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Abstract Hyaluronic acid (HA), a natural high molecu-
lar weight polysaccharide, is produced by Streptococ-
cus zooepidemicus. However, Streptococcus has several
drawbacks including its potential to produce exotoxins,
so there is demand for an alternative HA source. Here, a
recombinant HA biosynthesis operon, as well as the HA
biosynthesis operon of S. zooepidemicus were introduced
into L. lactis using the nisin-controlled expression system,
respectively. HA was successfully synthesized by recombi-
nant L. lactis. Furthermore, overexpression of the endog-
enous enzymes directing the synthesis of precursor sugars
was effective at increasing HA production, and increasing
the supply of UDP-activated monosaccharide donors aided
synthesis of monodisperse HA polysaccharides. Besides
GRAS host strain (L. lactis) and NICE system, the select-
ing marker (lacF gene) of the recombinant strain is also
food grade. Therefore, HA produced by recombinant L. lac-
tis overcomes the problems associated with Streptococcus
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and provides a source of food-grading HA appropriate for
widespread biotechnological applications.
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Introduction

Hyaluronic acid (HA) is a natural high molecular weight
polysaccharide and plays structural, recognition and sign-
aling roles in the living body [8, 28, 31]. HA has been
used in medicines, cosmetics, drug delivery systems, vac-
cine aids and health foods [13, 27]. In industry, HA is
produced using the Gram-positive bacterium Streptococ-
cus zooepidemicus. However, Streptococcus is a less-than-
ideal source because of its potential to produce exotoxins,
the difficultly in fermentation control and the expensive
medium required for growth [30]. Therefore, an alternative
HA production source would be desirable.

Lactococcus lactis, one of the most widely used
Gram-positive lactic acid bacteria in food fermentations,
has been generally regarded as safe (GRAS) strain and
is increasingly used in modern biotechnology [5, 6, 18,
22]. The nisin-controlled gene expression (NICE) system
is one of the most successful and widely used tools in L.
lactis [15, 16, 21] and the lacF gene is commonly used as
a food-grading selecting marker in the NICE system [5,
21, 32]. To overcome the shortcomings of S. zooepidemi-
cus as an HA production host, we planned to construct
some GRAS recombinant strains based on L. lactis con-
taining the HA biosynthesis operon and the lacF selecta-
ble marker.
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Fig. 1 Schematic synthesis of HA and the construction of the recom-
binant HA biosynthesis operon. a The reaction catalyzed by HasA,
HasB, HasC, HasD, UDP-GIcDH and GlmU. b The location of the
primers and the mechanism of triple fusion. In rHAop, the ORFs
szHasB and szHasC were displaced by the ORFs ugd and glmU from
L. lactis, respectively. ORF szHasA and the DNA fragments (linkerl
and linker2) between each of the two genes in the HA biosynthesis
operon of S. zooepidemicus were conserved. The primers and over-
lapping ends with identical sequences to the fragments are indicated
by the same colors. Fragment 1 was amplified from S. zooepidemi-

A series of enzymes are involved in the biosynthe-
sis of HA in S. zooepidemicus, including hyaluronan
synthase (HasA), uridine-diphosphate (UDP)-glucose-
6-dehydrogenase (HasB), UDP-glucose pyrophosphory-
lase (HasC) and glucosamine-1-phosphate (GlcN-1-P)
N-acetyltransferase/UDP-N-acetylglucosamine (UDP-Glc-
NAc) pyrophosphorylase (HasD) (Fig. 1a). HasA, the key
enzyme, catalyzes the polymerization of glucuronic acid
(GIcA) and N-acetylglucosamine (GIcNAc) to produce HA.
UDP-glucuronic acid (UDP-GlcA) and UDP-GIcNAc were
the activated monosaccharide donors in the biosynthesis
of HA [19, 20]. HasB, HasC and HasD are the enzymes

