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ABSTRACT: A 546-bp fragment of the sz-hasA gene encoding hyaluronan synthase (szHAS) from Streptococcus
zooepidemicus (group C Streptococcus, GCS) was amplified by PCR with oligonucleotides designed based on
the conserved amino acid sequences of HASs from other organisms as primers. The entire sz-hasA gene was
identified and cloned by Southern and colony hybridizations using this 546-bp fragment as a probe.
Determination of the nucleotide sequence indicated that this gene encoded a protein with 417 amino acid
residues (calculated molecular mass, 47.77 kDa). The amino acid sequence of szHAS was 74.2% identical to
that of HAS from Strep. equisimilis. The overexpression of sz-hasA in Escherichia coli was detected by SDS-
PAGE and confirmed by LC/MS-MS. To examine whether E. coli cells acquire an ability to synthesize
hyaluronic acid (HA) upon transformation with plasmids bearing the sz-hasA gene, the plasmids pHAS-1
and pHAS-2, in which sz-hasA and sz-hasA with rare codon modifications at the 5’-terminus were ligated
into the Ndel-BamHI sites of pET-28a, respectively, were constructed and used to transform E. coli BL21
(DE3), E. coli BL21 (codon+), and E. coli HMS 174 (DE3) plysS. Cultivation of these transformants, followed
by induction for gene expression, revealed that the E. coli BL21 (codon+) transformants with pHAS-1 and E.
coli HMS 174 (DE3) plysS transformants with pHAS-2 produced HA after 4 hr induction time at the
maximum yield 16 pg/ml and 32.5 ug/ml, respectively. These are higher than the background levels in

control bacteria, which were 5 pg/ml and 21.3 pg/ml, respectively.

Kevworps: Hyaluronic acid, Hyaluronan synthase, Streptococcus sp., Gene cloning.

INTRODUCTION

Hyaluronic acid or hyaluronan (HA) is a naturally
occurring polysaccharide composed of alternating a
B-1,4-glucuronic acid (GlcA) and B-1,3-N-
acetylglucosamine (GlcNAc) moieties. HA is a major
constituent of the vitreous humor of the eye, synovial
fluid, extracellular matrices, and skin.! The
polysaccharide also interacts with various receptors
and binding proteins that modulate cellular behavior
such as migration, adhesion, and wound healing. '*°
HA is used in many skin care products because it is an
excellent moisturizer. Principle uses of HA are in the
biomedical field, such asin ophthalmic and orthopaedic
surgery.*> Initially, HA was mainly extracted from
rooster combs, a specialized piece of skin which has a
higher amount of HA, but the extraction and
purification procedure are time consuming and labor
intentive, making HA production very costly.®
Alternatively, HA is produced by Streptococcus
zooepidemicus through fermentation’, by which the acid
has been more conveniently obtained for industrial

production. The equivalence of streptococcal and
rooster comb HA has been demonstrated, and the
former hasnow been accepted from a regulatory point
ofview. Supplies of HA from streptococcal fermentation
are theoretically limitless, and no fears of seasonal
fluctuations or batch-to-batch variation exist if a tightly
controlled processisimplemented.’ The HAis produced
as a capsule of high-molecular weight material which
iseasily separated from the microorganisms, although
extensive purification is stillnecessary in order to obtain
material of sufficient purity. The possibility of
contamination with viral agents is obviously not amajor
concern, and the use of non-pathogenic mutant in the
industrial processes will ensure the absence of other
toxicimpurities.®

Therefore the purpose of this paper is to use
recombinant DNA technology to improve HA
production fromE. coli. Inthe workreported here, we
cloned and expressed Strep. zooepidemicus hyaluronan
synthase gene (sz-hasA) in E. coli cellsand investigated
the productivity of HA from the recombinant HA-
producing strains.
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MaATeRIALS AND METHODS

Materials

Media were purchased from Difco (Michigan, USA).
Restriction enzymes and DNA modifying enzymes were
purchased from Promega (Madison, WI, USA).
Synthetic oligonucleotides were made at the Bioservice
Unit, National Science and Technology Development
Agency, Bangkok, Thailand. All other reagents were of
the highest grade available from Sigma-Aldrich
company (St. Louis, MO, USA) except stated otherwise.

