me-Rha on the oligosaccharide of BclA. The BclA
protein plays a central role in B. anthracis pathogenesis as it promotes interaction of spores with
the host phagocytic cell as well as spore germination and bacterial outgrowth (21,22). However,
the role of glycans on BclA on such functions is unknown. Thus, it is necessary to study the role
of cereose glycosylation on BclA and examine whether it contribute to any spore surface
recognition during infection or germination. Moreover, upon the analysis of spores of BclA
mutants, cereose was still present by the GC-MS analysis, indicating that cereose may not be
specific for BclA. As the result, it is prominent to investigate the location and full structure of

cereose containing glycan in order to study the biological function of cereose glycosylation.
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