@ Springer

cus genomic DNA using primers rHAop-L1/L2. Fragment 2 (linkerl
overlapping ends-ugd-linker2) and Fragment 4 (linker2-GLMU) were
amplified from L. lactis genomic DNA using primers rHAop-L3/L4.
Fragment 3 was amplified using rHAop-L1/L4 as the primers and a
mixture of Fragment 1 and Fragment 2 as the template. DNA frag-
ment rHAop was amplified using rHAop-L1/L6 as the primers and
a mixture of Fragment 3 and Fragment 4 as the template. Each stage
roughly corresponded to a PCR cycle (denaturation, annealing and
extension) and reactions were performed using the Pfu polymerase
mix

involved in the synthesis pathway of these precursor donors
[1]. UDP-glucose-6-dehydrogenase (UDP-GlcDH) and
GIcN-1-P acetyl transferase/UDP-GIcNAc pyrophosphory-
lase (GImU) from L. lactis catalyze the same reactions as
HasB and HasD (Fig. 1) [2].

In this study, we constructed a recombinant HA bio-
synthesis operon and introduced it into L. lactis using the
NICE system. We produced a food-grade HA producing
recombinant strain expressing HasA and overexpressing
endogenous UDP-GIcDH and GImU. Both the disaccharide
analysis and radioimmunoassay (RIA) data showed that
recombinant L. lactis strains biosynthesized food-grade
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HA successfully. In addition, HasA was essential for high
heterologous HA production, and overexpression of the
endogenous enzymes directing the synthesis of the UDP
sugars had positive impacts on HA production in L. lactis.
Meanwhile, increasing the supply of the UDP-activated
monosaccharide donors was beneficial for the synthesis of
monodisperse HA polysaccharides.

Materials and methods
Strains and cultivation conditions

Escherichia coli strain MC1061 [3] was used as inter-
mediate host and handled by standard techniques [29].
Streptococcus zooepidemicus FHAO (Shandong Freda
Biochem Co. Ltd., Jinan, China) was used as the genetic
reference strain. L. lactis strains NZ9000 and NZ3900 [5,
15, 21] were used as the host strains and were obtained
from NIZO Food Research (Ede, The Netherlands).
Escherichia coli was grown in LB medium (10 g 1! NaCl,
10 g 17! peptone, 5 g 17! yeast extract) at 37 °C. Strep-
tococcus zooepidemicus was cultivated in THYB [Todd—
Hewitt (TH) broth supplemented with 0.5 % yeast extract]
at 37 °C. L. lactis was grown at 30 °C in GM17 medium
[M17 broth supplemented with 1 % (wt vol™h glucose]
or LM17 medium [M17 broth supplemented with 1 %
(wt vol™!) lactose]. Chloramphenicol was used at a con-
centration of 10 wg ml~! for E. coli and L. lactis. Elliker
medium [20 g 17! tryptone, 5 g 17! yeast extract, 4 g 17!
sodium chloride, 1.5 g 1=! sodium acetate (water free),
0.5 g 17! L(4)-ascorbic acid supplemented with 0.5 % (wt
vol ™) lactose and 0.004 % (wt vol~!) bromocresol purple]
was used for selection of lac+L. lactis colonies.

The host strain L. lactis NZ3900 cannot grow on lac-
tose because of a lacF gene deletion on the genome. Vec-
tor pNZ8149 containing the lacF gene as a food-grading
selecting marker was selected for its ability to grow on
lactose [7]. On the rich Elliker medium, all L. lactis cells
can grow, with or without the lacF gene. Because lactose
was the only carbon source in Elliker medium, recombinant
strains containing pNZ8149, lactose fermenting cells, gave
yellow colonies.

DNA manipulation and transformation

Plasmid DNA was extracted and purified from E. coli by
the alkaline lysis method [24] or from L. lactis as described
previously [29]. Restriction endonucleases, T4 DNA ligase
and Pfu polymerase, purchased from Fermentas (Vilnius,
The Lithuania), were used according to the recommen-
dations of the manufacturer. The SDS-PAGE standard
was also purchased from MBI. Electroporation of E. coli

MC1061 and L. lactis was performed according to the
methods of Dower et al. [9] and Wells et al. [29] using a
Gene Pulser (Berkeley, CA, United States, Bio-Rad).

