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Abstract A unique cationic polyglucosamine biopolymer
PGB-1 comprising more than 95% D-glucosamine was
excretively produced from a new bacterial strain Entero-
bacter sp. BL-2 under acetate-mediated culture conditions.
Since the biopolymer PGB-1 could be synthesized from the
UDP-N-acetylglucosamine monomer derived from the hex-
osamine pathway, three glmS, glmM, and glmU genes in the
hexosamine pathway were cloned from Enterobacter sp.
BL-2, and their molecular structures were elucidated. The
cloned glmS, glmM, and glmU genes were reintroduced into
the parent strain Enterobacter sp. BL-2 through a conjuga-
tive transformation for the overproduction of the biopoly-
mer PGB-1. The biopolymer production increased 1.5-fold
in the transconjugant Enterobacter sp. BL-2S over-express-
ing the Wrst-step glmS gene encoding glucosamine-6-phos-
phate synthase. The transconjugant Enterobacter sp. BL-2S
was cultivated pH-stat fed-batch widely, while intermit-
tently feeding an acetate solution to maintain a constant pH
level of 8.0 for 72 h, resulting in 1.15 g/L of the extracellu-
lar polyglucosamine biopolymer PGB-1.
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Introduction

Chitin [ß(1!4) linked poly-N-acetylglucosamine] and
chitosan [ß(1!4) linked poly-D-glucosamine] are the

major cell-wall components of yeast and fungi, and also
represent the typical microbial polyglucosamines polymer-
ized from the UDP-N-acetylglucosamine (UDP-GlcNAc)
monomer derived from the hexosamine pathway [8, 17].
Recently, several polyglucosamine biopolymer excretively
produced by bacterial strains under acetate-mediated cul-
ture conditions have been investigated, including the bio-
Xocculant from Citrobacter sp. TKF04 [6, 10], microbial
polyglucosamine biopolymers PGB-1 from Enterobacter
sp. BL-2 [20], and PGB-2 from Citrobacter sp. BL-4 [11].

In particular, the microbial polyglucosamine biopoly-
mers PGB-1 and 2, previously investigated by current
authors [11, 20] were found to contain more than 95%
D-glucosamine, and show similar FT-IR and NMR spectra
to chitosan from crab shells. Therefore, these unique extra-
cellular microbial polyglucosamine biopolymers may be
potential substitutes for chitin and chitosan that are widely
used in the food, pharmaceutical, and agricultural indus-
tries.

Bacteria are also known to synthesize the cell-wall
components peptidoglycan and lipopolysaccharide using
UDP-GlcNAc derived from the well-known hexosamine
biosynthesis pathway [1, 14]. Three enzymes: (1) glucosa-
mine-6-phosphate (GlcN-6-P) synthase encoded by glmS
[4], (2) phosphoglucosamine mutase encoded by glmM
[16], and (3) the unique bifunctional GlcN-1-P acetyltrans-
ferase and GlcNAc-1-P uridyltransferase encoded by glmU
[15] have already been documented in Escherichia coli. In
addition, the extracellular polyglucosamine biopolymer
PGB-1 would also seem to be synthesized via the same
hexosamine pathway in Enterboacter sp. BL-2, but only
actively under acetate-mediated culture condition.

In this work, three glmS, glmM, and glmU genes were
newly cloned from Enterobacter sp. BL-2 [20], and their
molecular structures were elucidated. The cloned genes
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were reintroduced in the parent Enterobacter sp. BL-2
using a conjugative transformation to control the metabolic
Xux of the intermediates derived from the hexosamine path-
way to the biosynthesis of the biopolymer PGB-1. The
transconjugant Enterobacter sp. BL-2S over-expressing
the glmS gene encoding GlcN-6-P synthase was cultivated
pH-stat fed-batch wisely to achieve the overproduction of
the extracellular polyglucosamine biopolymer PGB-1.

Materials and methods

Bacterial strains

The parent strain Enterobacter sp. BL-2 was reported in
our previous work [20]. The strain was cultivated in a basal
liquid medium composed of 0.1% (w/v) yeast extract, 0.1%
(NH4)2SO4, 2.0% MgSO4·7H2O, 0.5% NaCl, and 0.05%
trace elements [6, 20], supplementing 1.5% sodium acetate
as the carbon source at 30 °C, pH 7.5 for 48 h.