Microorganisms and plasmids

The selected strain of Streptococcus zooepidemicus
ATCC 35246 was used throughout the experiments.
The Escherichia coli host strain TOP 10 was used as a
host for pCR*Blunt and pBAD-TOPO?* vector
(Invitrogen, Carlsbad, CA, USA). E. coli strain JM 109
was used as a host for pUC18/19, PCR 2.1 cloning
vector (original TA cloning vector kit) (Novagen,
Madison, WI, USA) and pCR®*- Blunt cloning vector. E.
colistrain BL21 (DE3), strain BL21 (codon+) and strain
HMS 174 (DE3) pLysS were used as a host for pET-28a
expression vector (Novagen). Strep. zooepidemicus was
grown in Brain Heart Infusion (BHI) medium and E.coli
strains were grown in LB medium.

Isolation of streptococcal DNA

Genomic DNA wasisolated from Strep. zooepidemicus
by the method of Caparon and Scott (1991).° Briefly,
100 ml of overnight culture was centrifuged at 10,000
x g for 10 min at 4 °C and the pellet was washed with
10 ml of Tris buffer (20 mM Tris-HCl, pH 8.2). Bacterial
cell walls were disrupted by resuspension in 3.2 ml of
the same Tris buffer, then 7 ml of polyethylene glycol
solution (PEG 20,000, Fisher Scientific, Fairlawn, NJ,
USA, 24%, w/v,in water, sterilized by filtration) and 3.5
ml of lysozyme solution (Sigma L-6876, 20 mg/ml in
water) were added. The mixture was incubated for 1
hr at 37°C and was subsequently centrifuged (15,000
xg,10min, 4°C). Thepelletwasresuspendedin 5.7
ml TE (10 mM Tris-HCI, pH 8.0, 1 mM EDTA) and
incubated with 0.3 ml ofa20% (w/v) aqueous solution
of SDS for 15 minat 65 °C. RNase A solution (Sigma R-
4875, 5 mg/mlin water) was added and incubated for
30 min at 37 °C with 0.2 ml of proteinase K solution
(Sigma P-0390, 10 mg/mlin water) and then incubation
was continued for 30 minat 37 °C. The lysate was then
extracted once with TE-saturated phenol, once with
phenol-chloroform (1:1) and once with chloroform.
The residual chloroform was evaporated and 1/10 the
aqueous volume of 3 M sodium acetate and 2 volumes
of 95% ethanol were subsequently added. The DNA
was collected by centrifugation (5000 x g, 4 °C, 5 min)
and washed twice with 5 ml of 70% (v/v) ethanol. The
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pellet was dried under reduced pressure and
resuspended in 1 ml of TE.

Cloning of the sz- hasA gene

A part of the sz-hasA gene was amplified by PCR
using forward (5’ TGG GGC GGCAAA CGT GAGGTC
ATG TAC ACA GC 3’) and reverse (5 CAC CAC AGA
GCATTGTATAGCCACTCT CGGAAGTA3) primers.
The genomic DNA of Strep. zooepidemicus was used as
a template, PCR was performed with Tag DNA
polymerase (Promega, USA) in a thermocycler
(Geneamp PCR System 2400, Perkin Elmer, Foster-city,
CA, USA) using the following program: i) 1 cycle of
95°C for 2 min, 45°C for 3 min, and 72°C for 5 min; ii)
30cyclesof 95°Cfor45 sec,45°C for 30 sec,and 72°C
for 1 min 30 sec. The resultant 546-bp fragment was
separated on an agarose gel electrophoresis and
purified using the Gene clean kit (BIO 101. Inc., Vista,
CA, USA). The entire sz-hasA gene was identified by
Southern and colony hybridizations using this DNA
fragment as a probe against chromosomal DNA of
Strep. zooepidemicus. The chromosomal DNA was
digested with HindIll, BamHI, EcoRI, Smal, Sall or Sacl.
Determination of the nucleotide sequence of the 1.5-
kb Sacl fragment revealed that it contained the entire
sz-hasA gene. Southern hybridization was performed
according to standard procedures. Probe labelling,
hybridization and immunological detection were
performed using the digoxigenin DNA labelling system
(Boehringer Mannheim GmbH, Mannheim, Germany).
The DNA fragments which gave the strongest signal,
were extracted from a preparative agarose gel and
ligated into the appropriate site of the pUC19 vector
to generate a plasmid library. The E. coli JM109 cells
were transformed with this plasmid library and screened
for those containing the sz-hasA gene by colony
hybridization.

