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Abstract Some trials to aller the struciure of extracellular
polysaccharides by means of biotransformation and microbial
modification have been reported. Seaweed alginate was acet-
ylated by intact and resting celis of Pseudomonas syringae
ATCC 19304, Glucose analogs such as 3-O-methyl-D-glucose
used as sole carbon sources was ditectly incorporaled iato
curdlan by Agrobacterium sp. ATCC 31749, The 2-amino-
2-deoxy-D-glucose {glucosamine) and 2-acetamido-2-deoxy
-D-glucose (N-acetylglucosamine) were incarporated into
microbial cellulose by Acetobacter xylinum ATCC 10245, The
changed monomeric composition in pullulan by Aurecbasidium
pullulans ATCC 42023 as well as zooglan by Zoogoea
ramigera ATCC 25935 was another effect of glucose
analogs used as carbon source. There was no effect of
glucose analogs found in polysacharide-7 (PS-7) produced
by HBeiferinckia indica. ATCC 21423

Key words: biotransfomation, microbial modification, extra-
cellular polysaccharides, glucose analog, alginate, curdlan,
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Introduoction

There are a lot of extracellular polysaccharides produced
by certain microorganisms such as microbial cellulose [13,
103], curdlan [36,39], pullulan [93,115], gellan [49], zanthan
179], dexiran, and zooglan (27,45] (Tabie 1). Some of them
is commercially used as emusifiers, stabilizer, gelling agents,
and expanding agents for many industrial applications due
to their specific characteristics. Many trials to improve their
properties on the demand of industrial uses have been
reported. There are basically two ways to modify extracellular
polysaccharides; one is chemical method and the other is
microbial ohe. For example, chemically modified celiulose
and curdlan exhibited strong antiviral activity in vimo [87,
123]. Acetylation of seaweed alginate by Pseudomonas
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syringae was also reported [62]. Acetylation altered the
viscosity and calcium induced precipitation of alginates
[63].

Glucose-rich extracellular polysaccharides such as cellulose
and curdlan have been post-biosynthetically derivatized by
nonspecific chemical means to change physical properties
[37,123]. Selective chemical modification of polysaccharides
under homogeneous conditions also has been reported [97],
but disadvantages of this approach include low yields, side
reactions, the use of toxic solvents, and purification require-
ments. Therefore, it was desirable to explore the ability of
some microorganisms to modifiy certain parts of polysac-
charides or direct, i viva, incorporation of simple sugar
analogs as building blocks for polysaccharides. Glucose
derivatives may be particularly effective as novel carbon
sources since glucose is a main component in many
polysaccharides and, therefore, a logical target for direct
polymerization by the microorganism.

Biosynthesis of polysaccharides has traditionally been
studied using carbon sources such as unmodified simple
sugars (glucose, sucrose, and fructose) [50] or microbial
muiants [116] to examine effects on the molecular weight
and yield of products [109,121], and the composition of
main chain or branch [41]. Polysaccharides have not been
well studied with respect to the modification by micro-
organisms and the incorporation of maodified or non-native
building bocks, unlike the extensive work with proteins for
the incorporation of unnatiral amino acids [17] and bacterial
polyesters with incorporation of a wide range of novel
motiomers [11,33,112]. Here are some results from the trials
to alter the structure of extracellular polysaccharides with
means of microorganisms for hio-transformation and use of
glucose analogs as the carbon source.

Biotrnaformation: bioacetylation of seaweed
alginate

Alginates is one of the few polysaccharides that can be
obtained from both eukaryoties and prokaryotes. It is a
structual polymer in numerous species of brown seaweed,
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Table 1. Structure of some extracellular polysaccharides

Microorganism Polysaccharide Basic structure
Azotobacter vinelandii Alginate 1—4 linked ManA and GlauA
Pseudomonas aeruginosa Alginate 1—4 linked ManA and GluA
Acetobacter xylinum Cellulose (1—4 glucose)n
Agrobacterium sp. Curdlan (1—3 glucose)n
Lenconostoc mesenteroides Dextran {1—=6 glucose)n
Streptococcus salivarius Levan {2—6 fmctose)n
Streplococcus mutans Mutan (I—3 glucose)n
Anreobasidium pullulans Pullulan (1—6 maltotriose}n
Xanthomonas campesiris Hanthan {-4Glc1-4Gle1-4Glel-)n

particularly members of the genera Ascophyllum, Ecklonia,
Fusarium, Laminario, and Macrocystis [38,901. Many
pseudomonads produce alginate-like exopolysaccharide, bac-
terial alginate [34]. Azotobacter vinlandii [58] and several
species of Psewdomonas [34,73] including P. aeruginosa [7,
29] and P. syringge [25] produce bacterial alginates.

