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ABSTRACT 

The present invention relates to a recombinant Bacillus host 
cell containing a recombinant vector including a nucleic acid 
segment having a coding region segment encoding enzy 
matically active hyaluronan synthase (HAS). The recombi 
nant Bacillus host cell is utilized in a method for producing 
hyaluronic acid (HA). 
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Figure 6 

Recombinant Hyaluronan Production in Bacillus and Enterococcus 
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FIG 7 
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FIG. C. 



Patent Application Publication Jul. 19, 2007 Sheet 11 of 22 US 2007/0166793 A1 

FRACTION NUMBER 
FIG. O 

  



Patent Application Publication Jul. 19, 2007 Sheet 12 of 22 US 2007/0166793 A1 

O 
O 
V 

is 9 
of H 

H 
CM) 
O 
A. 

- R 
as O P 

O cj 
H 

5 L 
O 
O 
y 

-- O 

C. C C C C C C C C. 
ri e o H on on st 

XLIOITHdORICLAH 

  



Patent Application Publication Jul. 19, 2007 Sheet 13 of 22 US 2007/0166793 A1 

  

  



Patent Application Publication Jul.19, 2007 Sheet 14 of 22 US 2007/0166793 A1 

2OOOO 

1SDOD 

1200 
BOOO 

4000 

5 

3SOOO 

3OOOO 

24000 

18DOD 

12000 

6000 

5 

O 

O 10 20 30 . . 40 

ELUTION VOLUME (ml) 

FIG. 13 

  



Patent Application Publication Jul. 19, 2007 Sheet 15 of 22 US 2007/0166793 A1 

-1.0 
-0.5 

-0.5 

C A C A C A 

FIG. 14 

  



Patent Application Publication Jul. 19, 2007 Sheet 16 of 22 US 2007/0166793 A1 

SEQUENCE ED NO. 3, 

5'-GCTGA TG AG ACA G G T AT TAAGC 

primar sell (sense, nucleotides G"-c") 

SEQUENCE ID No. 4 

5'- A T C A A A TT C T C T G A C A TT G C. 
primer se2: (antisense, for serise nucleotides G". T") 

SEQUENCE ID No. 5 

5. G A C T C A G AT ACT TATA T C T A 

primer: ses.pl (sense, for nucleotides d7s AP) 

SEQUENCE ID No. 6 

5'. T TT T. T A C G T G T T C C C CA 

primer sesp2 (antisense, for sense mucleotides T'-A') 
V6, 5 
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FIGURE 20 
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Figure 21 

HA synthase activity from Streptococcus pyogenes, 
Streptococcus equisimilis and Streptococcus uberis 
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HYALURONAN SYNTHASE GENES AND 
EXPRESSION THEREOF IN BACILLUS HOSTS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application is a continuation of U.S. Ser. No. 
11/474,663, filed Jun. 26, 2006; which is a continuation of 
U.S. Ser. No. 10/981,632, filed Nov. 5, 2004, now U.S. Pat. 
No. 7,091,008, issued Aug. 15, 2006; which is a divisional 
of U.S. Ser. No. 10/172,527, filed Jun. 13, 2002, now U.S. 
Pat. No. 6,951,743, issued Oct. 4, 2005; which is a continu 
ation-in-part of U.S. Ser. No. 09/469,200, filed Dec. 21, 
1999, now U.S. Pat. No. 6,833,264, issued Dec. 21, 2004; 
which is a continuation of U.S. Ser. No. 09/178,851, filed 
Oct. 26, 1998, now abandoned; and which also claims the 
benefit under 35 U.S.C. 119(e) of U.S. Provisional Appli 
cation U.S. Ser. No. 60/064,435, filed Oct. 31, 1997. Said 
U.S. Ser. No. 10/172,527 is also a continuation-in-part of 
U.S. Ser. No. 09/146,893, filed Sep. 3, 1998, now U.S. Pat. 
No. 6,455,304, issued Sep. 24, 2002; which is a continuation 
of U.S. Ser. No. 08/270,581, filed Jul. 1, 1994, now aban 
doned. The contents of each of the above-references patent 
applications/issued patents are hereby expressly incorpo 
rated herein by reference in their entirety. 
0002 Said application U.S. Ser. No. 10/172,527 also 
claims benefit under 35 U.S.C. 119(e) of provisional appli 
cations U.S. Ser. No. 60/297,788, filed Jun. 13, 2001; U.S. 
Ser. No. 60/297,744, filed Jun. 13, 2001; and U.S. Ser. No. 
60/305,285, filed Jul. 13, 2001; the contents of each of which 
are hereby expressly incorporated herein by reference in 
their entirety. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

0003. The government owns certain rights in the present 
invention pursuant to grant number GM35978 from the 
National Institutes of Health. 

BACKGROUND OF THE INVENTION 

0004) 1. Field of the Invention 
0005 The present invention relates to a nucleic acid 
segment having a coding region encoding enzymatically 
active hyaluronate synthase (HAS), and to the use of this 
nucleic acid segment in the preparation of recombinant cells 
which produce hyaluronate synthase and its hyaluronic acid 
product. Hyaluronate is also known as hyaluronic acid or 
hyaluronan. 

0006 2. Brief Description of the Related Art 
0007. The incidence of streptococcal infections is a major 
health and economic problem worldwide, particularly in 
developing countries. One reason for this is due to the ability 
of Streptococcal bacteria to grow undetected by the body's 
phagocytic cells, i.e., macrophages and polymorphonuclear 
cells (PMNs). These cells are responsible for recognizing 
and engulfing foreign microorganisms. One effective way 
the bacteria evades Surveillance is by coating themselves 
with polysaccharide capsules, such as a hyaluronic acid 
(HA) capsule. The structure of HA is identical in both 
prokaryotes and eukaryotes. 
0008 Since HA is generally nonimmunogenic, the encap 
Sulated bacteria do not elicit an immune response and are 
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therefore not targeted for destruction. Moreover, the capsule 
exerts an antiphagocytic effect on PMNs in vitro and pre 
vents attachment of Streptococcus to macrophages. Pre 
cisely because of this, in Group A and Group C Streptococci, 
the HA capsules are major virulence factors in natural and 
experimental infections. Group A Streptococcus are respon 
sible for numerous human diseases including pharyngitis, 
impetigo, deep tissue infections, rheumatic fever and a toxic 
shock-like syndrome. The Group C Streptococcus equisini 
lis is responsible for osteomyelitis, pharyngitis, brain 
abscesses, and pneumonia. 

0009 Structurally, HA is a high molecular weight linear 
polysaccharide of repeating disaccharide units consisting of 
N-acetylglucosamine (GlcNAc) and glucuronic acid 
(GlcUA). The number of repeating disaccharides in an HA 
molecule can exceed 30,000, a M-107. HA is the only 
glycosaminogylcan synthesized by both mammalian and 
bacterial cells, particularly Groups A and C Streptococci and 
Type A Pasteurella multocida. These strains make HA which 
is secreted into the medium as well as HA capsules. The 
mechanism by which these bacteria synthesize HA is of 
broad interest medicinally since the production of the HA 
capsule is a very efficient and clever way that Streptococci 
use to evade Surveillance by the immune system. Addition 
ally, organic or inorganic molecules coated with HA have 
properties allowing them to escape detection and destruction 
by a host’s immune system. 

0010 HA is synthesized by mammalian and bacterial 
cells by the enzyme hyaluronate synthase which has been 
localized to the plasma membrane. It is believed that the 
synthesis of HA in these organisms is a multi-step process. 
Initiation involves binding of an initial precursor, UDP 
GlcNAc or UDP-GlcUA. This is followed by elongation 
which involves alternate addition of the two sugars to the 
growing oligosaccharide chain. The growing polymer is 
extruded across the plasma membrane region of the cell and 
into the extracellular space. Although the HA biosynthetic 
system was one of the first membrane heteropolysaccharide 
synthetic pathways studied, the mechanism of HA synthesis 
is still not well understood. This may be because in vitro 
systems developed to date are inadequate in that de novo 
biosynthesis of HA has not been accomplished. 

0011. The direction of HA polymer growth is still a 
matter of disagreement among those of ordinary skill in the 
art. Addition of the monosaccharides could be to the reduc 
ing or nonreducing end of the growing HA chain. Further 
more, questions remain concerning (i) whether nascent 
chains are linked covalently to a protein, to UDP or to a lipid 
intermediate, (ii) whether chains are initiated using a primer, 
and (iii) the mechanism by which the mature polymer is 
extruded through the plasma membrane of the Streptococ 
cus. Understanding the mechanism of HA biosynthesis may 
allow development of alternative strategies to control Strep 
tococcal and Pasteurella infections by interfering in the 
process. 

0012 HA has been identified in virtually every tissue in 
vertebrates and has achieved widespread use in various 
clinical applications, most notably and appropriately as an 
intra-articular matrix Supplement and in eye Surgery. The 
scientific literature has also shown a transition from the 
original perception that HA is primarily a passive structural 
component in the matrix of a few connective tissues and in 
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the capsule of certain strains of bacteria to a recognition that 
this ubiquitous macromolecule is dynamically involved in 
many biological processes: from modulating cell migration 
and differentiation during embryogenesis to regulation of 
extracellular matrix organization and metabolism to impor 
tant roles in the complex processes of metastasis, wound 
healing, and inflammation. Further, it is becoming clear that 
HA is highly metabolically active and that cells focus much 
attention on the processes of its synthesis and catabolism. 
For example, the half-life of HA in tissues ranges from 1 to 
3 weeks in cartilage to <1 day in epidermis. HA is also used 
in numerous technical applications (e.g., lubricating com 
pounds), cosmetics and neutraceuticals. 
0013. It is now clear that a single protein utilizes both 
Sugar Substrates to synthesize HA, i.e., that HA synthases are 
single enzymes that have dual catalytic properties. The 
abbreviation HAS, for HA synthase, has gained widespread 
Support for designating this class of enzymes. Markovitz et 
al. successfully characterized the HAS activity from Strep 
tococcus pyogenes and discovered the enzymes’s membrane 
localization and its requirements for Sugar nucleotide pre 
cursors and Mg". Prehm found that elongating HA, made 
by B6 cells, was digested by hyaluronidase added to the 
medium and proposed that HAS resides at the plasma 
membrane. Philipson and Schwartz also showed that HAS 
activity cofractionated with plasma membrane markers in 
mouse oligodendroglioma cells. 