Cloning of glmS, glmM, and glmU genes in Enterobacter 
sp. BL-2

The glmS, glmM, and glmU genes in the genomic DNA iso-
lated from Enterobacter sp. BL-2 were ampliWed by a PCR
using the primer sets designed from genomic databases of
E. coli K-12 (http://www.ecocyc.org); S-f (5�-GGCGACG
ATGTGTTTGTTGG-3�) and S-r (5�-TTACTCAACCGT
AACCGATTTTGC-3�) for glmS, M-f (5�-ATTGTTGCTC
GACCCCGG-3�) and M-r (5�-TTAAACGGCTTTTACTG
CATCGGCG-3�) for glmM, and U-f (5�-TGTTCTCAAA
TTA CAGTCAGGACGC-3�) and U-r (5�-GATCGCGC

CAACAATTCCACA-3�) for glmU. The glmS, glmM, and
glmU genes were cloned into a cloning pGEM®-T Easy
vector (Promega, Madison, WI, USA), sequenced using an
Automatic Sequencer ABI 377 (Applied Biosystems, Fos-
ter City, CA, USA), and the nucleotide sequences analyzed
using the BLAST program at NCBI.

Construction of conjugative plasmid and transformation 
of glmS, glmM, and glmU genes in Enterobacter sp. BL-2

The glmS, glmM, and glmU genes were transformed into
Enterobacter sp. BL-2 using a conjugation method. The
conjugation vector pBBR1MCS-2T was constructed by
inserting the oriT (conjugation-mediated plasmid transfer)
gene separated from pEX100T [19] to be recognized by the
RP4 transfer gene in the donor E. coli S17-1, into the
BmgBI blunt digestion site of pBBR1MCS-2 [12], as
depicted in Fig. 1. The glmS and glmM gene fragments in
the pGEM®-T Easy vector were then double-digested by
SacI and ApaI, while the glmU gene was digested by EcoRI
before inserting into the conjugation vector pBBR1MCS-
2T to obtain the conjugative plasmids pBBR1MCS-2TS,
2TM, and 2TU, respectively.

The conjugative plasmids were then transformed into the
donor E. coli S17-1 by heat-shock, followed by conjugative
transformation, where the donor E. coli S17-1 cells, num-
bering 5 £ 107, and the recipient Enterobacter sp. BL-2
cells, numbering 2 £ 108, were dropped onto nitrocellulose
Wlters on an LB plate, and mated at 32 °C for 12 h. Thereaf-
ter, the transconjugants were suspended in a fresh LB liquid
medium, and spread on an LB plate containing 50 �g/mL
kanamycin as the selection marker. Finally, three transcon-
jugants Enterobacter sp. BL-2S, 2M, and 2U amplifying

Fig. 1 Construction of 
conjugative vector pBBR1MCS-
2T and plasmids pBBR1MCS-
2TS, 2TM, and 2TU carrying 
glmS, glmM, and glmU, 
respectively
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glmS, glmM, and glmU, respectively, were selected after
cultivation at 28 °C for 10 h.

Real-time PCR of glmS, glmM, and glmU genes

The cDNA was synthesized by the TaqMan reverse tran-
scription reagent (Applied Biosystems) using the total RNA
isolated by an RNA STAT-60™ solution (Tel-Test Inc.,
Friendswood, TX, USA) as the template. The primer sets
were designed using the sequences of the glmS, glmM, and
glmU genes as; SRT-f : 5�-CCAAACGCGATCAAAAAC
AC-3�; SRT-r : 5�-TCAACCTTGCCGAGCAGTT-3�;
MRT-f : 5�-ATATGAGCCTGCACGACCTTTG-3�; MRT-r
: 5�-TGACTCATGCTCAAGTGGATCG-3�; URT-f :
5�-CGTGGAAATGAAAAAAGCGC-3�, URT-r : 5�-TCC
TGCACCAATATTCACGTTG-3�, respectively.

The transcription level was analyzed using a 2£SYBR
Green Master Mix (Applied Biosystems, Foster City, CA,
USA). The thermal proWle for the SYBR RT-PCR was 1
cycle at 50 °C for 2 min to activate the SYBR green dye
and 95 °C for 10 min for denaturation of the cDNA, fol-
lowed by 40 cycles at 95 °C for 15 s and 60 °C for 15 s to
amplify the target cDNA using the 16S rRNA gene, previ-
ously reported [20], as the standard transcription marker.