Alginates purified from seaweeds consist of two
monomer, £-D-maonaronic acid and its C-5 epimer, ¢ -L-
guluronic acid {42,71]. The ratio of D-mannuronic acid/ L-
guluronic acid (G/M) in alginates is dependent on the algal
species as well as the Iocation of the polymer in the plant
[42]. Alginates with low M/G ratios produce strong and
brittle gels whereas alginates with high M/G ratios produce
elastic gels [90]. The most conspicuous difference between
scaweed alginate and bacterial alginate is that bacterial
polymer is randomly organized and the mannuronic acid
tesidues are acetylated [20]. Most mannuronic acid residues
in bactertal alginates are mono-C-acetylated at the C-2 or
C-3 position. However, some residues amy be 23
di-O-acetylated [105, 106].

Random acetylation of seaweed alginate by chemical
method showed increased viscosity and decrease the affinity
of these polymers for calcium ions [107, 108]. The gel made
with acetylated alginates also have enhanced swelling
ability. Specific acetylation may improve these and other
properties, expanding the commercial potential of ihis
polysaccaharide. Seaweed alginate was aceiylaied by iptact
and resting cells of Pseudomonas syringae ATCC 19304
[21, 22]. Maximum acetylation of this polymer occurred at
a pH of 6.0 and a temperature of 25°C. Aeration and

Table 2. Characterization of seaweed and bacterial alginates

gluconic acid were required for an optimal reaction. A
reactor which contained activated carbon-immobilized cells
was constructed to continuously acetylate seaweed alginate
[62]. Growing cells on the surface of activated carbon were
observed with scanning electron microscope (SEM).
Maximal yield of acetylation was about 90% and the
half-life of this system was 6.5 day.

Confirmation of aceiylated seaweed alginate and the
position of acetylation in seaweed alginate were conducted
with a nuclear magnetic resonance (NMR) spectroscopy.
Their molecular weights also were compared with a gel
permeation chromatography (GPC) (Table 2). Acetylation
dramatically effects both the solution properties and the
meial induced precipitation of alginates [63]. The presence
of acety]l groups on both bacterial and seaweed alginate
marginally increased the weight average molecular weight
of each polymer by 7% and 11%, respectively. Acetylated
bacterial alginate showed a significant increase in solution
viscosity compared to its deacetylated counterpart. The
prescnce of acetyl groups decreased the ability of each
polymer to bind with calcium but increase their ability to
bind with ferric ion (Table 3). By controlling the degree
of acetylation on the alginate chains, it was possible o
modify solution viscosity and cation induced precipitation
of these polymers,

The high affinity of seaweed alginate for divalent ions,
especially calcium ions, is due 1o the structural charac-
teristics ol polyguluronate residues in seaweed alginate. The
hydroxy] groups, carboxyl groups of polyguluronate residues
and their net negative charge as well as the molecular size

Alginates M, (x10M M. (x10%)
Seaweed 14 47
Acetylated seaweed 14 3.2
Bacierial 43 12,7
Deacetylated bactrial 38 119

Mw/M,* M/G ratio® Acetylation”
3.36 60: 40 0
3.25 60: 40 0.3
2.95 82: 18 12
3.13 82: 18 0

a. Number average molecular weight

b. Weight average molecular weight

¢. Polydispersity

d. Molar ratio of mannuronic acid to guluronic acid
e. Ratio of acetyl gruops fo monomeric sugar residues



Table 3. Precipitation of alginates by cations
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Pyt

Tous Seaweed alginate AcetylatFl seweed Bacterial alginatc Deacety]atled bacierial

algivate alginate
Ca™t 2.6 £0.5 11.7 =19 135 +1.7 84 +12
8 1.8 +0.5 52 1.0 85 =09 3.8 0.6
Fe™ 1.8 206 0.6 0.1 0.6 =01 0.8 =02
Co™” 96 +0.4 470 5.6 No affinity’ 450 =72
o 07 +0.1 1.7 06 0.5 +0.1 0.6 +0.1
LI 09 +0.2 14 +05 .7 0.1 0.5 +0.1

a. Pip is the concentration of mertal ions (mM) required to precipitate 30% (wfv) of the alginate from 400 « gfml (wfv)} of alginate

sojutions

b. No affinity signifies that the ion did not precipitate 50% of the alginate sample up to 100 mM jon concentration

and net charge of the calcium ions are all implicated in
this interaction [84,95]. Although the ionic effect of the
carboxyl group is unlikely to be dramatically influences,
acetylation of seaweed alginate probably disturb the basic
relationships between the polymer and calciom ions by
modifying the ionization properties of the polymer and
sterically hindering the binding of these ions to the polymer
[80.81].