0014 HAS assembles high MHA that is simultaneously 
extruded through the membrane into the extracellular space 
(or to make the cell capsule in the case of bacteria) as 
glycosaminoglycan synthesis proceeds. This mode of bio 
synthesis is unique among macromolecules since nucleic 
acids, proteins, and lipids are synthesized in the nucleus, 
endoplasmic reticulum/Golgi, cytoplasm, or mitochondria. 
The extrusion of the growing chain into the extracellular 
space also allows for unconstrained polymer growth, 
thereby achieving the exceptionally large size of HA, 
whereas confinement of synthesis within a Golgi or post 
Golgi compartment limits the overall amount or length of 
the polymers formed. High concentrations of HA within a 
confined lumen may also create a high viscosity environ 
ment that might be deleterious for other organelle functions. 
0.015 Several studies have attempted to solubilize, iden 

tify, and purify HAS from strains of Streptococci that make 
a capsular coat of HA as well as from eukaryotic cells. 
Although the streptococcal and murine oligodendroglioma 
enzymes were Successfully detergent-solubilized and stud 
ied, efforts to purify an active HAS for further study or 
molecular cloning remained unsuccessful for decades. 
Prehm and Mausolf used periodate-oxidized UDP-GlcUA or 
UDP-GlcNAc to affinity label a protein of -52 kDa in 
streptococcal membranes that co-purified with HAS. This 
led to a report claiming that the Group C streptococcal HAS 
had been cloned, which was unfortunately erroneous. This 
study failed to demonstrate expression of an active synthase 
and may have actually cloned a peptide transporter. Triscoft 
and van de Rijn used digitonin to solubilize HAS from 
streptococcal membranes in an active form. Van de Rijn and 
Drake selectively radiolabeled three streptococcal mem 
brane proteins of 42, 33, and 27 kDa with 5-azido-UDP 
GlcUA and suggested that the 33-kDa protein was HAS. As 
shown later, however, HAS actually turned out to be the 
42-kDa protein. 
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0016 Despite these efforts, progress in understanding the 
regulation and mechanisms of HA synthesis was essentially 
stalled, since there were no molecular probes for HAS 
mRNA or HAS protein. A major breakthrough occurred in 
1993 when DeAngelis et al. reported the molecular cloning 
and characterization of the Group A Streptococcal gene 
encoding the protein HaSA. This gene was known to be part 
of an operon required for bacterial HA synthesis, although 
the function of this protein, which is now designated as 
spHAS (the S. pyogenes HAS), was unknown. SpHAS was 
Subsequently proven to be responsible for HA elongation 
and was the first glycosaminoglycan synthase identified and 
cloned and then Successfully expressed. The S. pyogenes HA 
synthesis operon encodes two other proteins. Hasb is a 
UDP-glucose dehydrogenase, which is required to convert 
UDP-glucose to UDP-GlcUA, one of the substrates for HA 
synthesis. HasC is a UDP-glucose pyrophosphorylase, 
which is required to convert glucose 1-phosphate and UTP 
to UDP-glucose. Co-transfection of both has.A and hasE 
genes into either acapsular Streptococcus strains or Enteroc 
cus faecalis conferred them with the ability to synthesize HA 
and form a capsule. This provided the first strong evidence 
that spHAS (has.A) was an HA synthase. 

0017. The elusive HA synthase gene was finally cloned 
by a transposon mutagenesis approach, in which an acap 
Sular mutant Group A Strain was created containing a 
transposon interruption of the HA synthesis operon. Known 
sequences of the transposon allowed the region of the 
junction with streptococcal DNA to be identified and then 
cloned from wild-type cells. The encoded spHAS was 
5-10% identical to a family of yeast chitin synthases and 
30% identical to the Xenopus laevis protein DG42 (devel 
opmentally expressed during gastrulation), whose function 
was unknown at the time. DeAngelis and Weigel expressed 
the active recombinant spHAS in Escherichia coli and 
showed that this single purified gene product synthesizes 
high M. HA when incubated in vitro with UDP-GlcUA and 
UDP-GlcNAc, thereby showing that both glycosyltrans 
ferase activities required for HA synthesis are catalyzed by 
the same protein, as first proposed in 1959. Utilizing the 
knowledge that (i) SpHAS was a dual action single enzyme, 
and (ii) the areas of sequence homology between the SpHAS, 
chitin synthase, and DG42, the almost simultaneous identi 
fication of eukaryotic HAS clNAs in 1996 by four labora 
tories, further strengthened the inventor's protein hypothesis 
that HAS is a multigene family encoding distinct isozymes. 
Two genes (HAS1 and HAS2) were quickly discovered in 
mammals, and a third gene HAS3 was later discovered. A 
second streptococcal SeHAS or Streptococcus equisimilis 
hyaluronate synthase, was identified and is disclosed in 
detail in U.S. Ser. No. 09/469,200, filed Dec. 21, 1999, the 
contents of which are expressly incorporated herein in their 
entirety by reference. The seHAS protein has a high level of 
identity (approximately 70 percent) to the spHAS enzyme. 
This identity, however, is interesting because the seHAS 
gene does not cross-hybridize to the spHAS gene. 

0018 Membranes prepared from E. coli expressing 
recombinant seHAS synthesize HA when both substrates are 
provided. The results confirm that the earlier report of 
Lansing et al., claiming to have cloned the Group C HAS 
was wrong. Unfortunately, several Studies have employed 
antibodies to this uncharacterized 52-kDa streptococcal pro 
tein to investigate what was believed to be eukaryotic HAS. 
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0.019 Itano and Kimata used expression cloning in a 
mutant mouse mammary carcinoma cell line, unable to 
synthesize HA, to clone the first putative mammalian HAS 
cDNA (mm HAS1). Subclones defective in HA synthesis fell 
into three separate classes that were complementary for HA 
synthesis in Somatic cell fusion experiments, Suggesting that 
at least three proteins are required. Two of these classes 
maintained some HA synthetic activity, whereas one showed 
none. The latter cell line was used in transient transfection 
experiments with cDNA prepared from the parental cells to 
identify a single protein that restored HA synthetic activity. 
Sequence analyses revealed a deduced primary structure for 
a protein of ~65 kDa with a predicted membrane topology 
similar to that of spHAS. mmHAS1 is 30% identical to 
spHAS and 55% identical to DG42. The same month this 
report appeared, three other groups Submitted papers 
describing cDNAs encoding what was initially thought to be 
the same mouse and human enzyme. However, through an 
extraordinary circumstance, each of the four laboratories 
had discovered a separate HAS isozyme in both species. 
0020. Using a similar functional cloning approach to that 
of Itano and Kimata, Shyan et al. identified the human 
homolog of HAS 1. A mesenteric lymph node cDNA library 
was used to transfect murine mucosal T lymphocytes that 
were then screened for their ability to adhere in a rosette 
assay. Adhesion of one transfectant was inhibited by antisera 
to CD44, a known cell Surface HA-binding protein, and was 
abrogated directly by pretreatment with hyaluronidase. 
Thus, rosetting by this transfectant required synthesis of HA. 
Cloning and sequencing of the responsible cDNA identified 
hsHAS1. Itano and Kimata also reported a human HAS1 
cDNA isolated from a fetal brain library. The hsHAS1 
cDNAs reported by the two groups, however, differ in 
length; they encode a 578 or a 543 amino acid protein. HAS 
activity has only been demonstrated for the longer form. 
0021 Based on the molecular identification of spHAS as 
an authentic HA synthase and regions of near identity among 
DG42, spHAS, and NodC (a B-GlcNAc transferase nodu 
lation factor in Rhizobium), Spicer et al. used a degenerate 
RT-PCR approach to clone amouse embryo cDNA encoding 
a second distinct enzyme, which is designated mmHAS2. 
Transfection of mmHAS2 cDNA into COS cells directed de 
novo production of an HA cell coat detected by a particle 
exclusion assay, thereby providing strong evidence that the 
HAS2 protein can synthesize HA. Using a similar approach, 
Watanabe and Yamaguchi screened a human fetal brain 
cDNA library to identify hsHAS2. Fulop et al. indepen 
dently used a similar strategy to identify mmHAS2 in RNA 
isolated from ovarian cumulus cells actively synthesizing 
HA, a critical process for normal cumulus oophorus expan 
sion in the pre-ovulatory follicle. Cumulus cell-Oocyte com 
plexes were isolated from mice immediately after initiating 
an ovulatory cycle, before HA synthesis begins, and at later 
times when HA synthesis is just beginning (3h) or already 
apparent (4 h). RT-PCR showed that HAS2 mRNA was 
absent initially but expressed at high levels 34 h later 
Suggesting that transcription of HAS2 regulates HA synthe 
sis in this process. Both hsHAS2 are 552 amino acids in 
length and are 98% identical. mmHAS1 is 583 amino acids 
long and 95% identical to hshAS1, which is 578 amino 
acids long. 
0022. Most recently Spicer et al. used a PCR approach to 
identify a third HAS gene in mammals. The mmHAS3 
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protein is 554 amino acids long and 71, 56, and 28% 
identical, respectively, to mmHAS1, mmHAS2, DG42, and 
spHAS. Spicer et al. have also localized the three human and 
mouse genes to three different chromosomes (HAS1 to 
hsChr 19/mmChr 17; HAS2 to hisChr8/mmChr15; HAS3 to 
hsChr 16/mmChr8). Localization of the three HAS genes on 
different chromosomes and the appearance of HA through 
out the vertebrate class Suggest that this gene family is 
ancient and that isozymes appeared by duplication early in 
the evolution of vertebrates. The high identity (-30%) 
between the bacterial and eukaryotic HASs also suggests 
that the two had a common ancestral gene. Perhaps primitive 
bacteria usurped the HAS gene from an early vertebrate 
ancestor before the eukaryotic gene products became larger 
and more complex. Alternatively, the bacteria could have 
obtained a larger vertebrate HAS gene and deleted regula 
tory sequences nonessential for enzyme activity. 
0023 The discovery of X. laevis DG42 by Dawid and 
co-workers played a significant role in these recent devel 
opments, even though this protein was not known to be an 
HA synthase. Nonetheless, that DG42 and spHAS were 30% 
identical was critical for designing oligonucleotides that 
allowed identification of mammalian HAS2. Ironically, 
definitive evidence that DG42 is a bona fide HA synthase 
was reported only after the discoveries of the Mammalian 
isozymes, when DeAngelis and Achyuthan expressed the 
recombinant protein in yeast (an organism that cannot syn 
thesize HA) and showed that it synthesizes HA when 
isolated membranes are provided with the two substrates. 
Meyer and Kreil also showed that lysates from cells trans 
fected with cDNA for DG42 synthesize elevated levels of 
HA. Now that its function is known, DG42 can, therefore, be 
designated XIHAS. 
0024. There are common predicted structural features 
shared by all the HAS proteins, including a large central 
domain and clusters of 2-3 transmembrane or membrane 
associated domains at both the amino and carboxyl ends of 
the protein. The central domain, which comprises up to 
-88% of the predicted intracellular HAS protein sequences, 
probably contains the catalytic regions of the enzyme. This 
predicted central domain is 264 amino acids long in SpHAS 
(63% of the total protein) and 307-328 residues long in the 
eukaryotic HAS members (54-56% of the total protein). The 
exact number and orientation of membrane domains and the 
topological organization of extracellular and intracellular 
loops have not yet been experimentally determined for any 
HAS. 

