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Abstract Three structural classes of (1—3)-3-p-glucans
are encountered in some important soil-dwelling, plant-
associated or human pathogenic bacteria. Linear (1—3)-3-
glucans and side-chain-branched (1—3,1—2)-3-glucans
are major constituents of capsular materials, with roles in
bacterial aggregation, virulence and carbohydrate storage.
Cyclic (1—3,1—6)-3-glucans are predominantly periplas-
mic, serving in osmotic adaptation. Curdlan, the linear
(1—-3)-B-glucan from Agrobacterium, has unique rheo-
logical and thermal gelling properties, with applications in
the food industry and other sectors. This review includes
information on the structure, properties and molecular ge-
netics of the bacterial (1—3)-3-glucans, together with an
overview of the physiology and biotechnology of curdlan
production and applications of this biopolymer and its
derivatives.

Introduction

The (1—3)-B-glucans from bacteria include the linear
glucans, (1—3,1—6)-3-glucansthathave branch-on-branch
or cyclic structures and the side-chain-branched (1—3,
1—2)-B-glucans. These glucans are found both among the
prokaryotes (Table 1) and eukaryotes. Functionally, the
eukaryote (1—3)-3-glucans may be storage polysaccharides,
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as in euglenoid protozoa (paramylon), brown algae and
diatoms (laminarin-type glucans), or are wall components of
yeasts and fungi [branch-on-branch (1—3,1—6)-3-glucans],
or fungal surface mucilages [side-chain-branched (1—3,
1—6)-B-glucans]. In higher plants, callose, a linear (1—3)-
[3-glucan, occurs in specialized cell walls of reproductive
tissues, as a transient component of the cell plate in divid-
ing cells and as deposits on plasma membranes following
wounding or in physiological or pathological stress (Stone
and Clarke 1992).

A variety of bacteria, including important pathogens of
humans, livestock and plants, produce extracellular and
capsular polysaccharides (EPS). Some EPS are major vir-
ulence determinants of animal pathogens. Others are re-
quired for pathogenic and symbiotic interactions between
bacteria and plants, have roles in associations between
bacteria and biotic/abiotic surfaces and are matrix com-
ponents of bacterial biofilms (Sutherland 2001a). Addi-
tionally, a number of EPS have industrial applications as
gelling and emulsifying agents (Sutherland 2001b). Three
bacterial EPS have been approved as food adjuncts by the
Food and Drug Administration of the United States. These
are xanthan (from Xanthomonas campestris), gellan (from
Sphingomonas paucimobilis) and curdlan (from Agro-
bacterium sp. biovar. 1 or A. radiobacter; Jezequel 1998).
In this review, we discuss the occurrence, biology and
chemical properties of three members of the (1—3)-3-p-
glucan polysaccharide family produced by bacteria: the
linear (1—3)-3-glucan, curdlan, the cyclic (1—3,1—6)-3-
glucans and a side-chain-branched (1—3,1—2)-3-glucan.

Linear (1-3)-B-p-glucans (curdlan)

Curdlan is a neutral, essentially linear, (1—3)-3-glucan
which may have a few intra- or inter-chain (1—6)-linkages
(Saito et al. 1968; Fig. 1). It was first detected in Agro-
bacterium biovar. 1 (formerly Alcaligenes faecalis var.
myxogenes strain 10C3; Harada and Harada 1996) and was
co-produced with another extracellular polysaccharide,
succinoglycan (an acidic heteroglycan) and a periplasmic
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Table 1 Occurrence of bacterial (1—3)-3-p-glucans

Glucan type Bacterial source

References

(1—-3)-p-p-glucan,
linear

Agrobacterium sp. 10C3 and derivatives

A. radiobacter IFO12607,12665,13127,13256

A. rhizogenes IFO13259

Rhizobium trifolii J60

Rhizobium sp. TISTR 64B

Cellulomonas spp.

C. flavigena KU

Bradyrhizobium japonicum USDA 110
R. loti NZP 2309

Azorhizobium caulinodans HAMBI 216
A. brasilense ATCC29710
Bradyrhizobium japonicum ndvC mutants

(1—3,1—6)-3-p-
glucan, cyclic

(1—-3)-3-p-glucan,
cyclic

B. japonicum ndv locus
(1-3,1-2)-3-p- Streptococcus pneumoniae type 37
glucan, side-chain-
branched

Agrobacterium sp. ATCC 31749 and derivatives

Sinorhizobium meliloti ndvB mutant with the

Harada and Harada (1996), Nakanishi et al. (1976)
Phillips and Lawford (1983), Stasinopoulos et al. (1999),
Kim et al. (2003)

Nakanishi et al. (1976)

Nakanishi et al. (1976)

Ghai et al. (1981)

Footrakul et al. (1981)

Buller (1990)

Kenyon and Buller (2002)

Miller et al. (1990)

Estrella et al. (2000)

Komaniecka and Choma (2003)

Altabe et al. (1998)

Bhagwat et al. (1999)

Bhagwat et al. (1999)

Knecht et al. (1970), Llull et al. (2001)

cyclic (1—2)-3-p-glucan (Hisamatsu et al. 1982). A spon-
taneous, high curdlan-yielding mutant 10C3K (IFO13714)
produced no succinoglycan (Harada et al. 1966; Hisamatsu
et al. 1982) and became the progenitor of strains with sus-
tained curdlan-production ability and/or enhanced curdlan
yield and gel-forming quality. Notable amongst these strains
are NTK-u (ATCC21680, IFO13140; Nakanishi et al. 1992),
ATCC31749 (Phillips and Lawford 1983) and ATCC31750
(Kim et al. 2003).