Because of a higher viscosity and a lower affinity for
calcium ions, acetylated alginates can be favorably substi-
tites for nonacetylated alginates when used as emulsifiers,
stabilizers, and gelling agents in many industrial applica-
tions. The lower affinity for calcium jons of acetylated
alginate confers a more soluble state on the polymer in
aqueous solution. Acetylated alginate thus becomes a more
desirable emulsifier and stabilizer. Acetylated alginates have
the potential to concentrate some toxic, heavy, andfor valuable
metals. They were found to bind ferric, wranium and lead
ions more than calciom ions. It means that acetylated
alginates can be used for isolation and concentration of
some toxic and heavy jons from contaminated environment.

Among several strains known to produce bacterial alginate
including A vinelandii, P. aeruginosa, P. cepacia, P.
Sluorescens, only P. syringae ATCC 19034 acetylated
seaweed alginate [68]. Physiological studies on this strain
and its U. V. induced mutants showed 1o correlation between
biosynthesis and acetylation of bacterial alginate. Specific
yields of alginate and degree of acetylation in these
polymers varied with strain and culture medium. This was
indirect evidence that alginate biosynihesis is separate from
polysaccharide acetylation. It indicaied that the enzyme
system involved in alginate biosynthesis was not direcily
linked to alginate acetylation and explained why microbial
acetylation of seaweed alginaies with P. syringae ATCC
19034 was possible.

Microbial modification with glucose analogs

To biosynthesize modified extracellular polysaccharides such
as microbial cellulose, curdlan, pullulan, zooglan, and

polysaccharide-7, glucose analogs  incloding 3-O-methyl-
D-glucose (3-O-methylglucose), 2-amino-2-deoxy-D-glucose
(glucosamine), 2-acet-amido-2-deoxy-D-glucose (N-acetyl-
glucosamine), and 2-deoxy-D-glucose (2-deoxyglucose) were
used separately as sole carbon sources. Some of glucose
analops directly incorporated into curdlan and microbial
cellulose. Another cffect of glucose analogs as carbon
sources rersulted in the changed monomeric composition in
pullulan as well as zooglan. Production of polysacharide-7
hy Beijerinckia indica. showed compositional consistency.
More detailed results are as f{ollows.

Direct incorpration of glucose analog into curdlan
and cellulose
Curdlan has been identified as an unbranched homo- /8
-{1-3)-glucan produced by a mutant of A. faecalis wvar.
myxogenes 10C3 [39], which has unusual solubility and
gelling properties. Curdlan, with a molecular weight of
approximately 74,000, is produced on an indusirial scale by
fermentation of A. faecalis var. myxogenes [98]. Curdlan
production is associated with the poststationary phase of a
nitrogen-depleied, aerobic baich culture [88). Curdlan yield
from glucose is usually 50% if the cultivation pH is
mainiained at 6 [91] and it forms a firm gel when heated
in suspension at or above 54°C [74]. Curdlan is insoluble
in water at neuwral pH [37,38,52], but is soluble in NaOH
at NaOH concentrations greater than 023N and in DMSO.
The solubility behavior was ascribed to a molecular
trausition from an ordered helical structure to a randoin coil
conformation [88]. The solubility of curdlan in water is
dependent on molecular weight. Thus, curdlan with a degree
of polymerizadon (DP) below approximately 35 is soluble
in cold water while higher molecular weight curdlan is
insoluble. Typically, commercial curdlan has a DP of 155
to 455 depending on the fermentation conditions employed
[98]. Changes in composition of curdlan or other exopalymers
is expected to result in changes in solubility and functional
properties.