0.025 spHAS is a HAS family member that has been 
purified and partially characterized. Initial studies using 
spHAS/alkaline phosphatase fusion proteins indicate that 
the N terminus, C terminus, and the large central domain of 
spHAS are, in fact, inside the cell. SpHAS has 6 cysteines, 
whereas HAS1, HAS2, and HAS3 have 13, 14 and 14 Cys 
residues, respectively. Two of the 6 Cys residues in spHAS 
are conserved and identical in HAS1 and HAS2. Only one 
conserved Cys residue is found at the same position (Cys 
225 in spHAS) in all the HAS family members. This may be 
an essential Cys whose modification by Sulfhydryl poisons 
partially inhibits enzyme activity. The possible presence of 
disulfide bonds or the identification of critical Cys residues 
needed for any of the multiple HAS functions noted below 
has not yet been elucidated for any members of the HAS 
family. 
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0026. In addition to the proposed unique mode of syn 
thesis at the plasma membrane, the HAS enzyme family is 
highly unusual in the large number of functions required for 
the overall polymerization of HA. At least six discrete 
activities are present within the HAS enzyme: binding sites 
for each of the two different sugar nucleotide precursors 
(UDP-GlcNAc and UDP-GlcUA), two different glycosyl 
transferase activities, one or more binding sites that anchor 
the growing HA polymer to the enzyme (perhaps related to 
a B- X-B motif), and a ratchet-like transfer mechanism 
that moves the growing polymer one or two Sugars at a time. 
This later activity is likely coincident with the stepwise 
advance of the polymer through the membrane. All of these 
functions, and perhaps others as yet unknown, are present in 
a relatively small protein ranging in size from 419 (spHAS) 
to 588 (XHAS) amino acids. 
0027) Although all the available evidence supports the 
conclusion that only the spHAS protein is required for HA 
biosynthesis in bacteria or in vitro, it is possible that the 
larger eukaryotic HAS family members are part of multi 
component complexes. Since the eukaryotic HAS proteins 
are ~40% larger than spHAS, their additional protein 
domains could be involved in more elaborate functions. Such 
as intracellular trafficking and localization, regulation of 
enzyme activity, and mediating interactions with other cel 
lular components. 
0028. The unexpected finding that there are multiple 
vertebrate HAS genes encoding different synthases strongly 
Supports the emerging consensus that HA is an important 
regulator of cell behavior and not simply a structural com 
ponent in tissues. Thus, in less than six months, the field 
moved from one known, cloned HAS (spHAS) to recogni 
tion of a multigene family that promises rapid, numerous, 
and exciting future advances in our understanding of the 
synthesis and biology of HA. 
0029. For example, disclosed hereinafter are the 
sequences of HAS genes from Pasteurella multocida, Para 
mecium bursaria Chlorella virus (PBCV-1), Streptococcus 
pyogenes, Streptococcus uberis, Sulfolobus solfataricus, 
Bacillus anthracis plasmid pXO1, and Ectocarpus siliculo 
sus virus. The presence of hyaluronan synthase in these 
systems and the purification and use of the hyaluronan 
synthase from these different systems indicates an ability to 
purify and isolate nucleic acid sequences encoding enzy 
matically active hyaluronan synthase in many different 
prokaryotic and viral sources, indeed, from microbial 
Sources in general. 
0030 Group C Streptococcus equisimilis strain D181 
synthesizes and secretes hyaluronic acid (HA). Investigators 
have used this strain and Group A Streptococcus pyogenes 
strains, such as S43 and A111, to study the biosynthesis of 
HA and to characterize the HA-synthesizing activity in 
terms of its divalent cation requirement, precursor (UDP 
GlcNAc and UDP-GlcUA) utilization, and optimum pH. 
0031 Traditionally, HA has been prepared commercially 
by isolation from either rooster combs or extracellular media 
from Streptococcal cultures. One method which has been 
developed for preparing HA is through the use of cultures of 
HA-producing Streptococcal bacteria. U.S. Pat. No. 4,517, 
295, incorporated by reference herein in its entirety, 
describes such a procedure wherein HA-producing Strepto 
cocci are fermented under anaerobic conditions in a CO 
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enriched growth medium. Under these conditions, HA is 
produced and can be extracted from the broth. It is generally 
felt that isolation of HA from rooster combs is laborious and 
difficult, since one starts with HA in a less pure state. The 
advantage of isolation from rooster combs is that the HA 
produced is of higher molecular weight. However, prepara 
tion of HA by bacterial fermentation is easier, since the HA 
is of higher purity to start with. Usually, however, the 
molecular weight of HA produced in this way is smaller than 
that from rooster combs. Additionally, HA prepared by 
Streptococcal fermentation oftentimes elicits immune 
responses as does HA obtained from rooster combs. There 
fore, a technique that allows for the production of high 
molecular weight HA by bacterial fermentation is a distinct 
improvement over existing procedures. 
0032. As mentioned previously, high molecular weight 
HA has a wide variety of useful applications—ranging from 
cosmetics to eye Surgery. Due to its potential for high 
viscosity and its high biocompatibility, HA finds particular 
application in eye Surgery as a replacement for vitreous 
fluid. HA has also been used to treat racehorses for traumatic 
arthritis by intra-articular injections of HA, in shaving cream 
as a lubricant, and in a variety of cosmetic products due to 
its physiochemical properties of high viscosity and its ability 
to retain moisture for long periods of time. In fact, in August 
1997 the U.S. Food and Drug Agency approved the use of 
high molecular weight HA in the treatment of severe arthritis 
through the injection of Such high molecular weight HA 
directly into the affected joints. In general, the higher the 
molecular weight of HA that is employed the better. This is 
because HA solution viscosity increases with the average 
molecular weight of the individual HA polymer molecules in 
the solution. Unfortunately, very high molecular weight HA, 
such as that ranging up to 107, has been difficult to obtain 
by currently available isolation procedures. The recombi 
nant methods of production disclosed herein, however, 
allow for the production of HA having a molecular weight 
of up to 107 and greater. 
0033. To address these or other difficulties, there is a need 
for new methods and constructs that can be used to produce 
HA having one or more improved properties such as greater 
purity or ease of preparation. In particular, there is a need to 
develop methodology for the production of larger amounts 
of relatively high molecular weight and relatively pure HA 
than is currently commercially available. There is yet 
another need to be able to develop methodology for the 
production of HA having a modified size distribution 
(HAA) as well as HA having a modified structure 
(HAamod). 
0034 Industrial enzyme production is a S1.5 billion per 
year business, and seventy percent of these products are 
produced from Bacillus species. The advantage of using an 
expression system effective in Bacillus strains is that Bacil 
lus is an effective secretor of proteins, and therefore substi 
tution of Bacillus for E. coli or yeast in processes for the 
production of genetically-engineered proteins yields an 
enhanced secretion of the protein in question. Bacillus 
strains are also “Generally Recognized As Safe' or "GRAS 
micro-organisms, as opposed to other commonly used bac 
terial Strains, such as E. coli. Bacillus has long been used in 
the food and drink industry and in the production of anti 
biotics. One advantage of Bacillus is that it does not contain 
pyrogenic Substances or produce toxins. There is extensive 
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industrial experience in using Bacillus in fermentations, 
Such as in the production of detergent proteases and alpha 
amylase. 

0035. The present invention addresses one or more short 
comings in the art. Using recombinant DNA technology, 
methods of producing enzymatically active HAS in a Bacil 
lus cell into which a purified nucleic acid segment having a 
coding region encoding enzymatically active HAS has been 
introduced is disclosed and claimed in conjunction with the 
preparation of recombinant Bacillus cells which produce 
HAS and its hyaluronic acid product. 

BRIEF SUMMARY OF THE INVENTION 

0036) The present invention involves the application of 
recombinant DNA technology to solving one or more prob 
lems in the art of hyaluronic acid (HA) preparation. These 
problems are addressed through the isolation and use of a 
nucleic acid segment having a coding region encoding an 
enzymatically active hyaluronate synthase (HAS) gene, a 
gene responsible for HA chain biosynthesis, such as a HAS 
gene from Group A or C Streptococcus, Pasteurella multo 
cida, Sulfolobus solfataricus, and Ectocarpus siliculosus 
virus. The HAS gene disclosed herein were cloned from 
DNA of an appropriate microbial source and engineered into 
useful recombinant constructs which were introduced into a 
Bacillus cell for the preparation of HA and for the prepara 
tion of large quantities of the HAS enzyme itself. 
0037. The terms "hyaluronic acid synthase”, “hyalur 
onate synthase”, “hyaluronan synthase' and “HA synthase'. 
are used interchangeably to describe an enzyme that poly 
merizes a glycosaminoglycan polysaccharide chain com 
posed of alternating glucuronic acid and N-acetylglu 
cosamine sugars, B 1.3 and B 1.4 linked. The term “seHAS’. 
for example, describes the HAS enzyme derived from Strep 
tococcus equisimilis, wherein expression of the gene encod 
ing the seHAS enzyme correlates with virulence of Strep 
tococcal Group A and Group C strains by providing a means 
of escaping phagocytosis and immune Surveillance. 
0038. The present invention concerns the isolation and 
characterization of hyaluronate or hyaluronic acid synthase 
genes, cDNAS, and gene products (HAS), as may be used for 
the polymerization of glucuronic acid and N-acetylglu 
cosamine into the glycosaminoglycan hyaluronic acid. The 
present invention identifies the HAS locus and discloses the 
nucleic acid sequences which encode for enzymatically 
active HAS genes from Streptococcus equisimilis, Strepto 
coccus pyogenes, Streptococcus uberis, Pasteurella multo 
cida, Sulfolobus solfactaricus, Bacillus anthracis pXO1, and 
Ectocarpus siliculosus virus. The HAS genes also provides 
new probes to assess the potential of bacterial specimens to 
produce hyaluronic acid. 
0.039 Through the application of techniques and knowl 
edge set forth herein, those of skill in the art will be able to 
obtain additional nucleic acid segments encoding HAS 
genes. As those of skill in the art will recognize, in light of 
the present disclosure, these advantages provide significant 
utility in being able to control the expression of the HAS 
gene and control the nature of the HAS gene product, the 
HAS enzyme, that is produced. 