A comprehensive survey of the occurrence of micro-
bial curdlan-like polysaccharides based on the formation
of blue-staining colonies on agar medium containing the
(1-3)-3-glucan specific dye, aniline blue, was made by
Nakanishi et al. (1976). Of 687 strains from 43 genera,
only Alcaligenes faecalis (now reclassified as an Agrobac-
terium) and Agrobacterium spp (six of 17 strains, including
A. radiobacter and A. rhizogenes) produce curdlan, whereas
none was recoverable from Bacillus spp (five of 158 strains)
that stained with the dye. Curdlan production also occurs in
a few Rhizobium strains (Footrakul et al. 1981; Ghai et al.
1981) and in species of the Gram-positive Cellulomonas,
including C. flavigena KU (Buller 1990; Kenyon and Buller
2002). Of the 144-sequenced bacterial genomes (Ussery
2004), including A. tumefaciens C58, various rhizobia and
Gram-positive bacteria, only 4. tumefaciens C58 has homo-
logues of the curdlan-production genes (crd4SC) identified
in Agrobacterium sp. ATCC 31749 (Karnezis et al. 2003).

n
H.0H H,OH H,O0H
HO 0 HO 0 HO 0
HO OH
OH OH OH

Fig. 1 Structure of curdlan

Chemical and physicochemical properties of curdlan

Curdlan and other (1—3)-3-p-glucans specifically bind the
triphenylmethane dye, aniline blue (Nakanishi et al. 1974),
and a benzophenone fluorochrome found in the dye mix-
ture (Evans et al. 1984). Calcofluor and Congo Red also
bind to curdlan and induce fluorescence, but these dyes are
not specific for (1—3)-p-glucans (Nakanishi et al. 1974).
Curdlan molecules may have as many as 12,000 glucose
units (Futatsuyama et al. 1999) and are insoluble in water,
alcohols and most organic solvents, but dissolve in dilute
bases (0.25 M NaOH), dimethylsulphoxide (DMSO),
formic acid and aprotic reagents such as N-methylmorpho-
lino-N-oxide and lithium chloride in dimethylacetamide
(Yotsuzuka 2001). When precipitated from NaOH or
DMSO solutions, curdlan shows different morphologies,
ranging from endless microfibrils to spindle-shaped fibrils
of various lengths, depending on the method of preparation
(Koreeda et al. 1974).

Three forms of regenerated curdlan have been identified
and the structural differences between them as proposed
by Kasai and Harada (1980) are shown schematically in
Fig. 2. The anhydrous form obtained by vacuum heat an-
nealing shows three inter-twining glucan chains forming a
triple helix in which each chain has a right-handed, six-
fold conformation, with a diameter of 1.57 nm, a fibre
repeat of 0.58 nm and a P65 space group. The three chains
in the helix are linked together through triads of strong
hydrogen bonds between C(0)2 hydroxyls. When anneal-
ing is performed under hydrothermal conditions, a crys-
talline hydrate containing two molecules of water per
glucosyl residue is obtained. The hydrated form consists of
triple helices, but symmetry is lost due to the water mol-
ecules, and a P1 space group and fibre repeat of 1.8 nm is
adopted. A third form, obtained by dialysing alkaline so-
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Fig. 2 Schematic representation ~ Room temperature form Hydrated form Anhydrous form
of the structural changes . . ;
betweon the three forms of 711 or 6/1, mixture of 6/1, triple-stranded 6/1 triple-stranded
curdlan. In the room-temperature single and triple helices helices helices
form, single and triple helices
and some imperfectly formed
triple helices (not shown) are
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lutions of curdlan against water, has a fibre repeat of ~2.3
nm and a 7, or 6; helical conformation. Whether this
room-temperature form consists of loose inter-twined tri-
ple helices with approximately two molecules of water per
glucosyl unit, or a mixture of single helices with ~20 mol-
ecules of water per glucosyl unit and perfectly formed and
imperfectly formed triple helices, is not clear (Koreeda et
al. 1974; Marchessault and Deslandes 1979; Deslandes et
al. 1980; Fulton and Atkins 1980; Kasai and Harada 1980;
Chuah et al. 1983; Okuyama et al. 1991).