Construction of recombinant strains

The strains and plasmids used in this study are listed in
Table 1. And the primers used in this work are described in
Table 2.

The genes szHasA, szHasB and szHasC were ampli-
fied from the chromosomal DNA of S. zooepidemicus
using primers HasA-L1/L.2, HasB-L1/L2 and HasC-L1/L2
containing Ncol and Xbal or Pstl restriction sites (under-
lined). The szHasABC DNA fragment was amplified from
the chromosomal DNA of S. zooepidemicus, using prim-
ers P-HasA-L1 and P-HasC-L2. The final PCR products,
szHasA, szHasC and szHasABC, were digested with Ncol
and Xbal, and szHasB was digested with Ncol and Pstl.
The DNA fragments were inserted into plasmid pNZ8148,
with a nisA promoter and terminator, resulting in plasmids
pNZ8148-szHasA, pNZ8148-szHasB, pNZ8148-szHasC
and pNZ8148-szHasABC. The DNA fragment szHasABC
was inserted into plasmid pNZ8149, resulting in plasmid
pNZ8149-szHasABC.

The artificial recombinant operon was reconstructed by
fusion PCR and named rHAop. The location of the prim-
ers and the mechanism of triple fusion are shown in Fig. 1.
Fragment 1 (szHasA-linkerl-ugd overlapping end) was
amplified from S. zooepidemicus genomic DNA using prim-
ers rHAop-L1/L2. Fragment 2 (linkerl overlapping ends-
ugd-linker2) and Fragment 4 (linker2-GLMU) were ampli-
fied from L. lactis genomic DNA using primers rHAop-L3/
L4 and rHAop-L5/L6, respectively. The PCR products were
extracted and purified from the agarose gel using a Gel Puri-
fication Kit (Promega, Fitchburg, Wisconsin, USA). Then,
Fragment 3 was amplified using rHAop-L1/L4 as primers
and a mixture of Fragment 1 and Fragment 2 as the tem-
plate. The final fragment of the recombinant operon, rHAop,
was amplified using rHAop-L1/L6 as primers and a mixture
of Fragment 3 and Fragment 4 as the template. All reactions
were performed using the Pfu polymerase mix.

The recombinant operon, rHAop, was cloned into
pGEM-T vector (Promega) and sequenced by Shang-
hai Bioasia Engineering Co. (Shanghai, China). Then,
this DNA fragment without any sequence variations was
amplified with the 5’ primer rHAop-F with an added Ncol
restriction site (underlined) and the 3’ primer rHAop-R
with an added Xbal restriction site (underlined). The ampli-
fied fragments were digested with Ncol and Xbal, and
inserted into pNZ8149, producing the expression plasmid
pNZ8149-rHAop.

The plasmids pNZ8148, pNZ8148-szHasA, pNZ8148-
szHasB, pNZ8148-szHasC and pNZ8148-szHasABC were
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Table 1 Strains and plasmids

used in this study

Strain/plasmid Relevant genotype References
Strain
NZ9000 Model strain MG1363 with nisRK genes integrated in [15]
the chromosome. Host strain for nisin inducible vectors
NZ9000-pNZ8148 NZ9000, pNZ8148 [26]
NZ9000-A NZ9000, pNZ8148-szHasA [26]
NZ9000-B NZ9000, pNZ8148-szHasB This study
NZ9000-C NZ9000, pNZ8148-szHasC This study
NFHAO1 NZ9000, pNZ8148-szHasABC This study
NZ3900 NZ9000 with lacF deletion [5]
NZ3900-pNZ8139 NZ3900, pNZ8149 This study
NFHAO02 NZ3900, pNZ8149-szHasABC This study
NFHAO03 NZ3900, pNZ8149-rHAop This study
Plasmid
pNZ8148 nisA promoter and multiple cloning site, pSH71 [21]
replicon, Cm resistance
pNZ8149 Like pNZ8148, with the cat-gene replaced by the [51
food-grade lacF gene as selection marker
pNZ8148-szHasA pNZ8148, PnisA-szHasA [26]
pNZ8148-szHasB pNZ8148, PnisA-szHasB This study
pNZ8148-szHasC pNZ8148, PnisA-szHasC This study
pNZ8148-szHasABC pNZ8148, PnisA-szHasABC This study
pNZ8149-szHasABC pNZ8149, PnisA-szHasABC This study
pNZ8149-rHAop pNZ8149, PnisA-rHAop This study