0040 Accordingly, the invention is directed to the isola 
tion of a purified nucleic acid segment which has a coding 
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region encoding enzymatically active HAS, whether it be 
from prokaryotic or eukaryotic sources. This is possible 
because the enzyme, and indeed the gene, is one found in 
both eukaryotes and some prokaryotes. Eukaryotes are also 
known to produce HA and thus have HA synthase genes that 
can be employed in connection with the invention. 
0041 HA synthase-encoding nucleic acid segments of 
the present invention are defined as being isolated free of 
total chromosomal or genomic DNA such that they may be 
readily manipulated by recombinant DNA techniques. 
Accordingly, as used herein, the phrase “a purified nucleic 
acid segment” refers to a DNA segment isolated free of 
unrelated chromosomal or genomic DNA and retained in a 
state rendering it useful for the practice of recombinant 
techniques, such as DNA in the form of a discrete isolated 
DNA fragment, or a vector (e.g., plasmid, phage or virus) 
incorporating Such a fragment. 

0042. The present invention comprises a recombinant 
host cell, wherein the recombinant host cell is a Bacillus cell 
comprising a recombinant vector comprising a purified 
nucleic acid segment having a coding region encoding 
enzymatically active hyaluronan synthase of SEQID NO:2. 
10, 12, 14, 16, 18 or 20. The purified nucleic acid segment 
may comprise a nucleotide sequence in accordance with 
SEQ ID NO:1. 9, 11, 13, 15, 17 or 19. The recombinant 
vector may be introduced into the Bacillus cell by at least 
one of transformation, transfection, transduction, and elec 
troporation. 

0043. The coding region described herein above may be 
under the control of a promoter, such as a Gram-positive 
compatible promoter or a Bacillus-compatible promoter. 
The recombinant host cell may also include at least one 
modified RNA polymerase promoter wherein, when the 
modified RNA polymerase promoter is recognized by an 
RNA polymerase, the RNA polymerase is capable of 
expressing RNA in an amount greater than an endogenous 
RNA polymerase promoter. Such modification may be a 
mutation or the presence of tandem promoter elements, 
which may be the same or different promoter elements. In 
addition, the recombinant host cell may further include at 
least one additional mRNA stabilizing or destabilizing ele 
ment than is found in a native Bacillus cell. 

0044) The Bacillus cell may have enhanced production of 
at least one of UDP-GlcUA and UDP-GlcNAc. Optionally, 
the recombinant host cell may further have at least one 
purified nucleic acid segment having a coding region encod 
ing a functionally active enzyme in a UDP-Sugar precursor 
pathway enzyme. Such as an enzymatically active UDP 
GlcUA biosynthetic pathway enzyme selected from the 
group consisting of UDP-glucose dehydrogenase, UDP 
glucose pyrophosphorylase, and combinations thereof. Such 
purified nucleic acid segment may be provided on the 
above-described recombinant vector or may be provided on 
a different recombinant vector. When provided on the same 
vector, the two coding regions may be under the control of 
at least one copy of at least one promoter or under the control 
of different promoters. The presence of the at least one 
nucleic acid segment encoding a UDP-Sugar precursor bio 
synthesis pathway enzyme will provide the recombinant 
host cell with an activity greater than a native host cell 
expressing an endogenous UDP-Sugar precursor biosynthe 
sis pathway enzyme. 
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0045. In a further alternative, the recombinant host cell 
may include at least one mutated UDP-Sugar precursor 
biosynthesis gene, wherein the mutation increases the half 
life of a mRNA transcribed therefrom, encodes a mRNA 
having an increased translational efficiency or occurs in a 
ribosome binding site in the UDP-sugar precursor biosyn 
thesis gene Such that a ribosome has an increased binding 
affinity for the ribosome binding site. 
0046) The present invention further comprises a method 
of producing hyaluronic acid, which comprises constructing 
the recombinant host cell described herein above by intro 
ducing the purified nucleic acid segment(s) described herein 
above and growing the recombinant host cell in a medium to 
secrete hyaluronic acid. The Bacillus host may be grown at 
a temperature in the range of from about 25°C. to about 42 
C. in chemically defined media, complex media or a medium 
containing glucose and at least one of N-acetylglucosamine 
and glucosamine. The secreted hyaluronic acid is then 
recovered, and the recovered hyaluronic acid may further be 
extracted from the medium and then purified. For example, 
the hyaluronic acid may be separated from cells and debris 
by at least one of filtration, centrifugation and flocculation, 
followed by concentrating the hyaluronic acid and then 
separated the concentrated hyaluronic acid from the medium 
by at least one method selected from the group consisting of 
precipitation, ultrafiltration and dialysis. This separation 
may further include the addition of trichloroacetic acid, 
which facilitates in separating cells and debris from the 
hyaluronic acid. The precipitation agent may be at least one 
of an alcohol, an organic solvent or compound and an 
aliphatic positively-charged salt, and may be selected from 
the group consisting of ethanol, isopropanol, acetone, cetyl 
triammonium bromide or cetyl pyridinium chloride. 
0047 The present invention further comprises hyaluronic 
acid prepared by the methods described herein above. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWINGS 

0.048 FIG. 1 depicts that cross hybridization between 
seHAS and spHAS genes does not occur. The Group A probe 
used in lanes 1 and 2 only hybridizes with Group A DNA 
(lane 2) while the Group C probe used in lanes 3 and 4 only 
hybridizes with lane 3. 
0049 FIG. 2 figuratively depicts the relatedness of 
seHAS to the bacterial, viral and eukaryotic HAS proteins. 
0050 FIG. 3 figuratively depicts possible evolutionary 
relationships and similarities among some of the known 
hyaluronan synthases. 

0051 FIG.4 depicts the HA size distribution produced by 
various engineered Streptococcal HAS enzymes. 
0.052 FIG. 5 figuratively depicts the overexpression of 
recombinant seHAS and spHAS in E. coli. 
0053 FIG. 6 depicts recombinant HA production in 
Bacillus subtilis and Bacillus licheniformis. Digital image of 
an agarose gel stained for hyaluronan. Different bacterial 
species were transformed with the indicated plasmids con 
taining the hasB gene and either a functional hasA gene 
(pPD41A5) or a nonfunctional hasA gene (pPD41AEcoRV). 
Each lane represents an independent colony seeded into 
fresh growth medium and all cultures were harvested at the 
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same time. The Absorbance at 600 nm when the cultures 
were harvested is noted at the bottom. Medium was removed 
after centrifugation of cells and analyzed by agarose gel 
electrophoresis. HA was demonstrated by the dark staining 
with StainsAll. In a separate experiment virtually all the 
stained material produced by the transformed bacteria was 
removed by treatment with the specific hyaluronic acid 
lyase, confirming that the material is HA. The bacterial 
strains containing pPD41AEcoRV should not be able to 
make HA and they were all, in fact, negative. The B. 
licheniformis cultures also demonstrated HA production. 
0054 FIG. 7 depicts purification of Streptococcal HA 
synthase. 
0.055 FIG. 8 depicts a gel filtration analysis of HA 
synthesized by recombinant streptococcal HAS expressed in 
yeast membranes. 
0056 FIG. 9 is a Western blot analysis of recombinant 
SeHAS using specific antibodies. 
0057 FIG. 10 is a kinetic analysis of the HA size distri 
butions produced by recombinant seHAS and spHAS. 
0058 FIG. 11 graphically depicts the hydropathy plots 
for seHAS and predicted membrane associated regions. 
0059 FIG. 12 is a graphical model for the topologic 
organization of SeHAS in the membrane. 
0060 FIG. 13 is a demonstration of the synthesis of 
authentic HA by the recombinant seHAS. 
0061 FIG. 14 depicts the recognition of nucleic acid 
sequences encoding seHAS, encoding SpHAS, or encoding 
both seHAS and spHAS using specific oligonucleotides and 
PCR. 

0062 FIG. 15 depicts oligonucleotides used for specific 
PCR hybridization. 
0063 FIG. 16A is a plot depicting recombinant HA 
production in live Bacillus subtilis by comparing HA pro 
duction by Bacillus subtilis 168 (pSM143 vector alone) to a 
Bacillus subtilis 168 (pSM143 containing seHAS). FIG. 
16B is an enlargement of a section of the plot in FIG. 16A. 
0064 FIG. 17A is a plot depicting nutritional control of 
recombinant HA size distribution produced by spHAS in 
live Bacillus subtilis. 

0065 FIG. 17B is a plot depicting recombinant HA 
production in live Bacillus subtilis 168 compared to Bacillus 
subtilis that contains vector alone. 

0.066 FIGS. 18A and 18B are photomicrographs of 
recombinant E. coli. In FIG. 18A, India ink staining (1,000x 
magnification) reveals that E. coli K5 cells with pPmHAS 
produce a Substantial capsule that appears as a white halo 
around the cells. In FIG. 18B, the capsular material could be 
removed from the E. coli K5(pPmHAS) cells by brief 
treatment with Streptomyces HA lyase. PmHAS directs 
polymerization of the HA polysaccharide. 

0067 FIG. 19 is a schematic model of GAG biosynthesis 
in Gram positive and Gram negative bacteria. 
0068 FIG. 20 is an agarose gel demonstrating the PCR 
amplification of the HAS gene from Streptococcus uberis. 
Genomic DNA was prepared from four separate mucoid 
colonies of S. uberis (lanes 2-5) and subjected to PCR using 
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primers designed to amplify the entire coding region. The 5' 
(forward) primer, which contains 5' BamHI and pstI restric 
tion enzyme sites (italics), was: AGGATCCGAATTCATG 
GAA AAA CTA AAA AAT CTC. The 3' (reverse) primer, 
which contains 5' EcoRI and pstI sites (italics), was: 
AGAATTCTGCAG TTA TTT ACT TGT CTTTTT ACG. 
Reaction products were analyzed by agarose gel electro 
phoresis, stained with ethidium bromide and a digital image 
was prepared. In each sample, a band was apparent at the 
expected size of ~1.25 kb (indicated by the arrow) corre 
sponding to the complete reading frame of SuHAS plus the 
added restriction sites. Lane 1 contains a HindIII digest of 
lambda DNA as a set of standards or markers. 