DNA sequence analysis

DNA sequencing of both strands of the insert was
performed by the dideoxynucleotide chain termination
method modified from that described by Sanger et al.
(1977) '° with fluorescent vector primers (Auto Read
Sequencing kit, Pharmacia Biochemicals, Uppsala,
Sweden) using an automated DNA sequencing system
(ALF express, Pharmacia Biochemicals, Uppsala,
Sweden). The nucleotide and deduced amino acid
sequences were analyzed using DNASIS™ software
(Hitachi software Co. Ltd., Tokyo, Japan).

Subcloning sz-hasA gene into expression vector

A full-length 1.4-kb sz-hasA gene was amplified
with Tag DNA polymerase (Promega, USA) from a
positive clone obtained by colony hybridization as
described above. The PCR primers (primer A and primer
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B) were designed to contain Ndel-BamHI sites (initalics)
located at the start and stop codon regions of the sz-
hasA gene.

Nde 1
primer A : (5- GCCATATGAGAACATTAAAAAAC
CTCATAACTG-3)

BamHI
primer B: (5~ TCGGATCCTTATAATAATTITTTT
ACGTGTTCC-3)

The PCR product was purified by agarose gel
electrophoresis and cloned into the PCR 2.1 vectorand
then subcloned into pET-28a®(Invitrogen, USA), an
expression plasmid, at the Ndel-BamHI sites to obtain
plasmid pHAS-1. Plasmid pHAS-2, which carries the sz-
hasA gene with rare codon modifications, was similarly
constructed. The gene with rare codon modifications
was constructed by PCR using the 5’-primer C, which
was designed such that the codons for Arg, Thrand Ile
(at amino acid position 2, 3 and 8, respectively) were
changed from AGA to CGT,ACAtoACCand ATAto ATC
(underlined), respectively.

Ndel Arg Thr Ile
primer C:(5-GCCATATGCGTACCTTAAAAAACCTCATC
ACTG-3)

Then nucleotide sequencing of the sz hasA gene in
the plasmids, pHAS-1 and pHAS-2, was performed.

Overexpression of szhasA gene in E. coli

Plasmids HAS-1 and HAS-2 were used to transform
E.coli]M 109, E. coliBL21 (DE 3), E. coli BL21 (codon*)
and E. coli HMS 174 (DE3) pLysS. The transformants
were grownat 37°Cin LB medium containing kanamycin
(50 pg/ml) until the optical density at 660 nm reached
0.4. Expression was then induced with 1 mM isopropyl-
B-D-thiogalactopyranoside (IPTG) and cells were
incubated for 4 hrat 37°C. The cells were harvested by
centrifugation 8,000x g for 10 min at 4°C and washed
with buffer (20 mM potassium phosphate, pH 7.5, 1
mM EDTA and 5 mM 2- mercaptoethanol). This step
was repeated twice. The production of hyaluronan
synthase was analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) which
was performed according to the method of Sambrook. !

Confirmation of production of recombinant szHAS
in transformed E. coli by LC/MS-MS analysis
LC/MS-MS sample was prepared by neatly cutting
the target band from SDS-PAGE. The reduction of
disulfide bonds was subsequently performed by adding
10mMDTTin 25 mM NH,HCO, solution to the dried
gelband. Tryptic digestionand extraction of peptides
were then performed. LC/MS-MS analysis of the sample
was done using a Finnigan LTQ Linear Ion Trap Mass
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Spectrometer (Finnigan MAT, San Jose, CA, USA) by
the Bioservice unit, National Center for Genetic
Engineering and Biotechnology, Bangkok, Thailand.
The spray needle voltage was set at 1.8 KV and capillary
temperature at 260 °C. The Turbo SEQUEST algorithm
in the BioWorks ™ 3.1 SR1 software package (thermo
Electron) and nr Fasta database were used for data
analysis. Theidentified peptide were further evaluated
using charge state versus cross-correlation number
(Xcorr). The criteria for positive identification of
peptides was Xcorr>1.5 for singly charged ions,
Xcorr>2.0 for doubly charged ions, and Xcorr >2.5 for
triply charged ions.