Three differenr types of exopolymers were purified from
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cultures of Agrobacterium sp. ATCC 31749 grown in a
mineral salts medium containing 2% ghicose at 30°C for
5 days under aerobic cultire conditions [64,67). These
exopolymers were curdlan (extraceilular, homo- 3 -(1-3)-
glucan, water-insoluble at neuiral pH), a water-soluble non
curdlan. type exopolymer-A (WSNCE-A), and a water-
soluble non curdlan type exopolymer-B (WSNCE-B).
Curdtan, WSNCE-A, and WSNCE-B composed by weight
61%, 27%, and 12%, respectively, of the exopolymer made
with glucose by Agrobacterinm sp. Compositions of all
polymers were confirmed by gas chromatography (GC) and
gas chromatography/ mass spectrometry (GC/MS). The
WSNCE-A is composed of glucose and galactose with lower
contents of rhamnose whereas WSNCE-B consisis of
glucose and mannose with lower contents of rhamnose,
Glucose analogs used as sole carbon sources were incor-
porated into curdian and WSNCE-A [64]. The incorporation
of 3-O-methylglucose into curdlan was 8 ~ 12 mole % based
on GC and "H-NMR spectrometry. To confirm the presence
of the methyl group in curdlan purified from the cuiture
grown on 3-O-methylglucose as sole carbon source, proton
NMR spectra were recorded. The signal at 3.36ppm at Fig,
1C was assigned to the methyl group on the basis of
correlation with previously reported proton NMR spectrum
of mono-methylated D-glucose [32]. Considering that
curdlan is known to have [-1,3 linkages, it is therefore
expected that 3-O-methylglucose repeat units incorporated
into curdlan must be linked to neighboring sugars by bonds
other than 5 -1,3, either in the main chain or as branched,
or are incorporated at chain end. Incorporation of
N-acetylglucosamine into WSNCE-A was alse confirmed by
GC/MS chromatographic analysis, which showed that 10
mole % of main chain repeat units are N-acetylglucosamine.
Direct evidence was obtained 1o show Agrobacterium sp.

Led
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Fig. 1. Proton NMR spectra of (A) 3-O-methylglucose, (B)
curdlan made with glucose, and (C) curdlan made with
3-O-methylglucose. The el and e2 represent H-6 (exo) and
H-6' {endo) protons, respectively.

ATCC 31749 synihesized new modified extracellular
polysaccharides by feeding glucose analogs as sole carbon
sources. This finding bridges an important link between
manipulation of polysaccharide structure through biosynthetic
feeding strategy and the more traditional selection, mutation,
or postsynthetic chernical modification approaches.

Cellulose, (1—4)-linked- 7 -D-glucan, is a major struc-
tural component of the cell walls of higher plants. Some
micraorganisme also produce wnbranched (1—4)-linked- 3
-D-glucan, named microbial cellulose (MC) [13,103]. Struc-
turally related polysaccharides such as chitin and chitosan
are also found in the biosphere. Chitin occurs as a major
cuticular or skeletal component in all arthropods, in some
invertebrata, and in some fungi. Chitin is a polysaccharide
of high molecular weight and consists of unbranched chains
of (1-+4)-linked 2-acetamino-2-deoxy- 4 -D-glucose residues
[35]. Chitosan is the fully or partially deacetylated form of
chitin. It contains A -(1—4)-linkaged 2-amino-2-deoxy- 3 -D-
glucopyranose and 2-acetamido-2-deoxy- A -D-gluco-pyranose
residues [43]. Chitosan is foumd in the cell walls of some
fungi such as Mucor rouxi [2,8].

MC is physically different from wood-derived cellulose.
Viscometric determination of the weight average degree of
polymerization (DPw) of MC is 2190 to 3470 [70]. The
very fine fiber structure of MC gives the fiber a surface
area about 300 times greater than normal wood fiber [51].
A pulp obtained from bacterial cellulose forms a strong
paper and is useful for reinforcing conventional pulp paper
[124]. Chitin and chitosan are useful as chelating agents
[82], drug carriers [83], membranes [9], water freatiment
addifives [3], and wound-healing agents [5,78]. Commercially,
chitosan is derived by the chemical deacetylation of chitin
from waste crustacean exoskeletons with strong aikali. This
harsh conversion process, as well as variability in source
material, leads to inconsistent physicochemical characteristics
[2]. The purification of chitosan derived from the cell wall
of some fungi also requires strong alkaline treatment with
heat, which leads to inconsistent material [120].

Incorporation of glucosamine and N-acetylglucosamine
used as sole carbon sources into cellulose by Acetobacter
xylinum ATCC 10245 was confirmed by GC and GC/MS.
Based on relative peak areas and response factors of
corresponding standard sugars, the average molar percentages
of plucosamine and N-acetylglucosamine repeat units into
exopolymers were 19% and 18%, respectively. The vields of
exopolymers made with glucosamine and N-acetylglucosamine
as carbon source after 7 day culture were 0.37 mg/ol and
0.67 mgfmi, tespectively, whereas that of glucose was 3.9
mg/ml. The yield of exopolymer made with the mixture of
ghicose (0.5%, v/v) and glucosamine (1.5%, vfv) as carbon
source was 1.60 mg/ml, and the average molar percentage
of glucosamine repeat unit into the exoplymer was 17%.
Its conversion rate was 8.0% on the basis of carbon source
added (Table 4). The exopolymers made with glucosamine
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Tahle 4. Production of exopolymer with mixed carbon of glucose and glucosamine by A. xylinwm ATCC 10245