0069 FIG. 21 depicts HA synthase activity from Strep 
tococcus pyogenes, Streptococcus equisimilis, and Strepto 
coccus uberis. HA synthesis activity was measured (for 5-12 
ug membrane protein) by the incorporation of ''CUDP 
GlcUA into HA using a paper chromatography assay. 

DETAILED DESCRIPTION OF THE 
INVENTION 

0070 Before explaining at least one embodiment of the 
invention in detail, it is to be understood that the invention 
is not limited in its application to the details of construction 
and the arrangement of the components set forth in the 
following description or illustrated in the drawings. The 
invention is capable of other embodiments or of being 
practiced or carried out in various ways. Also, it is to be 
understood that the phraseology and terminology employed 
herein is for purpose of description and should not be 
regarded as limiting. 

0071. As used herein, the term “nucleic acid segment' 
and “DNA segment” are used interchangeably and refer to a 
DNA molecule which has been isolated free of total genomic 
DNA of a particular species. Therefore, a “purified DNA or 
nucleic acid segment as used herein, refers to a DNA 
segment which contains a Hyaluronate Synthase (“HAS) 
coding sequence yet is isolated away from, or purified free 
from, unrelated genomic DNA of the source cell. Included 
within the term “DNA segment', are DNA segments and 
Smaller fragments of Such segments, and also recombinant 
vectors, including, for example, plasmids, cosmids, phage, 
viruses, and the like. 
0072 Similarly, a DNA segment comprising an isolated 
or purified HAS gene refers to a DNA segment including 
HAS coding sequences isolated Substantially away from 
other naturally occurring genes or protein encoding 
sequences. In this respect, the term 'gene' is used for 
simplicity to refer to a functional protein, polypeptide or 
peptide encoding unit. As will be understood by those in the 
art, this functional term includes genomic sequences, cDNA 
sequences or combinations thereof. “Isolated Substantially 
away from other coding sequences' means that the gene of 
interest, in this case HAS, forms the significant part of the 
coding region of the DNA segment, and that the DNA 
segment does not contain large portions of naturally-occur 
ring coding DNA, such as large chromosomal fragments or 
other functional genes or DNA coding regions. Of course, 
this refers to the DNA segment as originally isolated, and 
does not exclude genes or coding regions later added to, or 
intentionally left in the segment by the hand of man. 
0073. Due to certain advantages associated with the use 
of prokaryotic sources, one will likely realize the most 
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advantages upon isolation of the HAS gene from prokary 
otes. In particular, one may choose to utilize a Class I or 
Class II HAS, such as a Class I HAS from S. equisimilis or 
S. pyogenes, or a Class II HAS from P. multocida. 
0074 Streptococcus is subdivided taxonomically into 
Lancefield Groups based on different cell wall carbohydrate 
antigens. There are 18 distinct groups, but the most common 
pathogens are A, B, C and D. Historically, the most common 
pathogens are also often given specific species names, but 
the unified Lancefield testing method is recognized as being 
a clear method of typing and thus a useful classification 
scheme. Streptococcus species that may be utilized as the 
Source of the HAS gene include Group A Streptococcus, 
Such as S. pyogenes and S. haemolyticus, and Group C 
Streptococcus, such as S. equi, S. equisimilis, S. Zooepi 
demicus, S. uberis and S. dysgalactiae. 

0075 One such advantage of isolating the HAS gene 
from prokaryotes is that, typically, eukaryotic enzymes may 
require significant post-translational modifications that can 
only be achieved in a eukaryotic host. This will tend to limit 
the applicability of any eukaryotic HA synthase gene that is 
obtained. Moreover, those of ordinary skill in the art will 
likely realize additional advantages in terms of time and ease 
of genetic manipulation where a prokaryotic enzyme gene is 
sought to be employed. These additional advantages include 
(a) the ease of isolation of a prokaryotic gene because of the 
relatively small size of the genome and, therefore, the 
reduced amount of Screening of the corresponding genomic 
library, and (b) the ease of manipulation because the overall 
size of the coding region of a prokaryotic gene is signifi 
cantly smaller due to the absence of introns. Furthermore, if 
the product of the HAS gene (i.e., the enzyme) requires 
posttranslational modifications, these would best be 
achieved in a similar prokaryotic cellular environment (host) 
from which the gene was derived. 
0076 Preferably, DNA sequences in accordance with the 
present invention will further include genetic control regions 
which allow the expression of the sequence in a selected 
recombinant host. Of course, the nature of the control region 
employed will generally vary depending on the particular 
use (e.g., cloning host) envisioned. 

0077. In particular embodiments, the invention concerns 
isolated DNA segments and recombinant vectors incorpo 
rating DNA sequences and which encode a HAS gene, that 
includes within its amino acid sequence an amino acid 
sequence in accordance with at least one of SEQID NOS:2. 
10, 12, 14, 16, 18 and 20. Moreover, in other particular 
embodiments, the invention concerns isolated DNA seg 
ments and recombinant vectors incorporating DNA 
sequences which encode a gene that includes within its 
amino acid sequence the amino acid sequence of an HAS 
gene or DNA, and in particular to an HAS gene or cDNA, 
corresponding to at least one of Streptococcus equisimilis 
HAS, Streptococcus pyogenes HAS, Streptococcus uberis 
HAS, Pasteurella multocida HAS, Sulfolobus solfataricus 
HAS, Ectocarpus siliculosus virus HAS, and Bacillus 
anthracis plasmid pXO1 HAS. For example, where the 
DNA segment or vector encodes a full length HAS protein, 
or is intended for use in expressing the HAS protein, 
preferred sequences are those which are essentially as set 
forth in at least one of SEQID NOS:2, 10, 12, 14, 16, 18 and 
2O. 
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0078 Nucleic acid segments having HA synthase activity 
may be isolated by the methods described herein. The term 
“a sequence essentially as set forth in SEQID NO:X” means 
that the sequence Substantially corresponds to a portion of 
SEQID NO:X and has relatively few amino acids which are 
not identical to, or a biologically functional equivalent of 
the amino acids of SEQ ID NO:X. The term “biologically 
functional equivalent” is well understood in the art and is 
further defined in detail herein, as a gene having a sequence 
essentially as set forth in SEQ ID NO:X, and that is 
associated with the ability of prokaryotes to produce HA or 
a hyaluronic acid coat. 
0079 For instance, the sehAS and spHAS coding 
sequences are approximately 70% identical and rich in the 
bases adenine (A) and thymine (T). SeHAS base content is 
A-26.71%, C-19.13%, G-20.81%, and T-33.33% (A/T= 
60%), whereas spHAS is A-31.34%, C-16.42%, G-16.34%, 
and T-35.8% (A/T=67%). Those of ordinary skill in the art 
would be surprised that the seHAS coding sequence does not 
hybridize with the spHAS gene and vice versa, despite their 
being 70% identical. This unexpected inability to cross 
hybridize could be due to short interruptions of mismatched 
bases throughout the open reading frames. The inability of 
spHAS and seHAS to cross-hybridize is shown in FIG. 1. 
The longest stretch of identical nucleotides common to both 
the seHAS and the spHAS coding sequences is only 20 
nucleotides. In addition, the very A-T rich sequences will 
form less stable hybridization complexes than G-C rich 
sequences. Another possible explanation could be that there 
are several stretches of As or Ts in both sequences that could 
hybridize in a misaligned and unstable manner. This would 
put the seHAS and spHAS gene sequences out of frame with 
respect to each other, thereby decreasing the probability of 
productive hybridization. 

0080 Because of this unique phenomena of two genes 
encoding proteins which are 70% identical not being capable 
of cross-hybridizing to one another, it is beneficial to think 
of the claimed nucleic acid segment in terms of its function; 
i.e., a nucleic acid segment which encodes enzymatically 
active hyaluronate synthase. One of ordinary skill in the art 
would appreciate that a nucleic acid segment encoding 
enzymatically active hyaluronate synthase may contain con 
served or semi-conserved Substitutions to the sequences set 
forth in SEQ ID NOS: 1, 2 and 9-20 and yet still be within 
the scope of the invention. 
0081. In particular, the art is replete with examples of 
practitioners ability to make structural changes to a nucleic 
acid segment (i.e., encoding conserved or semi-conserved 
amino acid Substitutions) and still preserve its enzymatic or 
functional activity. See for example: (1) Risler et al. “Amino 
Acid Substitutions in Structurally. Related Proteins. A Pat 
tern Recognition Approach.” J. Mol. Biol. 204:1019-1029 
(1988) “ . . . according to the observed exchangeability of 
amino acid side chains, only four groups could be delin 
eated; (I) lie and Val; (ii) Leu and Met, (iii) Lys, Arg, and 
Gin, and (iv) Tyr and Phe.’”; (2) Niefind et al. “Amino Acid 
Similarity Coefficients for Protein Modeling and Sequence 
Alignment Derived from Main-Chain Folding Anoles. J. 
Mol. Biol. 219:481-497 (1991) similarity parameters allow 
amino acid substitutions to be designed; and (3) Overington 
et al. “Environment-Specific Amino Acid Substitution 
Tables: Tertiary Templates and Prediction of Protein Folds.” 
Protein Science 1:216-226 (1992) “Analysis of the pattern 
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of observed substitutions as a function of local environment 
shows that there are distinct patterns. . . . . Compatible 
changes can be made... the contents of each being expressly 
incorporated herein by reference in their entirety. 
0082 These references and countless others indicate that 
one of ordinary skill in the art, given a nucleic acid 
sequence, could make Substitutions and changes to the 
nucleic acid sequence without changing its functionality. 
Also, a Substituted nucleic acid segment may be highly 
identical and retain its enzymatic activity with regard to its 
unadulterated parent, and yet still fail to hybridize thereto. 
0083. The invention discloses nucleic acid segments 
encoding enzymatically active hyaluronate synthases, such 
as seHAS, spHAS, suHAS and pmHAS. Although seHAS 
and spHAS are 70% identical and both encode enzymati 
cally active hyaluronate synthase, they do not cross hybrid 
ize. Thus, one of ordinary skill in the art would appreciate 
that substitutions can be made to the seHAS nucleic acid 
segment listed in SEQ ID NO: 1 without deviating outside 
the scope and claims of the present invention. Standardized 
and accepted functionally equivalent amino acid substitu 
tions are presented in Table I. 