Determination of hyaluronic acid in culture
supernatant

The hyaluronic acid concentration in the culture
broth was determined by the carbazole method
measuring uronic acid.'**>* The culture broth was
centrifuged at 3,000x g for 20 min. After the cells were
removed, 2 volumes of ethanol were added to 1 volume
of the supernatant from the culture broth and the
solution was refrigerated at 4°C for 1 hr to precipitate
the hyaluronic acid. The precipitate was recovered
and redissolved in 9% NaCl. The assay detects the
glucuronicacid released when the sample is hydrolyzed
with H SO,. Thisassay isnot highly specific (compounds
suchas sucrose are cross-reactive) and so it is necessary
to determine the background reading of the control
bacteria. It was also confirmed that the colour reaction
was specifically due to hyaluronic acid by the addition
of hyaluronidase (Sigma-Aldrich company, St. Louis,
MO), an enzyme specific for hyaluronic acid.

Nucleotide sequence accession number

The Strep. zooepidemicus hasAnucleotide sequence
has been assigned Accession No. AF 414053 by
GenBank.

ResuLts AND DiscussioN

Cloning of the sz-hasA gene

Comparative analysis of the amino acid sequences
of spHAS (Strep. pyogenes), DG42 (Xenopus laevis HAS)',
nodC (a Rhizobium meliloti modulation factor)'® and
seHAS (Strep. equisimilis)'" revealed the existence of the
conserved regions WGGKREVMYT and
YFREWLYNALWW. Therefore, we designed two
deoxyoligonucleotide primers for PCR. The 546-bp
fragment, which was amplified by PCR using these
primers, wasisolated, introduced into the pCR®-Blunt
cloning vector, and its nucleotide sequence was
determined. The deduced aminoacid sequence showed
high similarity to other known HAS sequences. In
order to clone the entire sz-hasA gene, Southern
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hybridization was performed using the 546-bp fragment
as a probe against chromosomal DNA of Strep.
zooepidemicus which was digested with HindIIl, BamHI,
EcoRI, Smal, Sall or Sacl. Determination of the nucleotide
sequence of the 1.5-kb Sacl fragment revealed that it
contained the entire sz-hasA gene.

Sequence analysis of szZHAS

The nucleotide sequence and the deduced amino
acid sequence of szHAS, the enzyme that polymerizes
HA from Strep. zooepidemicus, are shown in Fig. 1. The
protein is composed of 417 amino acid residues with
a calculated molecular mass of 47.77 kDa, and the
predicted pl of 9.01. We found that its amino acid
sequence was identical to that of HAS of Strep. equisimilis
(seHAS), but the codon usages for 15 amino acids are
different. It also showed high amino acid sequence

RBS
-60 TATTATGGTTAGCGTTTAAAGGCAAAATACAAAGCGCAAGAAAGGAACAAACCAATCACA -1

+«——— MD 1——»
ilMm R T L K N L I T V V A F 8 I F W V L L 20
1 AT CTCATAACTGTTGT TGTTG | 60

CTTTAGTATTTTTT

21/ ¥y v N V YL F GAKSGSTILS I Y G F L 40
61 [ATTTACGTCAATGTTTATCTCTTTGGTGCTAAAGGAAGCTTGTCAATTTATGGCTTTTTG | 120
-—

41(L I A Y L L V K M S L S F F Y F 60
121 |CTGATAGCTTACCTATTAGTCAAAATGTCCTTATCCTTTTTTT CAAGCCATTTAAGGGA 180
61fR A 6 @ Y K V A A I I P S Y N E D A E S 80

181 | AGGGCTGGGCAATATAAGGTTGCAGCCATTATTCCCTCTTATAACGAAGATGCTGAGTCA [ 240

81fL L E T L K S V Q Q Q T Y P L A E I Y V[ 100
241 | TTGCTAGAGACCTTAAAAAGTGTTCAGCAGCAAACCTATCCCCTAGCAGAAATTTATGTT [ 300

101|v D D G S A D E T G I K R E D Y V R D [ 120
301 |GTTGAC AGCGCATTGAAGAC GTGAC| 360

21| T ¢ D L S § N V I V H R S E K N Q G K R | 140
361 | ACTGGTGACCTATCAAGCAATGTCATTGTTCACCGGTCAGARAAAAATCAAGGARAGCGT | 420
L