Table 2 Primers used for
amplification of different gene

Primers

Sequences

fragments in this study HasA-L1

HasA-L2
HasB-L1
HasB-L2
HasC-L1
HasC-L2
rHAop-L1
rHAop-L2
rHAop-L3
rHAop-L4
rHAop-L5

rHAop-L6

rHAop-F
Tl.le restriction sites in the.: rHAop-R
primers have been underlined

5'-CAGCCCATGGGCAGAACATTAAAAAACCTCA-3’
5'-CATTTCTAGATTATAATAATTTTTTACGTGTT-3’
5-CAGCCCATGGGCAAGTGAAAATTTCTGTAGC-3’
5'-CATTCTGCAGCTAGTCTCTTCCAAAGACATC-3'
5'-CAGCCCATGGGCACAAAGGTC AGAAAAGC-3/
5'-CATTTCTAGACCAAACTT GTCTCCAAC-3'
5'-CAGCATGAGAACATTAAAAAACCT-3’
5-TGCTATTTTAGTCATTTCATTTTTTCCTTTGATACCTT-3’
5'-AAGGTATCAAAGGAAAAAATGAAATGACTAAAATAGCA-3'
5'-TGCCATTCGTT TTCTGACTAGTCCCTTCTATACAAATC-3’

5'-CAGAAAACGAATGGCACTCATAAGGAACCACAAATCAAGG
AGGAACTCATGAATAAATTCGCTATTGTC-3'

5'-CCTTTATTGTCCACGATAATGTGG-3'
5'- CAGCCCATGGGCAGAACATTAAAAAACCTCA-3’
5'-CCTTTCTAGATTATTGACCACGATAATG-3'

introduced into L. lactis strain NZ9000. The transformants
were selected on GM17 plates containing chlorampheni-
col and were designated NZ9000-pNZ8148, NZ9000-
A, NZ9000-B, NZ9000-C and NFHAO1. NZ3900 was
transformed with the plasmids pNZ8149-szHasABC and
pNZ8149-rHAop. The transformants were selected on
Elliker medium and named NFHAO2 and NFHAO3.

@ Springer

Induction

Nisin (Sigma-Aldrich, St. Louis, MO, USA) was processed
according to the method of Eichenbaum et al. (1998).
The induction of recombinant L. lactis strains was per-
formed as described previously [5, 11]. Briefly, after a 1 in
207! inoculation (vol vol™") of fresh medium with a 12 h
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culture, cells were grown at 30 °C to an ODg, of 0.5. Then,
10 ng ml~! nisin was added and cells were incubated for
another 12 h at 30 °C to induce the expression of target
proteins.

Cell extraction and SDS-PAGE

For enzyme activity measurements, the strains were culti-
vated in GM17 containing chloramphenicol (10 wg ml™")
or LM17 medium and harvested after induction for 12 h.
Cells were washed with sterile water and disrupted using
an ultrasonic processor. Proteins in the crude extract were
analyzed by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE; 9 %). The protein concentra-
tion was measured using a Coomassie blue protein assay,
with bovine serum albumin as the standard.

Hyaluronic acid analysis

HA was isolated from the fermentation broth according to
a previously described method [25]. Briefly, a 1 % solu-
tion of cetylpyridinium chloride was added to the super-
natant fluid containing HA, whereupon HA precipitated
as cetylpyridinium-HA. The precipitate was dissolved in
0.5 mol 17! NaCl solution containing 4 % ethanol. Then,
three volumes of ethanol were added to one volume of the
solution to precipitate HA and after centrifugation, the pre-
cipitate was dissolved in distilled water.