TABLE I 

Conservative and Semi 
Amino Acid Group Conservative Substitutions 

NonPolar R Groups Alanine, Valine, Leucine, Isoleucine, 
Proline, Methionine, Phenylalanine, 
Tryptophan 
Glycine, Serine, Threonine, Cysteine, 
Asparagine, Glutamine 
Aspartic Acid, Glutamic Acid 
Lysine, Arginine, Histidine 

Polar, but uncharged, R Groups 

Negatively Charged R Groups 
Positively Charged R Groups 

0084 Another preferred embodiment of the present 
invention is a purified nucleic acid segment that encodes a 
protein in accordance with SEQ ID NOS:2, 10, 12, 14, 16, 
18 or 20 further defined as a recombinant vector. As used 
herein, the term “recombinant vector” refers to a vector that 
has been modified to contain a nucleic acid segment that 
encodes an HAS protein, or fragment thereof. The recom 
binant vector may be further defined as an expression vector 
comprising a promoter operatively linked to said HAS 
encoding nucleic acid segment. 
0085. A further preferred embodiment of the present 
invention is a host cell, made recombinant with a recombi 
nant vector comprising an HAS gene. The preferred recom 
binant host cell may be a prokaryotic cell. In another 
embodiment, the recombinant host cell is a eukaryotic cell. 
As used herein, the term “engineered’ or “recombinant cell 
is intended to refer to a cell into which a recombinant gene, 
Such as a gene encoding HAS, has been introduced. There 
fore, engineered cells are distinguishable from naturally 
occurring cells which do not contain a recombinantly intro 
duced gene. Engineered cells are thus cells having a gene or 
genes introduced through the hand of man. Recombinantly 
introduced genes will either be in the form of a cDNA gene, 
a copy of a genomic gene, or will include genes positioned 
adjacent to a promoter not naturally associated with the 
particular introduced gene. 
0086. Where one desires to use a host other than Strep 
tococcus, as may be used to produce recombinant HA 
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synthase, it may be advantageous to employ a prokaryotic 
system Such as E. coli, Bacillus strains, Lactococcus sp., or 
even eukaryotic systems such as yeast or Chinese hamster 
ovary, African green monkey kidney cells, VERO cells, or 
the like. Of course, where this is undertaken it will generally 
be desirable to bring the HA synthase gene under the control 
of sequences which are functional in the selected alternative 
host. The appropriate DNA control sequences, as well as 
their construction and use, are generally well known in the 
art as discussed in more detail hereinbelow. For example, in 
a preferred embodiment, the host cell may be a Bacillus cell, 
such as a Bacillus subtilis or Bacillus licheniformis cell, and 
the vector introduced therein contains a Bacillus-compatible 
promoter to which the has gene is operably linked. 
0087. In a more preferred embodiment, the host cell is a 
Bacillus cell. Such as Bacillus alkalophilus, Bacillus amy 
loliquefaciens, Bacillus brevis, Bacillus circulans, Bacillus 
clausii, Bacillus coagulans, Bacillus firmus, Bacillus lautus, 
Bacillus lentus, Bacillus licheniformis, Bacillus metaterium, 
Bacillus pumilus, Bacillus Stearothermophilus, Bacillus sub 
tilis and Bacillus thuringienisis. 
0088. In preferred embodiments, the HA synthase-encod 
ing DNA segments further include DNA sequences, known 
in the art functionally as origins of replication or “repli 
cons', which allow replication of contiguous sequences by 
the particular host. Such origins allow the preparation of 
extrachromosomally localized and replicating chimeric seg 
ments or plasmids, to which HA synthase DNA sequences 
are ligated. In more preferred instances, the employed origin 
is one capable of replication in bacterial hosts suitable for 
biotechnology applications. However, for more versatility of 
cloned DNA segments, it may be desirable to alternatively 
or even additionally employ origins recognized by other host 
systems whose use is contemplated (such as in a shuttle 
vector). 
0089. The isolation and use of other replication origins 
such as the SV40, polyoma or bovine papilloma virus 
origins, which may be employed for cloning or expression 
in a number of higher organisms, are well known to those of 
ordinary skill in the art. In certain embodiments, the inven 
tion may thus be defined in terms of a recombinant trans 
formation vector which includes the HA synthase coding 
gene sequence together with an appropriate replication ori 
gin and under the control of selected control regions. 
0090 Thus, it will be appreciated by those of skill in the 
art that other means may be used to obtain the HAS gene or 
cDNA, in light of the present disclosure. For example, 
polymerase chain reaction or RT-PCR produced DNA frag 
ments may be obtained which contain full complements of 
genes or cDNAS from a number of Sources, including other 
strains of Streptococcus, or from eukaryotic Sources, such as 
cDNA libraries. Virtually any molecular cloning approach 
may be employed for the generation of DNA fragments in 
accordance with the present invention. Thus, the only limi 
tation generally on the particular method employed for DNA 
isolation is that the isolated nucleic acids should encode a 
biologically functional equivalent HA synthase. 

0091) Once the DNA has been isolated, it is ligated 
together with a selected vector. Virtually any cloning vector 
can be employed to realize advantages in accordance with 
the invention. Typical useful vectors include plasmids and 
phages for use in prokaryotic organisms and even viral 
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vectors for use in eukaryotic organisms. Examples include 
pKK223-3, pSA3, recombinant lambda, SV40, polyoma, 
adenovirus, bovine papilloma virus and retroviruses. How 
ever, it is believed that particular advantages will ultimately 
be realized where vectors capable of replication in both 
Lactococcus or Bacillus strains and E. coli are employed. 
0092 Vectors such as these, exemplified by the pSA3 
vector of Dao and Ferretti or the p AT19 vector of Trieu 
Cuot, et al., allow one to perform clonal colony selection in 
an easily manipulated host such as E. coli, followed by 
Subsequent transfer back into a food grade Lactococcus or 
Bacillus strain for production of HA. These are benign and 
well studied organisms used in the production of certain 
foods and biotechnology products. These are advantageous 
in that one can augment the Lactococcus or Bacillus strain’s 
ability to synthesize HA through gene dosaging (i.e., pro 
viding extra copies of the HA synthase gene by amplifica 
tion) and/or inclusion of additional genes to increase the 
availability of HA precursors. The inherent ability of a 
bacterium to synthesize HA can also be augmented through 
the formation of extra copies, or amplification, of the 
plasmid that carries the HA synthase gene. This amplifica 
tion can account for up to a 10-fold increase in plasmid copy 
number and therefore the HA synthase gene copy number. 

0093. Another procedure that would further augment HA 
synthase gene copy number is the insertion of multiple 
copies of the gene into the plasmid. Another technique 
would include integrating the HAS gene into chromosomal 
DNA. This extra amplification would be especially feasible, 
since the bacterial HA synthase gene size is Small. In some 
scenarios, the chromosomal DNA-ligated vector is 
employed to transfect the host that is selected for clonal 
screening purposes such as E. coli, through the use of a 
vector that is capable of expressing the inserted DNA in the 
chosen host. 

0094. In another preferred embodiment, the HA synthase 
gene is introduced into the host cell chromosome via 
homologous or heterologous recombination. The has gene 
may be more stable in this configuration, especially without 
drug selection. Various vectors may be employed to intro 
duce the has gene into Bacillus, such as pTLH or pKSV7, or 
into yeast, such as YIp211, or into animal cells, such as 
pcDNA/FRT. The DNA is first introduced into the host cell 
by transformation, transduction or electroporation. The 
DNA segment with the has gene is then stably integrated into 
the host chromosome. For example, the spHAS gene was 
used to repair a mutant Streptococcus chromosome by 
transduction and integration; this operation resulted in HA 
production (DeAngelis et al., 1993). 

0095. Where a eukaryotic source such as dermal or 
synovial fibroblasts or rooster comb cells is employed, one 
will desire to proceed initially by preparing a cDNA library. 
This is carried out first by isolation of mRNA from the above 
cells, followed by preparation of double stranded cDNA 
using an enzyme with reverse transcriptase activity and 
ligation with the selected vector. Numerous possibilities are 
available and known in the art for the preparation of the 
double stranded cDNA, and all such techniques are believed 
to be applicable. A preferred technique involves reverse 
transcription. Once a population of double stranded cDNAs 
is obtained, a cDNA library is prepared in the selected host 
by accepted techniques, such as by ligation into the appro 
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priate vector and amplification in the appropriate host. Due 
to the high number of clones that are obtained, and the 
relative ease of Screening large numbers of clones by the 
techniques set forth herein, one may desire to employ phage 
expression vectors, such as Wigt11, Wgt12, WGem11, and/or 
WZAP for the cloning and expression screening of cDNA 
clones. 

0096. In certain other embodiments, the invention con 
cerns isolated DNA segments and recombinant vectors that 
include within their sequence a nucleic acid sequence essen 
tially as set forth at least one of in SEQID NOS:1. 9, 11, 13, 
15, 17 and 19. The term “essentially as set forth in SEQ ID 
NO:1, for example, is used in the same sense as described 
above and means that the nucleic acid sequence Substantially 
corresponds to a portion of SEQID NO:1, and has relatively 
few codons which are not identical, or functionally equiva 
lent, to the codons of SEQID NO:1. The term “functionally 
equivalent codon is used herein to refer to codons that 
encode the same amino acid, Such as the six codons for 
arginine or serine, and also refers to codons that encode 
biologically equivalent amino acids as set forth in Table I. 

0097. It will also be understood that amino acid and 
nucleic acid sequences may include additional residues, 
Such as additional N- or C-terminal amino acids or addi 
tional 5' or 3' nucleic acid sequences, and yet still be 
essentially as set forth in one of the sequences disclosed 
herein, so long as the sequence meets the criteria set forth 
above, including the maintenance of biological protein 
activity where protein expression and enzyme activity are 
concerned. The addition of terminal sequences particularly 
applies to nucleic acid sequences which may, for example, 
include various non-coding sequences flanking either of the 
5' or 3' portions of the coding region or may include various 
internal sequences, which are known to occur within genes. 
In particular, the amino acid sequence of the has gene 
product in eukaryotes appears to be 40% larger than that 
found in prokaryotes. 