Curdlan’s name reflects its ability to form gels with
differing characteristics (Yotsuzuka 2001). Heating aque-
ous suspensions of curdlan above ~80°C and then cooling
it produces a high-set, thermo-irreversible gel, whereas a
low-set, thermo-reversible gel is produced on heating to
55°C. Gelation involves aggregation of the rod-like triple
helices through non-covalent associations (extended junc-
tion zones). At high temperatures, the triple-helical strands
may unwind to give single chains that, as the temperature
is lowered, anneal to reform triple helices. In high-set gels,
single chains involved in more than one complex may in-
terconnect the triple helices. In low-set gels, curdlan mol-
ecules are present as single helical chains (Kasai and
Harada 1980), but some triple-stranded helices may also
occur, as judged by X-ray diffraction (Okuyama et al.
1991) and '*C NMR (Saito et al. 1977). In alkaline solu-
tions, the curdlan triple helix unwinds and, on neutralisa-
tion or dialysis against water, a low-set gel is formed
without heating. Such neutralised gels are converted to
irreversible high-set gels on heating to above ~80°C. The
rheological and thermal behaviour of low- and high-set
curdlan gels has been documented by Zhang et al. (2002).
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Molecular biology of curdlan production

The molecular genetics of curdlan production have been
investigated in Agrobacterium sp. ATCC31749. Studies on
transposon-insertion mutants with altered capacity to stain
with aniline blue when grown on indicator agar identified
four genes (crdA, crdS, crdC, crdR) that are essential for
curdlan production (Stasinopoulos et al. 1999) and a fifth
gene for phosphatidylserine synthase (pss ) that is required
for maximal yields of the polymer (Karnezis et al. 2002).
Curdlan production also depends on the global nitrogen
metabolism genes n#rBC and on several other genes, as yet
uncharacterised (S. Aracic, A. Anguillesi, unpublished data).

The crdASC genes occupy a contiguous 4,948-bp region
of the genome and are transcribed in the same direction and
opposite to that of the flanking genes. A 180-bp AT-rich re-
gion precedes crdA. This operon-like organisation is typical
of that found in other polysaccharide production systems
(Leigh and Coplin 1992). The remaining genes (pss.4c, crdR,
ntrBC) occur at separate loci not linked to the crdASC cluster.

The crdS product (73 kDa) deduced from the DNA
sequence (1,965 bp) is curdlan synthase, based on its se-
quence and structural homology with (-p-glycan syn-
thases, including bacterial and plant cellulose synthases,
and chito-oligosaccharide and hyaluronan synthases, which
are members of glycosyltransferase Family GT2 (Coutinho
and Henrissat 1999). CrdS shares no homology with the
(1—-3)- 3-glucan synthase-related FSK 1 and FSK2 proteins
from fungi (e.g. Saccharomyces, Candida, Aspergillus;
Dijkgraaf et al. 2001) or the plant callose synthase-related
proteins (Li et al. 2003), which are both classified as GT48
glycosyltransferases. In Agrobacterium, CrdS is an integral



166

inner membrane protein with seven transmembrane (TM)
helices, one non-membrane-spanning amphipathic helix
and a N,—C;, disposition (Karnezis et al. 2000, 2003).
A central large and relatively hydrophilic cytoplasmic re-
gion of ~300 residues situated between TM3 and TM4
carries various conserved motifs, including the UDPGlIc
substrate-binding and catalytic D,D,D35QxxRW motif. This
region shares highest homology (42% similarity) with bac-
terial cellulose [(1—4)-B-glucan] synthases such as those
from A. tumefaciens (CelA) and Gluconacetobacter xylinus
(AcsA). Two motifs (FFCGS, RxxFLxxPL) in known or pu-
tative bacterial cellulose synthases are proposed to have a role
in determining (1—4)-3-linkage specificity (Romling 2002).
These motifs are barely recognisable (FxxGx, xxxxLxxPx)
in CrdS (Karnezis et al. 2003).

In contrast to crdS, crdA (1,539 bp) and crdC (1,269 bp)
encode proteins that have no counterparts in the gene/
protein databases. CrdA (M, 48 kDa) is predicted to be
membrane-anchored with a large periplasmic C-terminal
portion. CrdC (M, 42 kDa) is predicted to be periplasmic,
since it carries a cleavable signal sequence. The process
of polymerisation mediated by CrdS occurs on the cyto-
plasmic face of the inner membrane (Karnezis et al. 2003)
and so is unlikely to involve the periplasmic CrdC, or
CrdA directly. Rather, CrdA might assist translocation of
the nascent polymer across the cytoplasmic membrane and
CrdC, its passage across the periplasm. This sequence of
events is suggested by the distinctive ability of crdC
mutants, but not crd4 or crdS mutants, to produce some
curdlan, detectable by the sensitive aniline blue fluoro-
chrome (Mclntosh 2004). The possibility that CrdASC
forms a membrane-associated, oligomeric, biosynthetic
complex is suggested by the detection of native protein
aggregates of ~420 kDa and ~500 kDa that contain CrdS
(Karnezis et al. 2003) and by the critical role played by the
phospholipid composition of Agrobacterium membranes
in the production of curdlan (Karnezis et al. 2002).