HA polysaccharides (100 mg) were degraded by hyalu-
ronate lyase as previously described [12] and desalted on a
Bio-Gel P-2 column (0.5 x 200 cm) in 0.1 M NH,HCO;.
The eluent was monitored at a UV wavelength of 232 nm.
Fractions containing HA disaccharide were pooled and
dried. Then, disaccharides were analyzed on a CI18
reversed-phase column (0.45 x 25 cm; Vydac) with UV
232 detection, as previously described [10].

The HA concentration in the fermentation broth was
estimated using an HA RIA kit (Shanghai Navy Institute
of Medical Sciences, Shanghai, China). Multiple dilutions
of medium samples were prepared and assayed in triplicate
along with HA standards according to the manufacturer’s
instructions. This assay currently provides the most sensi-
tive and specific way to quantify HA [30].

The number average molecular weight (M,) and the
weight-average molecular weight (M) were measured by
SEC-MALLS analysis as previously described [14].

Mass spectrometry analysis

MS analyses were performed on a Thermo LCQ-Deca. The
disaccharide was dissolved in 50 % methanol. Experiments
were performed in negative ionization mode with a spray
voltage of 5 kV and a capillary temperature of 275 °C [25].

Results and discussion
Construction of the recombinant L. lactis strains

Six plasmids (Table 1) were constructed and introduced
into L. lactis. Genes szHasA, szHasB and szHasC were
carried on pSH71-derived replicons under the control of
the PnisA promoter in the expression plasmids pNZ8148-
szHasA (Fig. 2Aa), pNZ8148-szHasB (Fig. 2Ab) and
pNZ8148-szHasC (Fig. 2Ac), respectively. The recom-
binant L. lactis strains harboring pNZ8148-szHasA,
pNZ8148-szHasB and pNZ8148-szHasC were designated
N9000-A, N9000-B and N9000-C, respectively.

The NICE system cannot only be used to drive expres-
sion of single genes, but also of whole operons [21]. In
this study, the HA biosynthesis operon of S. zooepidemi-
cus containing the genes szHasA, szHasB and szHasC was
introduced into L. lactis strains NZ9000 and NZ3900 using
the vectors pNZ8148-szHasABC (Fig. 2Ad) and pNZ8149-
szHasABC (Fig. 2Ae), respectively, producing strains
NFHAO1 and NFHAO2.

HA biosynthesis involves synthesis of the monosac-
charide donors, followed by polymerization of GlcA and
GlcNAc. We hypothesized that the endogenous enzymes
from L. lactis should work more efficiently than szHasB
and szHasC in the synthesis pathway of the UDP sugars in
the recombinant strain. Therefore, a recombinant HA bio-
synthesis operon was constructed and designated rHaop
(Fig. 1B). In this recombinant DNA fragment, open read-
ing frames (ORFs) szHasB and szHasC were displaced
by ORFs ugd and glmU from L. lactis, respectively. The
szHasA gene and the DNA fragments (linkerl and linker2)
between each of the two genes in the HA biosynthesis
operon of S. zooepidemicus were conserved. Then, rHAop
was introduced into L. lactis NZ3900 using the vector
pNZ8149-rHAop (Fig. 2Af), resulting in strain NFHAO3.

Food-grade HA production in the recombinant strains

Several studies have shown that HasA plays a critical role
during HA synthesis and that the enzymes involved in
monosaccharide donor synthesis also have an effect on the
yield and the molecular weight (M) of HA in recombi-
nant strains [20, 26]. To determine the roles of HasA and
the UDP-sugar synthetic enzymes in the synthesis of HA in
L. lactis, six recombinant strains with different metabolic
combinations were constructed (Fig. 2B).