Carbon (%) h Yield Conversion® Incorpcu'tiond
Glucose: Glucosamine PH (mg/ml) (%) (%)

2000 4.16 380 0553 19.0 0.1 f0.2

1.5: 05 4.10 320 —0.19 16.0 45 +02

1.0 : 1.4 4.10 247 £0.05 124 129 £04

0515 4.10 1.60 £0.21 8.0 174 £1.3

00:20 4.04 0.34 +0.04 1.7 196 £2.2

4. Resulis from 7 day cultures at 30T and values are the mean of triplicate experiments

b. The final pH

c. The conversion rate of exopolymer based on the carbon source added
d. The incorporation rate of glucosamine repeat unit inlo exopolymer

and N-acetylglucosamine were fractionated by 10% acetic
acid and distilled water (DW), respectively. The molat ratio
of glucose to glucosamine in the acetic acid (10%, v/v)
soluble fractionation of glucosamine incorporated exopolymer
was (.6 : 1.0 {the molar percentage of glucosamine in this
fraction was 63%.). The molar ratio of glucose ta N-
acetylglucosamine in the water soluble fraction of N-
acetylglucosamine incorporated exopolymer was 0.8: 1,0
{the molar percentage of glucosamine was 56%.) (Fig. 2).

Compared with the biosynthetic steps for more complex
polysaccharides such as bacterial alginate, xanthan, and
zooglan [24,40,117], the polymerization of cellulose is
catalyzed in a single step by the enzyme named cellulose
synthase [99,122]. Cellulose synthase transfers the donor
subsirate, ¢ -linked nucleotide diphosphosugars, (eg. UDP-
glucose, UDP-N-acetylglucosamine, etc.) to acceptor
molecules, forming a /A -linked product (cellulose, chitin,
ete.) [102]. The acs operon consisis of three genes, the first
of which (acs4B) codes for cellulose synthase [72]. This
AcsAB polypeptide shared sequence similarities with the
NodC protein (51.8% similarity, 26.5% identity), the ExoQ
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Fig. 2. GC/MS chromatograms of trimethylsilyvated (TMS)
sugar components of water soluble fraction of extracellular
polysaccharide mede with N-acetylglucosamine by A, xylinum
ATCC 10245,

protein (45.4% similarity, 20.0 identity) from Rhizobium
meliloti, and the HasA protein from group A streptococci
(46.1 similarity, 21.8% identity) [101]. The NodC protein
showed a 32% identity to chitin synthase IIl from
Saccharomyces cerevisiae [12]. The ExoQ protein is
involved in the synthesis of the exopolysaccharide succine-
glycan and catalyzes the formation of a £-1,6 glycosidic
linkage [30]. The NodC protein, hyaluronate synthase, is
predicted to function in the A-1,4 transfer of N-
acetylglucosamine to glucuronic acid during hyaluronate
biosynthesis [23]. Presumably phosphorylated glucosamine
and N-acetylglucosamine are substrates for the cellulose
synthase due to broad specificity based on homology to
other A -glycosyl transferases [101,102]. The polymerization
of glucosamine and N-acetylglucosamine by A. xylinum
ATCC 10245 to form glucose-co-glucosamine copolymers
like chitosan and ghicose-co-N-acetylglucosamine copolymers
like chitin, respectively, is one possibility based on the
broader specificily for substrates of cellulose synthase.

Changed monomeric composition in pullulan and
zooglan

Pullulan is one of the few neutral water-soluble microbial
polysaccharides that can be produced in large quantities by
fermentation [93,115]. Pullulan is an extracellular, vnbranched
homo-polysaccharide which consists of maltotriose and
maltotetraose units with both «-1,6 and «-1,4 linkages
[10,16]. This regular alternation of these two bonds imparts
distinctive properties of structural flexibility and enhanced
solubility [60]. These properties suggest a wide range of
both medical and industrial uses [61]. Pullulan produces
high-viscosity solutions at relatively low concentrations and
can be utilized to formn oxygen-impermeable films, thickening
or extending agenis, or adhesives [76]. Films formed from
pullulan are suitable for coating foods and pharmaceuticals
especially when exclusion of oxygen is desirable [125].
Important parameters controiling the production of pullulan
are temperature [76], initial pH of medium [46,57,86],
oxygen supply [96, 119], nitrogen concentration [4,104], and
carhon source [6]. The molecular weight of pullulan varies
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with culture conditions and strain {93,109,121].