Measurement of fructose-1,6-bisphosphatase, isocitrate 
lyase, and glcN-6-P synthase activities

The cell was washed and re-suspended in a cold 0.1 M
Hepes buVer (pH 7.1) containing 100 mM KCl, 1 mM
EDTA, 1 mM dithiothreitol, and 1 mM phenylmethyl-
sulfonylXuoride before sonication (30 £ 5 s pulses with
5 s intervals) using a Ultraschallprozessor UP 400s
(Hielscher, Germany). The fructose-1,6-bisphosphatase
(FBPase) activity was determined by measuring the
NADPH generated by coupling from the F-6-P formation
of FBPase to reduce the NADP in the presence of PGI and
G6PDH [5]. A cell extract of 0.1 mL was added to 0.4 mL
of an assay mixture containing 20 mM Hepes (pH 7.1),
75 mM KCl, 1 mM EDTA, 10 mM MgSO4, 5 mM F-1,6-
BP, and 1 �g PGI/G6PDH. The reaction was initiated at
37 °C for 10 min, and denatured by heating at 90 °C for
5 min, and then the amount of NADPH was measured at
340 nm.

The isocitrate lyase (ICL) activity was determined using
the method of Giachetti et al. [7] based on measuring the
osazone derivatives produced from phenylhydrazone and
glyoxylate generated during the cleavage of isocitrate by
ICL. A cell extract of 0.1 mL was added to 0.4 mL of an
ICL activity assay mixture composed of 20 mM Hepes, (pH
7.1), 200 mM KCl, 2 mM EDTA, 10 mM MgSO4, 200 mM
phenylhydrazone, and 100 mM isocitrate, and then the osa-
zone derivatives was measured at 324 nm.

The GlcN-6-P synthase activity was measured by adding
0.1 mL of the cell extract into 0.4 mL of an assay mixture
containing 20 mM Hepes (pH 7.1), 75 mM KCl, 1 mM
EDTA, 10 mM F-6-P, and 10 mM glutamine. The reaction
was carried out at 37 °C for 30 min, and then stopped by
heating at 90 °C for 5 min followed by mixing with 0.5 mL
of water. The amount of GlcN-6-P was determined using
the modiWed Elson–Morgan method [9]. The protein was
measured using the Bradford method, and 1 U of intrinsic
enzyme activity deWned as the amount of enzyme catalyz-
ing 1 �m of product per min per mg of cellular protein.

pH-stat fed-batch cultivation of transconjugant 
Enterobacter sp. BL-2S

The transconjugant Enterobacter sp. BL-2S amplifying the
glmS gene was cultivated in a basal liquid medium contain-
ing 1.5% sodium acetate at 30 °C and pH 7.5 in a 2.5-L jar-
fermenter batch-wisely until the medium pH changed to
8.0. The pH-stat fed-batch culture was initiated based on
the intermittent feeding of a stock solution containing 3M
acetic acid/ammonium acetate (9:1) to maintain a constant
pH level of 8.0 for 72 h, while using 50 �g/mL of kanamy-
cin as the selective pressure.

Measurement of polyglucosamine biopolymer PGB-1

The extracellular polyglucosamine biopolymer PGB-1 in
the culture broth was determined using the modiWed Elson–
Morgan method [9], with glucosamine as the standard, after
purifying and hydrolyzing in 6 M HCl.

Results and discussion

Flow of acetate in Enterobacter sp. BL-2 for biosynthesis 
of polyglucosamine biopolymer PGB-1

The carbon utilization patterns in Enterobacter sp. BL-2
were compared after cultivation in a basal medium contain-
ing acetate or glucose as the sole carbon source. As shown
in Fig. 2, the cells grew well in both acetate and glucose
media, although the microbial polyglucosamine biopolymer
PGB-1 was only excreted in the acetate medium.

The metabolic Xux of acetate as the carbon source in the
biosynthesis of the microbial polyglucosamine biopolymer
PGB-1 is depicted in Fig. 3. The acetyl-CoA converted
from acetate is further metabolized via two ways: the TCA
cycle for NADH and ATP generation, or the glyoxylate
cycle that generates oxaloacetate, which eventually Xows to
phosphoenolpyruvate (PEP) and fructose-1,6-bisphosphate
(F-1,6-BP) via the EMP pathway, and then F-1,6-BP irre-
versibly converts into fructose-6-phosphate (F-6-P) by
123
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fructose-1,6-bisphosphatase (FBPase). The F-6-P then
Xows to either gluconeogenesis for the central metabolism
or the hexosamine pathway for the biosynthesis of bacterial
cell-wall components or the extracellular polyglucosamine
biopolymer PGB-1.