Strains NZ9000-A, NZ9000-B, NZ9000-C and NFHAO1
were incubated for 12 h at 30 °C with 10 ng ml~! nisin.
Total cell extracts were prepared, and equal amounts of
proteins were analyzed by SDS-PAGE (Fig. 3A). SDS-
PAGE image analysis showed that HasA (M,: 47.7 kDa),
HasB (M,: 43.5 kDa) and HasC (M,,;: 28.9 kDa) were
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Fig. 2 Plasmid maps and the synthetic pathway of HA in S. zooepi-
demicus and recombinant L. lactis. A a pNZ8148-szHasA, containing
the szHasA gene; b pNZ8148-szHasB, containing the szHasB gene;
¢ pNZ8148-szHasC, containing the szHasC gene; d pNZ8148-szHas-
ABC, containing the szHasA gene together with szHasB and szHasC;
e pNZ8149-szHasABC, containing the szHasA gene together with
szHasB and szHasC; f pNZ8149-rHAop, containing the recombinant
operon fragment with szHasA, ugd and glmU. All the target genes are
under the control of the nisA promoter. B HasA catalyzed the polym-
erization of GlcA and GIcNAc to produce HA in the wild-type S.
zooepidemicus strain and in the recombinant strains. a In S. zooepi-

detected in the total cell extracts of NZ9000-A, NZ9000-
B and NZ9000-C, respectively, and a large amount of new
proteins (of approximately 29 kDa and 43-48 kDa) were
produced by strain NFHAOI. This finding confirmed that
recombinant strain NFHAO1 successfully expressed HasA
together with HasB and HasC.

Disaccharide analysis, electrospray ionization mass
spectrometry and RIA were used to confirm that the poly-
saccharide produced by the recombinant L. lactis strains
was HA. The polysaccharide was purified from the culture
and degraded by hyaluronate lyase as previously described
[12, 26]. It was then desalted on a Bio-Gel P-2 column
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demicus, UDP-GIcA was synthesized by HasB and HasC, UDP-
GlcNAc was synthesized by HasD. b In NFHAOl and NFHAO2,
endogenous GlmU catalyzed the synthesis of UDP-GIcNAc, while
overexpressed HasB and HasC, as well as endogenous UDP-GlcDH
and GlcU catalyzed the synthesis of UDP-GIcA. ¢ In NZ9000-A,
UDP-GIcNAc and UDP-GIcA were synthesized by endogenous
enzymes UDP-GIcDH, GlcU and GImU from L. lactis. d Besides
the endogenous enzymes, overexpressed UDP-GIcDH and GlmU
also were involved in the supply of UDP-GIcNAc and UDP-GIcA in
NFHAO03

and analyzed on a CI18 reversed-phase column (Fig. 3b,
¢). Meanwhile, commercial HA was degraded by the same
lyase and also analyzed by P-2 and C18 columns (Fig. 3b,
c). As expected, analysis of the degradation product of
the NFHAO3 polysaccharide showed a disaccharide com-
ponent with the same retention time as HA disaccharide.
Then, using electrospray ionization mass spectrometry
techniques, the molecular mass of this disaccharide was
determined to be 379.1 £+ 0.4 Da, almost identical to the
calculated molecular mass for HA disaccharide (379.1 Da)
(Fig. 3d), confirming that the polysaccharide recovered
from the culture of NFHAO3 was HA. In addition, the RIA
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Fig. 3 Analysis of HA produced in the recombinant strains. a SDS-
PAGE of the protein samples from recombinant strains after induc-
tion with 10 ng ml~!' nisin for 12 h. Proteins were separated by
SDS-PAGE (9 %) and visualized by Coomassie brilliant blue G-250
staining. Lane M = molecular mass standards; lane I lysate from
NZ9000-C cells in GM17 medium; lane 2 lysate from NFHAO1
cells in GM17 medium; lane 3 lysate from NZ9000-B cells in GM17
medium; lane 4 lysate from NZ9000-A cells in GM17 medium; lane
5 lysate from NZ9000-pNZ8148 cells in GM17 medium; lane 6
lysate from NZ3900-pNZ8149 cells in LM 17 medium; lane 7 lysate
from NFHAO2 cells in LM17 medium. b Disaccharide analysis of
HAase-treated HA. HA recovered from NFHAO3 and commercial

data (Table 3) also demonstrated that recombinant L. lactis
strains biosynthesized HA successfully.