‘The monomeric components of exopolymess produced by
A. pullulans ATCC 42023 ynder aerobic conditions with
glucose, mannose, and glucose analogs as carbon sources
were glucose and mannose (Table 3) [69]. There was no
evidence of direct incorporation of glucose analogs into
exopolymers. The molar ratio of glucose to mannose and
the molecular weight of exopolymers varied with the carbon
source and culture time. Exopolymers produced with glucose
and mannose as a sole carbon sources showed 8713 and
8912% of glucose contents, respectively. Its molecular
weight decrease from 3.50~2.12x 10° to 0.85~0.77 > 10°
with culture time. The molar ratio of glucose to mannose
in the exopolymer produced with glucosamine changed from
553 : 4523 t0 29+2 : 71+ 2 and its molecular weight
increased from 2.73 3% 10° to 4.86 x10° with culture time.
The molar ratio of glucose to mannose in exopolymers
ranged from 873 : 133 t0 2852 : 7212 and can be
controlled by the mixed ratio of glucose to glucosamine as
carbon sources {Table 6). On the basis on the results from
enzyme hydrolysis of the exopolymers and comparison of
'H- and “C-NMR chromatograms, the mamnose as a
monomeric component is substituted for glucose without
changing in structure of pullulan. The molecular weight of
pullulan decreased late in stationary growth phase due 1o
the dual presence of rare amylase-sensitive maltotetrasoe
sites among the predomonantly maltotriose units in pullulan
and o -amylase secreted into the medium [14,15,59,). The
substituted of mannose for glucose resulted from the glucose
analog used as carbon sources may be the reason not to

be attacked by the @ -amylase. It also can explain why the
molecular weight of exopolymers produced with glucose
analogs have higher than that with glucose.

Zoogioea pum (zooglan) is the bacterial exopolysaccharide
produced by Zoogloea ramigera. It has been reported to
consist of glucose, galactose, and pyruvic acid [26,27]. In
one study, the relative molar percnetage of these components
in the zooglan produced by Z. ramigera 115 was 71, 19,
and 10, respectively [45]. Another investigation described
that of glucose and galactose in the zooglan by Z. ramigera
ATCC 25935 as 67 and 33, respectively [26]. Zooglan is
a long chain polysaccharide consisting of mainly £-1,4-
linked glucose residues and §-1,4 and £ -1,3-linked galactose
residues with branches of plucose residues at the C-3 or
C-6 positions of the galactose residues [45, 56].

Z. ramigerg is known to play an important tole in
flocculation during waste water treatment [47]. It was shown
that extracellular polysaccharide made by Z. ramigera can
accumulate cerlain metal ions such as Cu, Fe, Ni, Co, and
Zn [28,55,85]. The weak acidity and structural features of
zooglan may offer an explanation for this behavior [45].
The combined functional properties of viscoelasticity, surface-
activity, acid stability, and salt compatibility enable this
biclogical macromolecule to function as an effective
stabilizer and emulsifier when used in oil-in-water emulsion
systems [111].

Variability in the composition of zooglan and the possi-
bility that repeat units other than glucose and galactose
might be incorporated were explored with glucose analogs
as carbon sources [65]. Specifically, the effects of physiological

Table 5. Production of exopolymer with glucose and its analogs by A. pulfulans ATCC 42023"

b DCW* Yield Exopolymer (Mol%)®

Carbon (%) PH {mg/ml) (mg/ml) Glucose: Mannose
Glucose 6.19 9.79 3.21 £0.35 87 £3: 13 £3
3-O-Methylglucose 7.47 1.74 047 +£0.10 57 6 : 43 *6
Glucosamine 5.75 3.94 0.70 +0.11 30 370 £3
N-Acetylglucosamine 7.62 315 0.51 £0.12 43 £3 : 57 £3
2-Deoxyglucose 6.82 0.43 0.35 £0.08 54 =546 £5
Mannose 5.40 7.56 2.63 =0.07 89 £4: 1 x4

a. Results from 5 day cultures at 30T and values are the mean of triplicate experiments

b. The final pH

c. Dry cells weight

d. Mol % of glucose =
Mol % of mannase =

[(glucose)/{(glucose) 4+ (mannose)}] = 100 and
[(mannose)! { (glucose) - (mannose) |1 < 100

Table 6. Production of exopolymer with mixed carbon of glucose and glucosamine by A.