141 A W A F E

Q A DV F L T V D S 160
421 CATGCACAL:&:\.\.AW:&_L.AA

GATCAGACGC ATGTCTTTTTGACCGTTGACTCA| 480

161 180
481 GATACTTATATCTACCCTGATGCTTTAGAGGAGTTGTTAAAAACCTTTAATGACCCAACT 540

181|v F A A T G H L N V R N R Q T N L L T R | 200
541 |GTTTTTGCTGCGACGGGTCACCTTAATGTCAGAAATAGACAAACCAATCTCTTAACACGC| 600

200|]L T D I R Y DN ATF GV ERAAOQ S V T| 220
601 | TTGACAGATATTCGCTATGATAATGCTTTTGGCGTTGAACGAGCTGCCCAATCCGTTACA| 660
[ ]

221/ N I L V C S G P L S V Y R R E V VvV VvV P|[ 240
661 |GGTAATATTCTCGTTTGCTCAGGCCCGCTTAGCGTTTACAGACGC TTGTTCCT| 720

[ d
241w T D R Y L W QT F LG I PV.S.IED D] 20
721 |AAC TCAACCAGACCTTCC TCC TATC 780

261|R ¢ L T N Y A TD L G KT V Y Q S T A K| 280
781 |AGGTGCTTGACCAACTATGCAACTGATTTAGGARAGACTGTTTATCAATCCACTGCTAAR 840
(4 o o

281| C I T D V P D KM S T Y L K Q Q N R W N 300
841 |TGTAT TTCCTGACAAC TACTTACTTGAAGCAGCAAAACCGCTGGAA] 900
301lk S F F R E S I I S V K K I N F 320
901 |AAGTCCTTCTT \GAGAGTCCATTATTTCTGTT GAAAATCATGAACAATCCTTTTGTA 960
MD 3
321]A L W T I L E V s M F M ML V Y S V V D 340
961 |GCCCTATH 'CATAC' TATGTT TGTTTATT 1020
«— M 4 —
341 F D W L R V L A F L V I 360

1021 TTCTTTGTAGGCAATGTCAGAGAA TTGATTGGCTCAGGGTTTTGGCCTTTCTGGTGATT 1080
-

361 1o I H Y M L K H P L S F| 380
1081 ATCTTCATTGTTGCTCTTTGTCGTAATATTCACAAAAA TTAAGCACCCGCTGTCCTT] 1140
- 5——»

BSILLSPFYGVLHLFVLQPLKLY400
1141 [TTGTTATCTCCGTTT TGCATTTGTTTGTCCTACAGCCCTTGAAATTGTAT 1200

401/ s L F T I R N A D W G T R K K L I 417
1201 |[TCTCTTTTTACTAT TGCTGACT CACGTAAAAAATTATTATAA 1254

Fig 1. Nucleotide and deduced amino acid sequences of the
Strep. zooepidemicus HAS ORE  The DNA sequence
(bottom row) of the ORF encoding szHAS shown inside
the rectangle was cloned from genomic DNA of Strep.
zooepidemicus. The encoded amino acid sequence is
shown on the top of the nucleotide sequence. The amino
acids indicated by dots are conserved in all members of
the B-glycosyltransferase family.'® The approximate
midpoints of predicted membrane domains (MD) 1
though 5 are indicated in arrows (using the algorithm of
Kyte and Doolittle?*). The hypothetical ribosome-bind-
ing site is underlined and labeled as RBS. The stop
codon for hasA is indicated by an asterisk.
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- MD 1> - MD2->

S. zooepidemicus 1 MRTLRNLITV VAFSIFWVLL IVVNVYLFGA KGSLSIYGFL LIAYLLVKMS 50

S. equisimilis 1 MRTLKNLITV VAESIFWVLL IYVNVYLFGA KGSLSIYGFL LIAYLLVKMS 50

T AR e YLFGT S'I'VGIYG\/I LITYLVIKLG 50
* * o

S. zooepidemicus 51 r.sr'nxpms RAGOVKVAAL IBSYNEDAES LIETIKSVQQ QTYELAETYV 100
S. equisimilis 51 ) QTYPLAETYV 100
S. pyogenes 51 LSFLYEPFKG NPHDYKVAAV Ivswmrs mm.&svz.z\ QIYPLSEIVI 100

S. zooepidemit 101 VDI IKRIEDYVRD TGDLSSNVIV HRSEKNQGKR HAQAWAFERS 150
g—ﬂl"m"’/’l»" 101 VDDGSADETG IKRIEDYVRD TGDLSSNVIV