The regulation of curdlan production involves crdR
(423 bp, M, 15 kDa) whose product is probably a tran-
scriptional activator, based on the presence of a helix-turn-
helix, DNA-binding motif in the deduced CrdR sequence,
and the finding that c¢rdR mutants are curdlan-deficient.
CrdR may not be the primary effector of curdlan pro-
duction, since expression of the gene is not induced under
N-limitation, a condition that elicits curdlan production.
Rather, crdR is expressed constitutively by chromosomal
crdR-lacZ transcriptional fusion mutants and expression
declines on N-depletion. CrdR homologues occur in A.
tumefaciens C58 and several rhizobial species, but have no
known function and are not related to the regulatory
proteins for other EPS production systems (e.g. for suc-
cinoglycan, galactoglucan or cellulose) of these bacteria
(Anguillesi 2003).

The involvement of the ntrBC genes in curdlan pro-
duction is not surprising, since the encoded sensory kinase-
regulator protein is a conserved component of bacterial
nitrogen regulatory systems (Merrick and Edwards 1995)
and curdlan is produced after cell growth has ceased due to
N-exhaustion (Lee 2002). Mutants of n##BC fail to produce

curdlan on yeast extract/glucose medium and cannot use
nitrate as the sole N source, features that distinguish them
from crd mutants. NtrC is phosphorylated by NtrB under N-
depleted conditions, but the possibility that NtrC-P then
operates with the RpoN sigma factor directly to activate
crdASC (or crdR) is unlikely, since the crd genes are not
associated with a recognizable RpoN-dependent promoter
consensus sequence (Dombrecht et al. 2002). The manner
in which crdR and ntrBC serve to activate curdlan pro-
duction may be complex and interconnected with the pro-
duction of other EPS or intracellular carbon reserves (S.
Aracic, unpublished data).

Physiology and biochemistry of curdlan production

Agrobacterium NTK-u grown on solid media produces a
coherent aniline blue-staining pellicle which may be
stripped from the colony surface (Nakanishi et al. 1976).
Scanning electron microscopy of the cells in the pellicle of
Agrobacterium 10C3K (Kako et al. 1989) revealed that they
gradually enlarged during culture and, in the later stages,
appeared to break out of the enveloping curdlan matrix.

In liquid culture, curdlan is produced as a capsule on both
Agrobacterium sp. ATTC 31749 (Mclntosh 2004) and
Cellulomonas flavigena KU (Voepel and Buller 1990) and,
in each, capsule formation is correlated with cell aggrega-
tion (floc formation). Capsule formation occurs when the N
source in minimal medium is depleted, suggesting that the
capsule and floc formation togther function as protective
structures in nutritional stress. In C. flavigena, the capsular
curdlan can be depolymerised by a (1—3)-3-glucan hydro-
lase for use as a C source for growth (Voepel and Buller
1990).

Agrobacterium NTK-u produces curdlan on defined
media containing p-glucose, b-fructose, D-mannose, D-man-
nitol, p-glucitol, p-arabinose, p-glycerol, inositol, maltose,
lactose, sucrose or raffinose, but not p-galactose, p-rham-
nose, D-xylose, D-ribose, ethylene glycol, starch or starch
dextrins (Nakanishi etal. 1992). This reflects the broad range
of carbohydrate substrates utilised by members of the
Rhizobiaceae (Stowers 1985). The range of carbohydrate
sources is strain-dependent and thus, in contrast to NTK-u,
ethylene glycol and p-galactose are substrates for curdlan
production by 10C3 (Harada and Yoshimura 1964) and
ATTC31750 (Lee etal. 1997a), respectively. Citric acid, but
not starch, is a substrate for ATCC31749 (Philips and
Lawford 1983).

Agrobacteria have transporters for glucose, galactose,
fructose and lactose (Cornish et al. 1988; Kemner et al.
1997). Intracellular glucose is successively converted to
Glc-6-P by hexokinase, to Glc-1-P by phosphoglucomutase
and to UDPGlc by UDPGlc pyrophosphorylase. In anumber
of Gram-negative organisms, a phosphoenolpyruvate-de-
pendent sugar phosphotransferase system (PTS) transports
and phosphorylates monosaccharides so that a separate
hexokinase is not required. PTS-related homologues are
found in the A. tumefaciens C58 genome (http://www.66.93.
129.133/transporter/wb/transporter2.php?oOID=atuml). It
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has been reported that, unusually, both Glc-1-P and UDPGlc
can be taken up by A. tumefaciens cells, by an active process
(Fukui 1969; Fukui and Miyairi 1970), the former by an
inducible carrier that is inhibited by dinitrophenol.