0.098 Allowing for the degeneracy of the genetic code as 
well as conserved and semi-conserved Substitutions, 
sequences which have between about 40% and about 80%; 
or more preferably, between about 80% and about 90%; or 
even more preferably, between about 90% and about 99%; 
of nucleotides which are identical to the nucleotides of SEQ 
ID NOS:1. 9, 11, 13, 15, 17 or 19 will be sequences which 
are “essentially as set forth in SEQID NOS:1. 9, 11, 13, 15, 
17 or 19. Sequences which are essentially the same as those 
set forth in SEQID NOS:1. 9, 11, 13, 15, 17 or 19 may also 
be functionally defined as sequences which are capable of 
hybridizing to a nucleic acid segment containing the 
complement of SEQID NOS:1. 9, 11, 13, 15, 17 or 19 under 
standard or less stringent hybridizing conditions. Suitable 
standard hybridization conditions will be well known to 
those of skill in the art and are clearly set forth herein. 
0099] The term “standard hybridization conditions” as 
used herein, is used to describe those conditions under which 
Substantially complementary nucleic acid segments will 
form standard Watson-Crick base-pairing. A number of 
factors are known that determine the specificity of binding 
or hybridization, such as pH, temperature, salt concentra 
tion, the presence of agents, such as formamide and dim 
ethyl sulfoxide, the length of the segments that are hybrid 
izing, and the like. When it is contemplated that shorter 
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nucleic acid segments will be used for hybridization, for 
example fragments between about 14 and about 100 nucle 
otides, salt and temperature preferred conditions for hybrid 
ization will include 1.2-1.8x High Phosphate Buffer (HPB) 
at 40-50° C. 

0.100 Naturally, the present invention also encompasses 
DNA segments which are complementary, or essentially 
complementary, to the sequence set forth in SEQID NOS:1. 
9, 11, 13, 15, 17 or 19. Nucleic acid sequences which are 
“complementary are those which are capable of base 
pairing according to the standard Watson-Crick complemen 
tarity rules. As used herein, the term "complementary 
sequences' means nucleic acid sequences which are Sub 
stantially complementary, as may be assessed by the same 
nucleotide comparison set forth above, or as defined as being 
capable of hybridizing to the nucleic acid segment of SEQ 
ID NOS:1. 9, 11, 13, 15, 17 or 19. 

0101 The nucleic acid segments of the present invention, 
regardless of the length of the coding sequence itself, may 
be combined with other DNA sequences, such as promoters, 
polyadenylation signals, additional restriction enzyme sites, 
multiple cloning sites, epitope tags, poly histidine regions, 
other coding segments, and the like. Such that their overall 
length may vary considerably. It is therefore contemplated 
that a nucleic acid fragment of almost any length may be 
employed, with the total length preferably being limited by 
the ease of preparation and use in the intended recombinant 
DNA protocol. 

0102 Naturally, it will also be understood that this inven 
tion is not limited to the particular nucleic acid and amino 
acid sequences of SEQ ID NOS:1. 9, 11, 13, 15, 17 and 19 
and SEQID NOS:2, 10, 12, 14, 16, 18 and 20, respectively. 
Recombinant vectors and isolated DNA segments may 
therefore variously include the HAS coding regions them 
selves, coding regions bearing selected alterations or modi 
fications in the basic coding region, or they may encode 
larger polypeptides which nevertheless include HAS-coding 
regions or may encode biologically functional equivalent 
proteins or peptides which have variant amino acids 
Sequences. 

0103) The capsule of Carter Type AP multocida was long 
Suspected of containing hyaluronic acid (HA). Character 
ization of the HA synthase of P. multocida led to interesting 
enzymological differences between it and the seHAS and 
spHAS proteins. 

0.104 P. multocida cells produce a readily visible extra 
cellular HA capsule, and since the two streptococcal HASs 
are membrane proteins, membrane preparations of the fowl 
cholera pathogen were tested. In early trials, crude mem 
brane fractions derived from ultrasonication alone possessed 
very low levels of UDP-GlcNAc-dependent UDP-''C) 
GlcUA incorporation into HA-0.2 pmol of GlcUA transfer 
(ug of proteins)'h') when assayed under conditions simi 
lar to those for measuring streptococcal HAS activity. The 
enzyme from E. coli with the recombinanthas.A plasmid was 
also recalcitrant to isolation at first. These results were in 
contrast to the easily detectable amounts obtained from 
Streptococcus by similar methods. 
0105. An alternative preparation protocol using ice-cold 
lysozyme treatment in the presence of protease inhibitors in 
conjunction with ultrasonication allowed the Substantial 
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recovery of HAS activity from both species of Gram 
negative bacteria. Specific activities for HAS of 5-10 pmol 
of GlcUA transferred (ug of protein) 'h' were routinely 
obtained for crude membranes of wild-type P multocida 
with the new method. In the absence of UDP-GlcNAc, 
virtually no radioactivity (<1% of identical assay with both 
sugar precursors) from UDP-CIGlcUA was incorporated 
into higher molecular weight material. Membranes prepared 
from the acapsular mutant, TinA, possessed no detectable 
HAS activity when supplemented with both sugar nucleotide 
precursors (data not shown). Gel-filtration analysis using a 
Sephacryl S-200 column indicates that the molecular mass 
of the majority of the ''C-labeled product synthesized in 
vitro is 28x10 Da since the material elutes in the void 
Volumes, such a value corresponds to a HA molecule com 
posed of at least 400 monomers. This product is sensitive to 
Streptomyces hyaluronidase digestion but resistant to pro 
tease treatment. 

0106 The parameters of the HAS assay were varied to 
maximize incorporation of UDP-Sugars into polysaccharide 
by P. multocida membranes. Streptococcal spHAS requires 
Mg", and therefore this metalion was included in the initial 
assays of P. multocida membranes. The P. multocida HAS 
(pmHAS) was relatively active from pH 6.5 to 8.6 in 
Tris-type buffers with an optimum at pH 7. The HAS activity 
was linear with respect to the incubation time at neutral pH 
for at least 1 h. The pmHAS was apparently less active at 
higher ionic strengths because the addition of 100 mM NaCl 
to the reaction containing 50 mM Tris, pH 7, and 20 mM 
MgCl, reduced sugar incorporation by ~50%. 
0107 The metal ion specificity of the pmHAS was 
assessed at pH 7. Under metal-free conditions in the pres 
ence of EDTA, no incorporation of radiolabeled precursor 
into polysaccharide was detectable (<0.5% of maximal 
signal). Mn" gave the highest incorporation rates at the 
lowest ion concentrations for the tested metals (Mg,Mn, Co. 
Cu, and Ni). Mg" gave about 50% of the Mnt stimulation 
but at 10-fold higher concentrations. Co" or Ni" at 10 mM 
supported lower levels of activity (20% or 9%, respectively, 
of 1 mM Mn" assays), but membranes supplied with 10 
mMCu" were inactive. Indeed, mixing 10 mM Cu" and 20 
mM" Mg" with the membrane preparation resulted in 
almost no incorporation of label into polysaccharide (<0.8% 
of Mg only value). 

0108. Initial characterization of the pmHAS was per 
formed in the presence of Mg". The binding affinity of the 
enzyme for its Sugar nucleotide precursors was assessed by 
measuring the apparent KM value. Incorporation of ''C) 
GlcUA or HGlcNAc into polysaccharide was monitored 
at varied concentrations of UDP-GlcNAc or UDP-GlcUA, 
respectively. In Mg"-containing buffers, the apparent KM 
values of -20 uM for UDP-GlcUA and -75 uM for UDP 
GlcNAc were determined utilizing Hanes-Woolf plots (S/v 
versus S) of the titration data. The V, values for both 
Sugars were the same because the slopes, corresponding to 
1/V of the Hanes-Woolf plots were equivalent. In com 
parison to results from assays with Mg", the KM value for 
UDP-GlcNAc was increased by about 25-50% to -105 uM 
and the V increased by a factor of 2-3-fold in the 
presence of Mn". 
0109 The HA synthase enzymes from either P. multo 
cida, S. equisimilis, or S. pyogenes utilizes UDP-Sugars, but 
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they possess somewhat different kinetic optima with respect 
to pH and metal ion dependence and KM values. The 
enzymes are most active at pH 7; however, the pmHAS 
reportedly displays more activity at slightly acidic pH and is 
relatively inactive above pH 7.4. The pmHAS utilizes Mn" 
more efficiently than Mg" under the in vitro assay condi 
tions, but the identity of the physiological metal cofactor in 
the bacterial cell is unknown. In comparison, in previous 
studies with the streptococcal enzyme, Mg" was much 
better than Mn" but the albeit smaller effect of Mn" was 
maximal at 10-fold lower concentrations than the optimal 
Mg" concentration. The pmHAS apparently binds the 
UDP-sugars more tightly than spHAS. The measured K 
values for the pmHAS in crude membranes are about 
2-3-fold lower for each substrate than those obtained from 
the HAS found in streptococcal membranes: 50 or 39 uM for 
UDP-GlcUA and 500 or 150 uM for UDP-GlcNAc, respec 
tively. 
0.110) By kinetic analyses, the V of the pmHAS was 
2-3-fold higher in the presence of Mn" than Mg", but the 
UDP-GlcNAc K value was increased slightly in assays 
with the former ion. This observation of apparent lowered 
affinity suggests that the increased polymerization rate was 
not due to better binding of the Mn" ion/sugar nucleotide 
complex to the enzyme active site(s). Therefore, it is pos 
sible that Mn" enhances some other reaction step, alters 
another site/structure of the enzyme, or modifies the phos 
pholipid membrane environment. The gene sequence and 
the protein sequence of pmHAS are shown in SEQ ID 
NOS:9 and 10, respectively. 
0.111 Chlorella virus PBCV-1 encodes a functional gly 
cosyltransferase that can synthesize hyaluronan. This find 
ing is contrary to the general observation that viruses either: 
(a) utilize host cell glycosyltransferases to create new car 
bohydrate structures, or (b) accumulate host cell glycocon 
jugates during virion maturation. Furthermore, HA has been 
generally regarded as restricted to animals and a few of their 
virulent bacterial pathogens. Though many plant carbohy 
drates have been characterized, neither HA nor a related 
analog has previously been detected in cells of plants or 
protists. 