QGKR HAQAWAFERS 150

o 101 A IQLTEEYUNR EVDICRNVIV HRSLVNKGKR HAQAWAFERS 150
* * ok

S. zooepidemic 151 DADY NV RNRQTNLLTR 200

S. equisimilis 151 DADVELTVDS DTYIVPDALE ELLKTFNDPT VFAATGHLNV RNRQTNLLTR 200

Sk 151 DIVIVENALE ELLKSENDET WAATGHINA RNROTNLLTR 200

d Rk Rk

S. zooepidemicus 201 LIDIRYDNAF GUERAAQSUT mwscpr.. SUYRREVVVEP NIDRYINQTF 250
S. equisimilis 201 LTDIRYDNAE NIDRYINQTF 250

S. pyogenes 201 megm%i GVERRAQSLT cm:wcsspb sxmmrp NLERYKNOTF 250
* ok ok

L3 . ..
S. zooepidemicus ~ 251 LGIPVSIGDD RCLINYATDL GKTVYQSTAX CITDVPDKMS TYLKQONRWN 300
S. equisimilis 251 LGIPVSIGDD RCLTNYATDL GKTVYQSTAK CITDVPDKMS TYLKOONRWN 300
S. pyogenes 251 LGLPVSIGDD RCLINYAIDL GRTVYQSTAR GDTDVPFQLK SYLKQONRWN 300

* dedk ok Kk * ok ok ok ok

- MD3->
S. zooepidemicus ~ 301 KSFFRESIIS VKKIMNNPFV ALWPILEVSM EMMLUYSUVD FFVGNVREFD 350
S. equisimilis 301 KSFFRESIIS VKKIMNNPFV ALWTILEVSM EMMLVYSVVD FFVGNVREFD 350
S. pyogenes 301 KSFFRESIIS VKKILSNPIV Wm HMIVAIGN LLFNQAIQLD 350
Sk ek
- MD 4> - MDS->
S. zooepidemicus 351 WLRVLAFLVI IFIVALCRNI HYMLKHPLSF LLSPEYGVLH LFVLQPLKLY 400
S. equisimilis 1 WLRVLAFLVI IFIVALCRNI HYMLKHPLSF LLSPFYGVLH LFVLOPLKLY 400
S. pyogenes 351 LIKLF‘API.SI IFIVALCRNV HYMVKHPASF LISPLYGIIH LFVLQPLKLY 400
)

S. zooepidemicus
S. equisimilis
S. pyogenes

401 SLFTIRNADW GTRKKLL*-- -.

Fig 2. Alignment of the deduced amino acid sequence of HAS
from Strep. zooepidemicus with Strep. equisimilis and
Strep. pyogenes. The alignment was adjusted to the
degree of overall sequence similarity with Strep.
zooepidemicus using the DNASIS software (Hitachi Soft-
ware, Yokohama, Japan). Identical amino acids are
shown on a black background. Residues in szHAS that
are identical in all other HAS family members (includ-
ing human HAS1, HAS2 and HAS3, which are not
shown) are denoted by asterisks. The amino acids indi-
cated by dots are conserved in all members of the larger
B-glycosyltransferase family'®. The approximate mid-
points of predicted membrane domains (MD) 1 though
5 are indicated.

identity of 74.2% to spHAS (Fig. 2).

The overall membrane topology predicted for
szHAS (Fig. 3) was identical to that for seHAS, spHAS
and the eukaryotic HASs reported thus far.’® The
protein has two putative transmembrane domains at
the amino terminus and 2-3 membrane-associated or
transmembrane domains at the carboxyl end. The
hydropathy plots for the three streptococcal enzymes
are virtually identical.

Subcloning sz-hasA gene into expression vector
When the expression of sz-hasA from various E. coli
transformants with pHAS-1 were examined by SDS-
PAGE, only E. coli BL21 (codon+) transformants were
shown to express sz-HAS enzyme (Fig. 4). LC/MS-MS
amino acid sequencing of the overexpressed band on
SDS-PAGE confirmed it was sz-HAS protein (Fig. 5). HA
synthase is a key enzyme in the biosynthetic pathway
of HA.® Therefore, we expected that the recombinant
sz-HAS expressed in E. coli BL21 (codon+) cell could
synthesize HA. Determination of HA in culture
supernatant showed that the strain could produce HA
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Fig 3. Hydropathic analysis of the deduced amino acid se-
quence of HAS from Strep. zooepidemicus. The hydro-

pathic indices are on the Y-axis and

amino acid numbers

of HAS (1-417) are on the X-axis. The hydrophobicity
values were obtained according to the algorithm of Kyte
and Doolittle.** Positive values represent increased hy-
drophobicity. The predicted membrane-associated do-

mains are marked with solid bars.
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putative transmembrane domains at the amino termi-
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Fig 4. SDS-PAGE analysis of overexpressed streptococcal HAS
in E. coli HMS 174(DE3) pLysS at induction time 0, 2,
4and 6 hr. The 0.1% SDS-12% polyacrylamide gel was

stained with Coomassie Blue R-250. The position of

HAS is marked by the arrow.