The concentrations of HA in the cultures of these
recombinant strains were analyzed by RIA (Table 3).
Approximately 0.22 g 17! HA was detected in the NZ9000-
A culture while HA could not be detected in the culture of
NZ9000, indicating that HA could be synthesized with the
expression of HasA alone in L. lactis and that the required

HA were digested with hyaluronate lyase at 37 °C and the reaction
was carried out overnight to ensure completeness. The reaction was
heat deactivated, centrifuged, and the supernatants (100 pnl) were
loaded onto a P-2 column. ¢ RPIP-HPLC chromatograms of the
disaccharide analysis of HA disaccharides. The digested disaccha-
rides of the polysaccharides produced by NFHAO3 were purified on
a Bio-Gel P-2 and resolved by RPIP-HPLC. The disaccharide of HA
was also resolved on the same column. d The MS spectrum of disac-
charides from NFHAO3. e, the Mn and M, of HA recovered from
the cultures of NFHA02 and NFHAO3 were measured using SEC—
MALLS analysis

precursors, UDP-GIcA and UDP-GIcNAc, could also be
synthesized by endogenous UDP-GIcDH and GImU in the
host strain. However, no HA was detected in the cultures
of NZ9000-B and NZ9000-C, showing that HA could not
be synthesized in the absence of the HasA enzyme. Fur-
thermore, the final concentration of HA was approximately
0.6 g 17" in the NFHAOI culture, around 170 % higher than
that of NZ9000-A (0.22 g 17!), showing that co-expression
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Table 3 HA produced by recombinant strains of different genotypes

Carbon source (wt vol™') 1 % glucose

1 % lactose

Strain NZ9000 NZ9000-A NZ9000-B NZ9000-C NFHAO1 NZ3900 NFHAO02 NFHAO3
Genotype - HasA HasB HasC HasA - HasA HasA

HasB HasB ugd

HasC HasC GlmU
HA yield (g L) - 0.223 £ 0.041* - 0.594 +£0.029 - 0.380 £0.030 0.492 £ 0.032

The values are the average of five independent measurements. For ratio determination, cells were grown in GM17 medium or LM17 medium
and induced for another 12 h at 30 °C, then 10 ng ml~! nisin was added. The concentration of HA was measured using an RIA kit

# Deviation from the average

of the enzymes, HasA, HasB and HasC, is an effective way
to increase HA yield. As expected, an undersupply of UDP-
GlcA and UDP-GIcNAc decreased the yield. From these
results, we can conclude that HasA is essential for HA
production in L. lactis and improving the precursor sugar
biosynthesis levels can increase the production of HA, con-
firming previous findings [4].

It was reported that the expression of HasA from
Streptococcus equisimilis along with expression of tuaD
(UDP-GIcDH) in Bacillus subtilis resulted in the produc-
tion of HA [30]. Several studies also showed that express-
ing endogenous UDP-GIcDH, which directs a step in the
synthesis pathway of UDP-GIcA, could improve HA
production [4, 17, 26]. We hypothesized that the endog-
enous enzymes involved in the synthesis of the UDP sug-
ars should work more efficiently than the heterologous
enzymes from S. zooepidemicus in L. lactis. To confirm
this, recombinant strains NFHAO2 and NFHAO3 were
constructed and incubated in LM17 medium for 12 h at
30 °C with 10 ng ml~! nisin. SDS-PAGE image analysis
showed that the recombinant strain NFHAO3 success-
fully expressed szHasA and the expression levels of Ugd
(M: 43.4 kDa) and GImU (M,,: 49.0 kDa) were clearly
improved (Fig. 3a). The concentrations of HA in the cul-
tures of NFHA(02 and NFHAO3 were also analyzed and
compared (Table 3). The final concentration of HA was
approximately 0.49 g 17! in the NFHAO2 culture, about
33 % higher than that in the NFHAO3 culture (~0.38 g 171).
As expected, the overexpression of endogenous Ugd and
GImU, which share the same catalysis pathway as HasB
and HasD, together with HasA, improved the production of
HA in recombinant L. lactis. Therefore, it can be concluded
that overexpression of the endogenous enzymes directing
the steps in the synthesis pathway of the precursor sugars is
an effective way to increase HA production in recombinant
cells. In addition, NFHAO1 was cultured in the medium
containing 1 % glucose, while 1 % lactose was the carbon
source in the medium of NHFA02 and NHFAO3. Glucose
was better as carbon source than lactose, which should be