3C-Glucose tracer studies combined with structural
determinations by '*C NMR spectroscopy (Kai et al. 1993;
1994) showed that more than 60% of curdlan is synthesized
directly from imported glucose, the remainder from fructose
6-phosphate arising from glucose entering the pentose
phosphate/Entner—Doudoroff pathways (Arthur et al. 1973).
D-Glycerol, b-mannose, d-fructose, p-glucitol and p-man-
nitol have specific transporters in Agrobacterium and are
converted to glucose units from fructose-6-phosphate after
phosphorylation. b-Galactose metabolism in 4. tumefaciens
is through the De Ley—Doudoroff oxidative pathway and
not the Leloir galactokinase, galactose-1-phosphate uridy-
lyltransferase pathway (Uttaro et al. 1993). Pentose substrates
presumably enter the carbohydrate metabolic pool through
the pentose phosphate pathway. Agrobacterium ATCC31749
insertion mutants, in which the genes for glycogen synthesis
have been inactivated, do not synthesize curdlan from ex-
ogenous D-glucose, but both p-galactose and p-mannitol
support curdlan production (Mclntosh 2004). This may be
due to feed-back inhibition of glucokinase and/or the PTS
system by accumulated glucose-6-phosphate.

Membrane preparations from Agrobacterium sp. in-
corporate glucose from UDP['*C]-a-glucose into ethanol-
insoluble (1—3)-f3-glucan, albeit at a low efficiency
(MclIntosh 2004). It is not known whether the polymerisa-
tion of the glucose units involves a direct transfer from
UDPGIc or whether it occurs through an intermediate, e.g. a
carrier lipid as appears to be the case for cellulose synthesis
in A. tumefaciens C58 strain A1045 (Matthysse et al. 1995).

Biotechnology of curdlan production by fermentation

The production of curdlan by Agrobacterium is strain-
dependent (Nakanishi et al. 1992; Kim et al. 2003) and
is typical of a secondary metabolite in that its biosynthe-
sis occurs in the post-stationary growth phase during condi-
tions of N-starvation (Phillips and Lawford 1983; Nakanishi
et al. 1992; Harada and Harada 1996). The optimisation of
curdlan yield thus depends on the formation of a cell mass in
the pre-stationary phase and on the biosynthetic capability of
cells in the post-stationary phase.

Curdlan yield is optimal at 30-32°C and is affected by
nutritional factors, prime amongst which are carbohydrate
and N sources (Phillips and Lawford 1983; Nakanishi et al.
1992; Lee et al. 1997a). Glucose is used for the commercial
production of curdlan (Yotsuzuka 2001) but more cost-
effective C sources, such as sucrose and sugar cane mo-
lasses, have also been used in pilot-plant production (Lee
et al. 1997a). Ammonium and nitrate and organic (urea) N
sources all support the growth of Agrobacterium (Nakanishi
et al. 1992), although the bacterial cell mass produced may
differ. For some N sources, there is a significant decrease
in the pH of the culture medium as growth proceeds
(Nakanishi et al. 1992). In batch fermentations, the cell
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growth rate in the pre-stationary phase is optimal at pH 7.0,
whereas curdlan production is optimal at pH 5.5 (Nakanishi
et al. 1992; Lee et al. 1999b; Lee and Park 2001). As glu-
cose concentrations are increased, higher N concentrations
are required to produce cell mass thereby maximizing yields
of curdlan in the post-stationary, N-limited production
phase (Nakanishi et al. 1992).

Curdlan production under N-limitation is further depen-
dent on an optimum concentration of phosphate (Kim et al.
2000) and sulphate (Phillips and Lawford 1983) and on the
cation composition of the medium (Phillips and Lawford
1983; Nakanishi et al. 1992). Curdlan production is stim-
ulated by the addition of uracil, a precursor of UDPGlc,
when added to cells after curdlan synthesis has commenced
(Lee and Lee 2001). This may reflect a relationship between
levels of uridine and adenine nucleotides and curdlan
production. Increases in intracellular UMP levels caused by
N-limitation enhance curdlan synthesis by promoting cel-
lular UDPGlc synthesis (Kim et al. 1999).

The observation that different conditions are required to
produce optimal yields of cells on the one hand and curdlan
on the other, led to the design of a two-stage continuous
process (Phillips and Lawford 1983; Phillips et al. 1983).
Agrobacterium is grown aerobically in a medium contain-
ing C and minimal N and the effluent is fed into a fermenter
and mixed with N-free medium for curdlan production.
Such continuous cultures are, in general, not commercially
viable for the large-scale production of microbial products,
due mainly to the limitations on culture volume and the high
risk of contamination.