To elucidate the Xow of acetate, the intrinsic activities of
the key enzymes in the above pathways were measured,
including ICL in the glyoxylate cycle, FBPase in the EMP
pathway, and GlcN-6-P synthase in the hexosamine path-
way. As shown in Table 1, the intrinsic activity of ICL only
appeared in the acetate medium, indicating that the glyoxy-
late cycle was only turned on under the acetate-mediated
culture conditions. The intrinsic activity of FBPase convert-
ing F-1,6-BP to F-6-P also irreversibly increased around
2.3-fold in the acetate medium.

The intrinsic GlcN-6-P synthase, known as the Wrst-step
regulatory enzyme in the hexosamine pathway, was also
activated in the acetate medium, but only slightly with a
1.3-fold increment compared to that in the glucose medium.
The comparatively lower increment of GlcN-6-P synthase,

even under the acetate-mediated culture conditions, indi-
cated that the ampliWcation of the genes in the hexosamine
pathway potentially contributed to the metabolic Xux of
intermediates derived from the hexosamine pathway for the
biosynthesis of the polyglucosamine biopolymer PGB-1.

Isolation and identiWcation of glmS, glmM, and glmU genes 
in hexosamine pathway of Enterobacter sp. BL-2

Three genes in the hexosamine pathway, glmS encoding
GlcN-6-P synthase, glmM encoding phosphoglucosamine
mutase, and glmU encoding bifunctional GlcN-1-P acetyl-
transferase and GlcNAc-1-P uridyltransferase, were cloned
from Enterobacter sp. BL-2, and then registered in the
GenBank (EF123214, 123215, and 123216, respectively) as
new nucleotide sequences. The homologies of the deduced
amino acid sequences were compared with those of other
bacterial strains belonging to the Enterobacteriaceae
family as shown in Table 2. The molecular weights of the
proteins encoded by glmS, glmM, and glmU were 66.7,
47.5, and 49.2, respectively, and showed the close identity
with those from E. coli K-12, Shigella boydii Sb277, and

Fig. 2 Cultivation of Enterobacter sp. BL-2 in basal medium supple-
mented with acetate (a) and glucose (b). Biomass concentration (open
circle) and extracellular polyglucosamine PGB-1 concentration (Wlled
diamond)

Fig. 3 Metabolic Xux of acetate 
for biosynthesis of extracellular 
polyglucosamine biopolymer 
PGB-1. ① GlcN-6-P synthase 
encoded by glmS, 
② phosphoglucosamine mutase 
by glmM, ③ bifunctional GlcN-
1-P acetyltransferase and 
GlcNAc-1-P uridyltransferase 
by glmU, and  unknown 
enzyme for polymerization of 
PGB-1

Table 1 The intrinsic activities of isocitrate lyase, fructose-1,6-
bisphosphatase and glucosamine-6-phosphate synthase

Enterobacter sp. BL-2 was cultivated in a basal medium containing
1.5% of sodium acetate or glucose at 30 °C for 48 h. Data represent the
average value of three independent experiments

Enzyme Intrinsic activity (U)

Acetate Glucose

24 h 48 h 24 h 48 h

Isocitrate lyase 178.5 120.5 0.5 0.5

Fructose-1,6-bisphosphatase 82.6 60.8 35.4 22.5

Glucosamine-6-phosphate synthase 16.5 6.8 12.5 4.3
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Salmonella typhimurium LT2 among Enterobacteriaceae
family.

The catalytic domains of three enzymes were also ana-
lyzed using BLAST. The Wrst enzyme GlcN-6-P synthase
was composed of one glutamine aminotransferase class-II
(GFAT) domain and two sugar isomerase (SIS) domains;
the second enzyme, phosphoglucosamine mutase, con-
tained four phosphglucomutase/phosphomannomutase
(PGM/PMM) domains; and the third enzyme, bifunctional
GlcN-1-P acetyltransferase and GlcNAc-1-P uridyltransfer-
ase, contained one nucleotidyl (NTP) transferase domain
and two left-handed parallel beta helix (LbetaH) domains,
similar to other bacterial strains (data not shown).