@ Springer

the reason why the HA yield of NFHAO1 was higher than
those of NFHAO02 and NFHAO3.

Besides the yield, the M, and M., distribution were also
important characteristics of HA. It is necessary to obtain
specially designated My, or uniform size-defined HA to
extend the potential applications for this polysaccharide,
in particular for producing HA-containing biomedical
products. To determine the importance of the precursors,
UDP-GIcA and UDP-GIcNAc, in the M, and length dis-
tribution of the polysaccharide chains, M,, M,, and the
polydispersity index (PDI) of HA produced by NFHAO02
and NFHAO3 were measured by size-exclusion chroma-
tography—multi-angle laser light scattering (SEC-MALLS)
analysis (Fig. 3e). Although the My, of HA recovered from
these two recombinant strains were almost equal, the PDI
of the My, was 1.260 for the NFHAO3 culture, approxi-
mately 24 % lower than that of NFHAOQ2 (~1.654), suggest-
ing that the HA synthesized by NFHAO3 has narrow size
distributions. Compared with NFHAO02, the supply of UDP-
GlcA and UDP-GIcNAc benefited from the overexpression
of endogenous Ugd and GImU in NFHAO3, in which the
availability of processor sugars to HasA molecules would
be expected to be relatively abundant. This would mean
that all HA polysaccharide chains would have a sufficient
supply of precursor sugars for further synthesis and chain
elongation catalyzed by HasA. This was confirmed by the
fact that the HA polysaccharides recovered from the culture
of NFHAO3 had a lower PDI. As expected, increasing the
supply of the UDP-activated monosaccharide donors was
beneficial for the synthesis of monodisperse HA polysac-
charides, which was consistent with previous data [26] and
also put forward a guide to establish an efficacious way to
control the size of HA in fermentation.

In addition, the host strain (L. lactis), the NICE sys-
tem, the selected marker (lacF gene) and the fermentation
medium of the recombinant strain NFHAO3 all conformed
to the required standards for the production of food-grade
HA. HA produced by this L. lactis strain is, therefore, more
suitable and applicable than HA produced by Streptococcus
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for widespread use in the production of health foods, medi-
cines and cosmetics.

Recently, HA is produced using the Gram-positive
bacterium S. zooepidemicus in industry. However, Strep-
tococcus is a less-than-ideal source because of its poten-
tial to produce exotoxins, the difficultly in fermentation
control and the expensive medium required for growth
[30]. L. lactis, one of GRAS microbes, is increasingly
used in food fermentations and modern biotechnology [5,
6, 18, 22]. In 2007, CK Lee’s group co-expressed heter-
ologous UDP-GlcDH with HA synthase of Streptococcus
in L. lactis, and the recombinant strain could produce HA
with a concentration about 0.65 g 17! [4]. 3 years later,
KB Ramachandran’s group reported that the recombi-
nant L. lactis strains containing the full operon has pro-
duced 1.8 g 17! HA in batch bioreactor with controlled
pH and aeration [23]. In these papers, the recombinant
strains were selected using chloramphenicol (10 pg ml~!)
or erythromycin (1 g ml~!) as the selection pressure.
Here, besides GRAS host strain (L. lactis), NICE system
and the fermentation medium, the selecting marker (lacF
gene) of the recombinant strain is also food grade, which
made NFHAO3 to be a better source of HA appropriate
for widespread use in the production of health foods,
medicines and cosmetics.
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