Batch cultures of ATCC21680 in a medium with 8%
glucose and 0.07% uracil have been successful at a 6,000-1
scale, yielding 38 g curdlan 1" in 90 h (Nakanishi et al.
1992). By comparison, batch fermentation with ATCC-
31750 in a 300-1 stirred tank, using a medium containing
14% sucrose and in which the culture pH was changed at
the end of the growth phase from pH 7.0 to 5.5 by the
addition of acid, resulted in a curdlan yield of 64 g 1" (Lee
et al. 1999a). Under similar conditions, the yield from a
chemically induced mutant of ATCC31750 was 76 g 1"
(Kim et al. 2003). Even higher yields (93 g 1'') were
obtained in laboratory-scale fermentations with the same
strain in 14% sucrose medium supplemented with uracil,
after N-depletion (Lee and Lee 2001).

In the production of curdlan, Agrobacterium is grown
aerobically and, since diffusion of oxygen is limited in
submerged culture and may be further slowed by the pres-
ence of curdlan on the cell surface, reactor design is
important (Phillips and Lawford, 1983; Phillips et al. 1983;
Lawford et al. 1986; Orts et al. 1987; Lawford and Rousseau
1991, 1992). Aeration by sparging or stirring using radial-
flow, flat-bed and axial-flow impellers has been used
(Lawford et al. 1986; Lawford and Rousseau, 1991). Radial-
flow stirring causes shearing and leads to curdlan of lowered
tensile strength. The effect of agitation speed and aeration
rate has also been investigated (Lawford and Rousseau
1992; Lee et al. 1999a).

Curdlan is recovered from commercial-scale cultures by
dissolution in 0.85 M NaOH and removal of the bacterial
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cells by filtration through diatomaceous earth. The curdlan
is then precipitated by neutralization, collected by centri-
fugation, washed to remove salts, concentrated again by
centrifugation and finally converted to a powder by spray-
drying (Nakanishi et al. 1992).

Current and prospective applications for
curdlan and its derivatives

Curdlan’s “conspicuously unusual” rheological properties
among natural and synthetic polymers underlie its use as a
biothickening and gelling agent in foods (Harada and
Harada 1996; Lee 2002). Apart from being tasteless, col-
ourless and odourless, its advantages are that, in contrast
to cold-set gels (e.g. gelatin, gellan, carrageenan) and heat-
set gels (e.g. konjac glucomannan, methylcellulose), the
heating process alone produces different forms of curd-
lan gel with different textural qualities, physical stabilities
and water-holding capacities. Moreover, gels of differing
strength are formed depending on the heating temperature,
time of heat-treatment and curdlan concentration. Gelation
is possible over a wide pH range (2—-10), in the presence
of sugars (sucrose, glucose, fructose), starches and salt
(at typical food levels) and with the incorporation of fats
and oils. In most food applications, curdlan is used in the
high-set, thermo-irreversible, gel form and is stable during
retorting, deep-fat frying and cycles of freeze-thawing.
Curdlan gels have been used to develop new food products
(e.g. freezable tofu noodles) and calorie-reduced food,
since there are no digestive enzymes for curdlan in the
upper alimentary tract, and curdlan can be used as a fat
substitute (Nishinari and Zhang 2000; Yotsuzuka 2001).
The safety of curdlan has been assessed in animal studies
and in vitro tests (Spicer et al. 1999; Anonymous 2000)
and it is approved for food use in Korea, Taiwan and Japan
as an inert dietary fibre and is registered in the United
States as a food additive (Anonymous 1996a).

Curdlan has also found applications in non-food sectors.
Its water-holding capacity is applied in the formulation of
“superworkable” concrete, where its enhanced fluidity pre-
vents cement and small stones from segregating (Anony-
mous 1996b). It has also been proposed as an organic
binding agent for ceramics (Harada 1992). In addition to
applications based on its physicochemical properties, e.g.
in drug delivery through sustained and diffusion-controlled
release from curdlan gels (Kanke et al. 1995), curdlan
(Janeway and Medzhitov 2002), other (1—3)-f3-glucans
and their derivatives have medical and pharmacological
potential. They are members of a class of compounds
known as biological response modifiers that enhance or
restore normal immune defences. These effects are mani-
fested through interactions with soluble or cell-bound (Toll-
like) receptors of the innate immune system. Binding to
these receptors activates signalling cascades which regulate
specific genes concerned with the removal of foreign ma-
terials and micro-organisms in both invertebrate and ver-
tebrates and further, through the induction of co-stimulatory
molecules, and increased antigen presenting activity, helps

to direct adaptive immune responses against antigens de-
rived from the foreign source (Janeway and Medzhitov
2002).

The reported immunomodulating and pharmacological
responses include anti-tumorigenicity, anti-infective activ-
ities against bacterial, fungal, viral and protozoal agents,
anti-inflammatory activity, wound repair, protection against
radiation and anti-coagulant activity (Stone and Clarke
1992; Bohn and BeMiller 1995; Ross et al. 1999). The
effectiveness of curdlan and other (1—3)-3-p-glucans
in eliciting these responses depends on their chemical
structure, molecular mass and conformation. Structure/ac-
tivity relationships of (1—3)-f3-glucans show that the in-
tactness of the triple helical structure is of importance in
receptor binding (Mueller et al. 2000; Kataoka et al. 2002).
However, the partially opened triple helix is reported to be
the biologically active form of curdlan that induces in-
flammatory responses in rats (Young et al. 2003); other
studies suggest that the curdlan single helix is more potent
than the triple helix as an anti-tumour agent (Saito et al.
1991).