pullulans ATCC 42023

Carbon (%) H DCW Yield Exopolymer (Mol%)
Glucose: Glucosaminge P (mgfml) (mg/ml} Glucose: Mannose
20 : 00 5.80 9.61 310 +0.30 87 £3:13 £3
L5 :05 4.86 8.07 229 =003 80 £2 .20 2
10: 1.0 5.02 8.33 1.60 =0.03 75 £3 .25 £3
05 :15 5.07 8.30 1.14 =0.05 61 +3 .39 £3
0.0: 20 552 3.57 0.74 £0.02 28 +2 .72 £2




parameters such as the glucose conceniration and the initial
medium pH on the molar ratio of glucose to galactose in
products were also studied. Zooglans with altered monomeric
compositions were produced by Z. ramigera ATCC 25935,
by varying glucose concentration and initial medium pH.
'The relative molar percentage of the monomeric components,
glucose and galactose, in the zooglan made with 2% glucose
as the carbon source, was 66 and 34 %, respectively. By
varying the glucose concentration and initial medium pH,
the mol % ratios of glucose to galactose in zooglan ranged
from 70 : 30 to 58 : 42 (Table 7). Also, glucose analogs
were used as a co-subsirate with ghicose to produce
medified zooglans, The mol % ratios of glucose to galactose
in exopolymers produced by co-feeding glucose analogs
ranged from 70 1 30 to 9 : 91 (Table 8). However, there
was no evidence for the direct incorporation of the above
glucose analogs into exopolymers,

The abserbation from production of modificd pulluian and
zooglan that physiological conditions for microorganisms can
lead to modification of exopolysaccharide siructures is
consistent with other reports [110]. For example, the ratic
of mannuropate to guluronate and the degree of O-acetylation
of bacterial alginate produced P. aeruginosa was changed
according to the carbon source in nutrient media [75]. The
composition as well as the viscosity of xanthan gum produced
by Xonthamonas campestris was also changed with concentra-
tion of mineral salts [113].

Non-metabolizable glucose analogs inhibit the bacterial
growth on a wide variety of carbon sources [54]. These

Microbial Modification of Extracellular Polysaccharides 73

compournds probably compete with glucose at the level of
transpott andfor metabolism [19]. Apparently, the introduction
of these glucose analogs inte A. pulinlans and Z. ramigera
cultivations results in dramatic changes in sugar metabolism
due to their competition with glucose [118)] and alteraiion
in gene expression involved in biosynthetic pathway [24]
so that pathways leading to the formation of mannose or
galactose monomer are greatly enhanced at the expense of
the formation of polymerizable glucose. Thus, it is concluded
that glucose analogs can function as powerful agenfs for
modulating sugar metabolism and, ultimately, extracellular
polysaccharide structure.

Compositional consistency of heteropolysaccharide
PS-7)

Heteropolysaccharide-7 (PS-7) is a water-soluble exopolymer
produced by Beiferinckia indica var. myxogenes [48],
formerly Azotobacter indica. PS-7 consisied of glucose,
rhamnese, and wuronic acid [89] and is degraded by a
sphinganase that cleaves specific members of the gellan-
related polysaccharides [77.93]. The molar repeat unit
composition of PS5-7 produced by B. indica was glucose,
rhamnose, and galacwronic acid with an acetyl content of
about 8.0~10.0% (by weight) [48.100,114]. PS-7 has good
pseudoplasticity and the viscosity of PS-7 decreases as the
shear rate increases. It has excellent stability and compatibility
with high concentrations of salis [89]. It is incompatible
with cationic or pelyvalent ions ai high pH which results
in gel formation. These properties indicate that PS-7 is

Table 7. Production of exopolymer with various concentration of ghucose as a sole carbon source by Z. ramigera ATCC 25935

Glucose b DCW*
(%, wjv) pH {mg/mi}
0.5 4.7 (.8
1.0 4.6 0.9
2.0 4.5 1.0
3.0 4.5 12
4.0 4.3 1.6
5.0 4.1 1.7

Yicld Exopolymer (Mol %)
(e gfmi) Glucose: galactose

71 &7 1 33

86 66 @ 34

108 66 34

132 62 : 38

129 62 . 38

55 58 - 42

a. ResuMs from 5 day cultures at 30°C and values are the mean of triplicate experiments

b. The final pH
¢, Dry cells weight

d. The monomeric composition of glucose to galactose m the exopolymer

Table 8. Production of exopolymer with the mixed carbon of glicose and its analogs by Z. ramigera ATCC 25935

Carbon® pH DLW
Glucose” 4.8 12
3-0O-Methylglucose j.6 L6
Glucosamine 4.5 1.6
N-Acelylglucosamine 62 14

(mg/ml)

Yield Exopolymer (Mol%)

{ 12 gfmml) Glucose: Mannose
L44 65 . 35
83 9 :91
46 33 : 67
38 33 167

a. Glucose analogs (2%, w/v) as co-substrates were mixed with 1% glucose

b, Carbon source was 3% glucose
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suitable as a driliing flutd or additive for a thickened aqueous
media for oil recovery, or other potential applications including
dripless water-based latex, well-joint cement adhesives, and
textile printing [48].