Expression of glmS, glmM, and glmU genes 
in Enterobacter sp. BL-2 by conjugative transformation

The cloned new glmS, glmM, and glmU genes were trans-
formed into the parent strain Enterobacter sp. BL-2
through a conjugative transformation, rather than the com-
monly used heat-shock or electroporation method for
Gram-negative bacteria, to avoid the invalidness in Entero-
bacter sp. BL-2. The transformation of the glmS, glmM, or
glmU gene into the parent strain Enterobacter sp. BL-2 was
conWrmed by a real-time PCR, as shown in Fig. 4. The
three glmS, glmM, and glmU genes were well over-
expressed in their respective transconjugants Enterobacter
sp. BL-2S, 2M, and 2U, and the conjugative plasmids

carrying each gene more than 95% stable in each transcon-
jugant after 5 days (data not shown).

EVects of over-expressing glmS, glmM, and glmU genes 
on excretion of polyglucosamine PGB-1

Three transconjugants Enterobacter sp. BL-2S, 2M, and 2U
over-expressing glmS, glmM, and glmU genes, respec-
tively, were cultivated under the acetate-mediated culture
conditions for 48 h. Concomitantly, the over-expressed
glmS, glmM, and glmU genes slightly stimulated cell
growth, as shown in Fig. 5, possibly due to the active bio-
synthesis of the cell-wall components.

However, the excretion of the polyglucosamine biopoly-
mer PGB-1 was inXuenced in a quite diVerent manner
according to the over-expressed glmS, glmM, and glmU
genes. The production of the biopolymer PGB-1 was
noticeably increased around 1.5-fold from 0.06 to 0.09 g/L
by the Wrst-step glmS gene encoding GlcN-6-P synthase,
whereas, it was severely depressed to 0.02 g/L by the sec-
ond-step glmM gene encoding phosphoglucosamine
mutase, possibly due to the deWciency of glucose-1,
6-diphosphate known as an allosteric activator for phospho-
glucosamine mutase as observed in E. coli [16].

In yeast and fungi, the Wrst-step GlcN-6-P synthase in
the hexosamine pathway is known to be regulated by chitin
in cell-wall [3, 18]; however, the regulation mechanism of
the hexosamine pathway in bacteria has not been fully

Table 2 Characterization of glmS, glmM and glmU genes of Enterobacter sp. BL-2 and amino acid homology with other Enterobacteriaceae
family bacteria

a Calculated molecular weight of proteins deduced from nucleotide sequences
b Theoretical pI of proteins from ExPASy ProtParam Tool (http://www.expasy.org)

Gene Mwa pIb Putative function Amino acid identity (%)

E. coli, K-12 [2] S. boydii, Sb277 [21] S. typhimurium, LT2 [13]

glmS 66.7 5.57 Aminotransferase 94.7 94.5 94.0

glmM 47.5 5.81 Phosphoglucomutase 99.5 99.3 95.5

glmU 49.2 5.98 Acetyltransferase/uridyltransferase 89.2 88.8 90.7

Fig. 4 Real-time PCR for over-
expression of glmS (a), glmM 
(b), and glmU (c) in Enterobac-
ter sp. BL-2. The Enterobacter 
sp. BL-2 and the transconjugants 
were cultivated in an LB 
medium at 30 °C for 15 h. Data 
represent the average value of 
three independent experiments
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elucidated. The Wrst-step GlcN-6-P synthase encoded by
glmS gene also seemed to play a regulatory role on the bio-
synthesis of the polyglucosamine biopolymer PGB-1 in
Enterobacter sp. BL-2.

pH-Stat fed-batch cultivation of transconjugant 
Enterobacter sp. BL-2S amplifying glmS for excretive 
over-production of biopolymer PGB-1

The transconjugant Enterobacter sp. BL-2S over-express-
ing glmS was cultivated pH-stat fed-batch wisely, while
intermittently feeding a stock solution containing 3M acetic
acid/ammonium acetate (9:1), to maintain a constant pH
level of 8.0. As shown in Fig. 6, the biomass concentration
slightly increased from 10.10 to 12.05 g/L, while the excre-
tion of the polyglucosamine biopolymer PGB-1 increased
around 1.5-fold from 0.75 to 1.15 g/L after over-expressing
the glmS gene. The GlcN-6-P synthase was strongly acti-
vated for the Wrst 24 h, during the active biosynthesis of the
biopolymer PGB-1 was initiated.

The ampliWcation of glmS gene in the hexosamine
pathway was found to be an eVective strategy for the
overproduction of the extracellular polyglucosamine

biopolymer PGB-1 in Enterobacter sp. BL-2, although
the function of an unknown enzyme participating in the
polymerization of UDP-GlcNAc needs to be further eluci-
dated.
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