Hydrolysed curdlans with a degree of polymerisation
(DP) <50 are not effective anti-tumour agents (Sasaki et al.
1978). The carboxymethyl ether (Honda et al. 1986) and the
sulphate and phosphate esters of curdlan (Koumoto et al.
2004) with increased water solubility, show enhanced
biological activity (Toida et al. 2003) and, moreover, a
water-soluble aminated curdlan derivative has tumorigenic
properties (Seljelid 1986). Curdlan sulphates with varying
chain-lengths, degrees and position of sulphation show an-
ticoagulant (antithrombotic) activity by interfering with the
coagulation-dependent cascade at several points (Alban
and Franz 2001). Curdlan sulphate has anti-HIV activity
(Jagodzinski et al. 1994) and inhibitory effects on the de-
velopment of malarial parasites in vitro (Evans et al. 1998).
Based on these immunomodulating responses, curdlan is
proposed for use in cosmetic formulations (Davis 1992) and
as a protective agent for farmed fish (Lee 2002).

The full potential of curdlan in existing and proposed
applications would be enhanced by reducing the cost of
production. This may involve the use of cheaper C sources,
e.g. molasses to replace glucose (Lee et al. 1997a), op-
timisation of fermentation conditions, development of
higher curdlan-yielding strains by mutagenesis (Kim et al.
2003), or manipulation of curdlan synthesis and/or regu-
latory genes. New curdlan-based polysaccharides have
been produced by the direct in vivo incorporation of non-
standard sugars as alternative building blocks for the poly-
mer. One such derivative with 8—12 mol% incorporation of
3-O-methyl-p-glucose into the curdlan chain has been
obtained using ATCC31749 (Lee et al. 1997b). Curdlan
also has potential for exploitation as a new biomaterial
based on the self-assembling ability of (1—3)-3-glucan-
megalosaccharides (DP 30—45) to form single, hexagonal,
lamellar nanocrystalline structures (~8-9 nm thick) con-
taining water of crystallization after heating to 90°C
(Harada et al. 1979; Chanzy and Vuong 1985). Manipula-
tion of the conditions for self-assembly may allow the
engineering of new materials.



Cyclic (1-3)- and (1-3,1-6)-B-b-glucans

Water-soluble cyclic (1—3,1—6)-3-glucans are found in
the periplasm of the legume symbionts Bradyrhizobium
Japonicum, Rhizobium loti and Azorhizobium caulinodans
and in the free-living, root-colonising diazotroph, A4zo-
spirillum brasilense. The cyclic glucan from B. japonicum
(Miller et al. 1990) and R. loti (Estrella et al. 2000) is
composed of two blocks of three (1—3)-linked glucose
units, each separated by a block of three (1—6)-linked
glucose units, and has a single-branch glucose unit at C(O)
6 (Miller et al. 1990). Some molecules are substituted at C
(0)6 by phosphocholine (Rolin et al. 1992; Fig. 3). Similar
but unbranched and unsubstituted cyclic glucans are pro-
duced by Azorhizobium caulinodans (Komaniecka and
Choma 2003) and Azospirillum brasilense (Altabe et al.
1998). Cyclic (1—3)-3-glucans that have one of their ten
residues substituted at a C(O)6 position by a (3-lamina-
ribiose residue are produced by a ndvC::Tn5 mutant of
B. japonicum and a ndvB mutant of Sinorhizobium meli-
loti carrying the B. japonicum f3-glucan synthesis locus
(Bhagwat et al. 1999).

Cyclic (1—3,1—6)-p-glucans are synthesised by inner
membrane preparations from B. japonicum (de lannino and
Ugalde 1993) and A. brasilense (Altabe et al. 1994; 1998)
using UDP['*C]Glc as the monosaccharide donor. In B.
japonicum USDA 110, three adjacent, monocistronically
transcribed genes (ndvBDC) are required for in vivo pro-
duction of the glucan but only two (rdvBC) for in vitro
production (Chen et al. 2002). Sequence analysis of the
deduced products indicates that all are membrane proteins
and that NdvB (102 kDa) and NdvC (62 kDa) are probably
(1-3)-$3- and (1—6)-3-glucosyltransferases, respectively,
since ndvB mutants synthesise no glucan and ndvC mutants
produce a mainly (1—3)-f3-linked cyclic product. The
function of NdvD (26.4 kDa), which shares no homology
with proteins in databases, is unknown. It may assist NdvB—
NdvC during 3-glucan synthesis or have a role in glucan
transport to the periplasm (Chen et al. 2002). The mech-
anism of cyclisation is not known but, for analogous cyclic

Fig. 3 Structure of the cyclic
(1-3,1—6)-3-p-glucan from
B. japonicum. From Rolin et al.
(1992)
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(1>2)-f3-glucans from rhizobia, it has been proposed that
non-repetitive glucosylation of a high-molecular-mass
membrane protein produces an oligoglucan whose terminal
non-reducing residue is able to accept the “reducing”
glucose of the growing chain on the enzyme to release the
cyclic molecule (Williamson et al. 1992).