lane A : E. coli HMS 174(DE3) pLysS containing pHAS-2.
lane P: E. coli HMS 174(DE3) pLysS containing vector

alone (pET-28a).
lane Marker : standard markers.
employed were :

Protein standards

myosin (202 kDa), {-galactosidase

(133 kDa), BSA (71 kDa), carbonic anhydrase (41.8
kDa) and soybean trypsin inhibitor (30.6 kDa).
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Fig 5. The mass spectra of the fragment ions from LC/MS-MS
analysis of the overexpressed streptococcal HAS in E.
coli. The fragment ions (MS/MS) with the precursor
masses of 1,088.81 (Fig. a), 475.75 (Fig. b), 954.75
(Fig. ¢) and 506.87(Fig. d) were established by sequest
software (biowork 31.SR1) to correspond to
(VAAIIPSYNEDAESLLETLK, RIEDYVR, YINQTFLGIPVSIGDDR
and LYSLFTIR), the amino acid sequence of Strep. equi
subsp. zooepidemicus hyaluronic acid synthase gene in
nr fasta database.
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Table 1. Hyaluronic acid production from E. coli
transformants with plasmids harboring the sz-hasA
gene after induction times of 2, 4, 6 and 8 hr.

E. coli strain plasmid HA (ug/ml)
induction time (hr)
0 2 4 6 8
BL21 (codon+) pET-28a 9.5 10.4 11.0 10.9 10.1
BL21 (codon+) pHAS-1 9.3 10.2 16.0 13.2 11.6
HMS 174 (DE 3) pET-28 a 9.6 10.1 11.2 10.5 10.4
HMS 174 (DE 3) pHAS-2 9.8 11.6 32.5 24.0 18.2

at the maximum concentration of 16 pg/ml after 4 hr
induction time (Table 1). However, the concentration
of HA was quite low when compared with the
background in the control bacteria (11 pg/ml). In
order toincrease the HA production level, the plasmid
pHAS-2 harboring the sz-hasA gene with rare codon
modifications was constructed. It has been reported
that the existence of the rare codons near the 5'-terminus
of the gene severely affects the production level of the
protein encoded by this gene.'*** In the modified sz-
hasA gene, the codons for Arg, Thr and Ile (at amino
acid positions 2, 3 and 8) were changed from AGA to
CGT, ACA to ACC, and ATA to ATC, respectively,
according to Komine et al. > When the production
levels of szHAS from various transformants with pHAS-
2 were examined by SDS-PAGE, only E. coli HMS 174
(DE3) pLysS transformants produced HA. The
production levels from these transformants were higher
than that from E. coli BL21 (codon+) transformants
with pHAS-1, and reached 32.5 pg/ml after 4 hr of
induction (Table 1). This study suggests the use of the
modified sz-hasA gene to increase HA productionin E.
coli host.

However, the effects of various culture conditions
of HA produced by E. coli transformants, such as,
temperature, pHand glucose concentration need to be
further studied. Competition for substrate and energy
resources between catabolic, anabolic, and HA
synthesis pathways in the organism should be
considered. The metabolic UDP-N-acetyl-glucosamine
(UDP-GlcNAc), forexample, isa common precursor of
both HA polymerization and cell wall synthesis.® In
another point of view, genes cloning and recombinant
expression of genes for enzymes which provide some
more substrates may increase the production of
hyaluronicacid in E. coli. Based on previous knowledge,
the hyaluronic acid productionin Strep. pyogenes (group
A Streptococci) involves two more enzymes: UDP-
glucose dehydrogenase and UDP-glucose
pyrophosphorylase, which are encoded by hasB and
hasC and provide UDP-GlcNAc and UDP-GIcA,
respectively. Therefore, the gene cloning of hasB and/
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or hasCmay be required to increase HA productionin
E. coli.
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