The later structural study with the gas chromatographic
analysis showed that monomeric components in PS-7 produced
by Beijerinckia indica ATCC 21423 were rhamnose and
glucose and the molar ration of rhammoese to ghucose was
4.8 lo 1.0 [66]. Galacturonic acid, previously reported as
a repeat unit of PS-7, was not found tn purified PS-7 in
later study. The yield of PS-7 varied with physiological
conditions, such as concentration of carbon source and
initial pH of mediom, but the molar ratio of rhamnose to
glucose stayed within 1.0 to 4.6~5.1. Glucose and glucose
analogs were fed separately as the carbon source to produce
modified PS-7. B. indica ATCC 21423 utilized each of these
carbon sources and produced exopolymers, although there
was 1o ditect incorporation of these sugars into PS-7. The
molar ratio of rhamnose to glucose in each exopolymer
made with glucose analogs as sole carbon source showed
no significant variation (1.0 te 4.5~4.7}. Some physiological
factors such as source of carbon, concentration of glucose
as the carbon souree, and initial pH of the medium can affect
cell growth and preduction of exopolymer, but do not effect
the compaosition of the polymer or the molar ratio of glucose
to rhamnose (1.0 to 4.4~5.1).

Unlike some other extracellular polysaccharides such as
curdlan, microbial cellulose, pullulan, and zooglan, there
was neither incorporation of glucose analogs into PS-7 nor
chanage in composition and molar ration of components in
P5-7. Most of glucose analogs are known to be non-
metabolizable and inhibit the bactrial growth on a wide
variety of carbon source [54]. Presumably, glucose analogs
were metabolized to glucose by exoenzymes andfor intracellular
enzymes such as demethylases [18], deaminases [44,53], or
deacetylases [1,92]. The difference in growth rate and
production of exopolymer may be due to different rates of
enzyme specificities for each glucose analog. B. indica is
a nitrogen fixing organism [31]. Glucosamine may have
been the best carbon source for cell growth due to its use
as a carbon and nitrogen source after deamination. The
compositional consistency in PS-7, even over a wide range
of culture conditions, may be an assel in large scale
production of polymer with good quality control.

Conclusion

Seaweed alginate was acetylated by P. syringae ATCCI19304.
Acetylation drametically effects both solution properties and
metal induced precipitation of alginates. Due {o a higher
viscosity and a low affinity for calcium ions, acetylated
alginate can be favorably substituted nonacetylated alginates
in many industrial applications. The ability of P. syringae
to accetylate seaweed alginate supports the concept which

a separation of alginate biosynthsis is separaed from alginate
acetylation in this organism.

Drirect incoporation of 3-O-methylglucose into curdlan by
Agrobacterium sp. ATCC 31749 was the first demonsiration
to modify the structure of exracellular polysaccharide with
glucose analogs used as sole carbon source. The structure of
glucosamine and N-acetyl-glucosamine incorporated celluloses
resemnbles to that of chintosan and chitin, respectively. Direct
mncorporation of glucose analogs into microbial cellulose
may be resulied from the broader specificity for substrates
of cellulose synthase in Agrobacterium sp. ATCC 10245,
Comercially, chitosan is derived by the chemical deacetylation
of chitin from waste crustacean exoskeletons with string
alkali. This harsh conversion process, as well as variabitity
in source material, lead to incosistent physico-chemical
characteristics [2]. The formation of chitosan- and chitin-
like exopolymers by direct bacterial incorporation of gluco-
samine and N-acetylglucosamine suggest new options in the
biosynthesis and purification of consistent materials.

The pullulan and zooglan with vatious molar ratios of
monomeric components were produced with glucose and its
analogs used as carbon sources by A. pullulans ATCC 4202
and Z. ramigera ATCC 23933, respectively. The relative
ratio of glucose to mannose in pullulan can be controlled
by the ratio of mixed carbon sowrces. Therefore it is possible
to produce the exopolymers with a more defined ratio of
their monomeric components. The formation of modified
pullvlan and zooglan may be resulted from the effect of
glucose analogs which modulate sugar metabolism involved
in biosynthesis of extraceilular polysacharides as well as
metabolites for cell growth.

There no effect of glucose analogs found in PS-7 produced
by B. indica ATCC 21423, Tt is apparently that this strain
has various kinds of enzymes such as the demethylases [18],
deaminases [44,53], or deacetylases [1,92], which can
convert nonmetabolizable glucose analogs to glucose. The
consistency in monometic composition and molar ratic of
manomers in PS-7 may be an asset in large scale production
of polymer with good quality control. The microorganis, B.
indica ATCC 21423, may be a good source for some of
vaiuable enzymes.
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