Cyclic (1—3,1—6)-3-glucans have a role in osmotic
adaptation comparable with that of cyclic (1—2)-3-glucans
(Miller and Gore, 1992) and, like them, are most abundant
in the periplasm of hypo-osmotically grown bacteria (Gore
and Miller 1993). In the B. japonicum symbiotic interaction
with soybean roots, cyclic (1—3,1—6)-3-p-glucan appar-
ently suppresses plant defence responses by binding to the
(1-3,1—6)--oligoglucoside receptor site on the plasma
membrane, thereby allowing nodulation to occur (Mithofer
et al. 1996, 2001; Bhagwat et al. 1999). There may also be
other roles in the later stages of legume nodule develop-
ment, since B. japonicum bacteroids have the same content
of'the cyclic (1—3,1—6)-3-glucan as cells in culture (Gore
and Miller 1993). B. japonicum mutants that lack (1—3,
1—6)--glucan, or synthesise only cyclic (1—3)-3-glucan
form small ineffective nodules containing no bacteroids or
a significantly reduced number (Bhagwat et al. 1999; Chen
et al. 2002).

(1-3,1-2)-B-p-glucan

The type 37 capsule of Streptococcus pneumoniae (Knecht
et al. 1970) is the only homopolysaccharide and one of
two neutral polysaccharides amongst the 90 pneumococcal
capsular types (Henrichsen 1995). The S37 polymer has a
(1—3)-3-glucan backbone with (1—2)-linked (-glucopy-
ranosyl side-branches at each glucosyl residue, giving a
crowded, comb-like molecular organisation (Fig. 4). This
glucan is soluble in water and DMSO (Adeyeye et al.
1988) and is the main virulence factor of type 37 strains.
Synthesis of the S37 polysaccharide is determined by a
single gene (¢ts) located distant from the cap locus re-
sponsible for capsular formation in all other pneumococal
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Fig. 4 Structure of the S. pmneumoniae type 37 capsular
(1-3,1-2)-3-p-glucan

types. The #ts gene encodes a GT2 glycosyltransferase
that is an integral membrane protein with a potentially
cleavable signal sequence (Llull et al. 1999). Cell-free
membrane preparations suplport the synthesis of the S37
polysaccharide from UDP["*C]-glucose without the par-
ticipation of a lipid intermediate (Llull et al. 2001). The
synthase has a dual-specificity, synthesising both (1—3)-
and (1—2)-linkages in this branched polymer, a feature also
shared with the synthases producing the type 3 pneu-
mococcal polysaccharide (Arrecubieta et al. 1996), hyal-
uronan in S. pyogenes and S. equisimilis (DeAngelis 1999),
heparosan in Escherichia coli K5 (Griffiths et al. 1998) and
Pasteurella multocida (DeAngelis and White 2004), and
chondroitin in P. multocida (DeAngelis and Pagett-McCue
2000) and E. coli K4 (Ninomiya et al. 2002). These en-
zymes are different from the previously discussed NdvB
and NdvC synthases for the cyclic (1—3, 1—6)-3-glucan,
which respectively synthesise (1—3)- or (1—6)-linkages
only.

The amino acid sequences of the synthases producing
[3-glucans with (1—3)-linkages (CrdS, NdvB, Tts) all
carry the UDPGlc substrate-binding and catalytic D,D,
D35QxxRW motifs, except that the QxxRW sequence, be-
lieved to be important in repetitive action (Karnezis et al.
2000), is poorly conserved (RHSKW) in Tts (Llull et al.
1999).

Envoy

Of the three bacterial (1—3)--glucan types discussed in
this review, only curdlan has well defined applications, es-
pecially in the food sector, and, unexpectedly, as an addi-
tive in concrete. Curdlan, the linear (1—3)-f3-glucan, has
potential in the medical and pharmacological sector but
possible applications that derive from the nanocrystalline
structure of curdlan megalosaccharides are yet to be
explored. The cyclic-(1—3,1—6)-3-glucans and the side-
chain-branched (1—3,1—2)-3-glucans have not been eval-
uated, for example, as immunomodulators, since they are
not widely available. For all three glucans, there is now a
body of recent information on the molecular genetic basis
for their production, including regulatory genes in the case
of curdlan. This makes possible, for the first time, directed
genetic manipulation of the producing organism to affect the
yield and perhaps even molecular mass of the linear

polymer. Already, a cyclic-(1—3)-3-glucan lacking (1—6)-
linkages has been generated by mutagenesis.
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