0.112. The vertebrate, bacterial and viral HAS enzymes 
have several regions of sequence similarity. While sequenc 
ing the double-stranded DNA genome of virus PBCV-1 
Paramecium bursaria Chlorella virus), an ORF open 
reading frame). A98R (Accession #442580), encoding a 567 
residue protein with 28 to 33% amino acid identity to the 
various HASs was discovered. This protein is designated 
cvHAS (Chlorella virus HA synthase). The gene sequence 
encoding PBCV-1 and the protein sequence it encodes are 
shown in SEQ ID NOS:7 and 8, respectively. 
0113 PBCV-1 is the prototype of a family (Phycod 
narviridae) of large (175-190 nm diameter) polyhedral, 
plaque-forming viruses that replicate in certain unicellular, 
eukaryotic chlorella-like green algae. PBCV-1 virions con 
tain at least 50 different proteins and a lipid component 
located inside the outer glycoprotein capsid. The PBCV-1 
genome is a linear, nonpermuted 330-kb dsDNA molecule 
with covalently closed hairpin ends. 
0114 Based on its deduced amino acid sequence, the 
A98R gene product should be an integral membrane protein. 
To test this hypothesis, recombinant A98R was produced in 
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Escherichia coli and the membrane fraction was assayed for 
HAS activity. UDP-GlcUA and UDP-GlcNAc were incor 
porated into the polysaccharide by the membrane fraction 
derived from cells containing the A98R gene on a plasmid, 
pCVHAS, (average specific activity 2.5 pmoles GlcUA 
transfer/ug protein/min) but not by samples from control 
cells (<0.001 pmoles GlcUA transfer/ug protein/min). No 
activity was detected in the soluble fraction of cells trans 
formed with pCVHAS. UDP-GlcUA and UDP-GlcNAc 
were simultaneously required for polymerization. The activ 
ity was optimal in Hepes buffer at pH 7.2 in the presence of 
10 mM MnCl, whereas no activity was detected if the metal 
ion was omitted. Mg" and Co" were ~20% as effective as 
Mn" at similar concentrations. The pmHAS has a similar 
metal requirement, but other HASs prefer Mg". 
0115 The recombinant A98R enzyme synthesized a 
polysaccharide with an average molecular weight of 3-6x 
10 Da which is smaller than that of the HA synthesized by 
recombinant spHAS or DG42 XIHAS in vitro (-107 Da and 
~5-8x10" Da, respectively). The polysaccharide was com 
pletely degraded by Streptomyces hyaluroniticus HA lyase, 
an enzyme that depolymerizes HA, but not structurally 
related glycosaminoglycans such as heparin and chon 
droitin. 

0116 PBCV-1 infected Chlorella cells were examined 
for A98R gene expression. A ~1,700-nucleotide A98R tran 
Script appeared at ~15 min post-infection and disappeared 
by 60 min after infection indicating that A98R is an early 
gene. Consequently, membrane fractions from uninfected 
and PBCV-1 infected chlorella cells were assayed at 50 and 
90 min post-infection for HAS activity. Infected cells, but 
not uninfected cells, had activity. Like the bacterially 
derived recombinant A98R enzyme, radiolabel incorpora 
tion from UDP-CIGlcUA into polysaccharide depended 
on both Mn" and UDP-GlcNAc. This radiolabeled product 
was also degraded by HA lyase. Disrupted PBCV-1 virions 
had no HAS activity. 

0117 PBCV-1 infected Chlorella cells were analyzed for 
HA polysaccharide using a highly specific I-labeled HA 
binding protein. Extracts from cells at 50 and 90 min 
post-infection contained Substantial amounts of HA, but not 
extracts from uninfected algae or disrupted PBCV-1 virions. 
The labeled HA-binding protein also interacted with intact 
infected cells at 50 and 90 min post-infection, but not 
healthy cells. Therefore, a considerable portion of the newly 
synthesized HA polysaccharide was immobilized at the 
outer cell surface of the infected algae. The extracellular HA 
does not play any obvious role in the interaction between the 
virus and its algal host because neither plaque size nor 
plaque number was altered by including either testicular 
hyaluronidase (465 units/ml) or free HA polysaccharide 
(100 lug/ml) in the top agar of the PBCV-1 plaque assay. 

0118. The PBCV-1 genome also has additional genes that 
encode for an UDP-glucose dehydrogenase (UDP-Glc DH) 
and a glutamine:fructose-6-phosphate aminotransferase 
(GFAT). UDP-Glc DH converts UDP-Glc into UDP-GlcUA, 
a required precursor for HA biosynthesis. GFAT converts 
fructose-6-phosphate into glucosamine-6-phosphate, an 
intermediate in the UDP-GlcNAc metabolic pathway. Both 
of these PBCV-1 genes, like the A98R HAS, are expressed 
early in infection and encode enzymatically active proteins. 
The presence of multiple enzymes in the HA biosynthesis 
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pathway indicates that HA production must serve an impor 
tant function in the life cycle of the Chlorella viruses. 
0119) HA synthases of Streptococcus, vertebrates, and 
PBCV-1 possess many motifs of a pattern of at least 2 to 4 
identical residues that occur in the same relative order. These 
conserved motifs probably reflect domains crucial for HA 
biosynthesis as shown in FIG. 2. FIG. 2 is an alignment of 
the protein sequences of Group C seHAS and SuHAS from 
S. equisimilis and S. uberis, respectively; Group A spHAS 
from S. pyogenes; the mouse isozymes mHAS1, mHAS2 
and mHAS3; the human isozymes hPLAS1, hAS2 and 
hHAS3; the frog isozymes x1 HAS1 and X1 HAS2; the 
original PBCV-1 virus HAS, cvHAS, as well as the newer 
viral HASs vNC, vMA, VAL and vCA; the rat rinHAS2; the 
chicken ggHAS2; the bovine btHAS2; and the rabbit 
isozymes ocHAS2 and ochAS3. The alignment of FIG. 2 
was accomplished using the Mutalin Version 5.4.1 multiple 
alignment program (copyright I.N.R.A. France 1989, 1991, 
1994, 1996; Multiple sequence alignment with hierarchical 
clustering, Corpet, Nucl. Acids Res., 16:10881 (1988)). A 
consensus line is provided on the lower line of the align 
ment. Capital letters in the consensus line represent identical 
residues in all HAS proteins listed, while lower case letters 
represent consensus residues that are not identical in all 
cases. The consensus line also contains the following sym 
bols: is any one of I, V: S is any one of L. M.; % is any one 
of F. Y; it is any one of N, D. Q., E. B. Z. The symbol 
comparison table was blosumó2, the gap weight was 12, and 
the gap length weight was 2. 
0120 Regions of similarity between HASs and other 
enzymes that synthesize B-linked polysaccharides from 
UDP-Sugar precursors are also being discovered as more 
glycosyltransferases are sequenced. Examples include bac 
terial cellulose synthase, fungal and bacterial chitin Syn 
thases, and the various HASs. The significance of these 
similar structural motifs will become more apparent as the 
three-dimensional structures of glycosyltransferases accu 
mulate. 

0121 FIG. 3 depicts the possible evolutionary relation 
ships among the known hyaluronan synthases. The phylo 
genetic tree of FIG. 3 was generated by the Higgins-Sharp 
algorithm using the DNASiS multiple alignment program. 
The calculated matching percentages are indicated at each 
branch of the dendrogram. 
0.122 The DNA segments of the present invention 
encompass biologically functional equivalent HAS proteins 
and peptides. Such sequences may arise as a consequence of 
codon redundancy and functional equivalency which are 
known to occur naturally within nucleic acid sequences and 
the proteins thus encoded. Alternatively, functionally 
equivalent proteins or peptides may be created via the 
application of recombinant DNA technology, in which 
changes in the protein structure may be engineered, based on 
considerations of the properties of the amino acids being 
exchanged. Changes designed by man may be introduced 
through the application of site-directed mutagenesis tech 
niques, e.g., to introduce improvements to the enzyme 
activity or to antigenicity of the HAS protein or to test HAS 
mutants in order to examine HA synthase activity at the 
molecular level. 

0123. Also, specific changes to the HAS coding sequence 
can result in the production of HA having a modified size 
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distribution or structural configuration. One of ordinary skill 
in the art would appreciate that the HAS coding sequence 
can be manipulated in a manner to produce an altered 
hyaluronate synthase which in turn is capable of producing 
hyaluronic acid having differing polymer sizes and/or func 
tional capabilities. For example, the HAS coding sequence 
may be altered in Such a manner that the hyaluronate 
synthase has an altered Sugar Substrate specificity so that the 
hyaluronate synthase creates a new hyaluronic acid-like 
polymer incorporating a different structure Such as a previ 
ously unincorporated Sugar or Sugar derivative. This newly 
incorporated Sugar could result in a modified hyaluronic acid 
having different functional properties, a hyaluronic acid 
having a smaller or larger polymer size/molecular weight, or 
both. As will be appreciated by one of ordinary skill in the 
art given the HAS coding sequences, changes and/or Sub 
stitutions can be made to the HAS coding sequence Such that 
these desired property and/or size modifications can be 
accomplished. Table II lists Sugar nucleotide specificity and 
magnesium ion requirement of recombinant SeHAS. 

TABLE II 

Sugar nucleotide specificity and Magnesium 
ion requirement of recombinant SeHAS 

Second Sugar HA Synthesis 
nucleotide UDP-'CGlcUA UDP-HGlcNAc 
present (M) dpm (%) dpm (%) 

None 90 (2.1%) 8 (1.2%) 
UDP-GlcNAc (300) 
UDP-GlcUA (120) 
UDP-Glc (160) 

4134 (100%) 
635 (100%) 

81 (1.9%) 10 (1.5%) 
UDP-GalNAc (280) 74 (1.7%) 19 (2.9%) 
UDP-GalA (150) 58 (1.4%) 19 (2.9%) 
UDP-GlcNAc + EDTA 31 (0.7%) 
UDP-GlcUA + EDTA 22 (3.4%) 

* Membranes (324 ng protein) were incubated at 37° C. for 1 h with either 
120 IM UDP-C GlcUA (2.8 x 10 dpm) or 300 IM UDP-HGlcNAc 
(2 x 10' dpm). The radiolabeled sugar nucleotide was used in the presence 
of the indicated second nonlabeled Sugar nucleotide. HA synthase activity 
was determined as described in the application. 

0.124. The term “modified structure' as used herein 
denotes a hyaluronic acid polymer containing a Sugar or 
derivative not normally found in the naturally occurring HA 
polysaccharide. The term “modified size distribution” refer 
to the synthesis of hyaluronic acid molecules of a size 
distribution not normally found with the native enzyme; the 
engineered size could be much smaller or larger than nor 
mal. 

0125 Various hyaluronic acid products of differing size 
have application in various areas, such as drug delivery. 
Applications in angiogenesis and wound healing are poten 
tially large if hyaluronic acid polymers of from about 4 to 
about 20 monosaccharides can be made in good quantities. 
Another particular application for Small hyaluronic acid 
oligosaccharides is in the stabilization of recombinant 
human proteins used for medical purposes. A major problem 
with such proteins is their clearance from the blood and a 
short biological half life. One present solution to this prob 
lem is to couple a small molecule shield that prevents the 
protein from being cleared from the circulation too rapidly. 
Very small molecular weight hyaluronic acid is well suited 
for this role and would be nonimmunogenic and biocom 
patible. Larger molecular weight hyaluronic acid attached to 
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a drug or protein may be used to target the reticuloendot 
helial cell system which has endocytic receptors for hyalu 
ronic acid. 

0.126 One of ordinary skill in the art given this disclosure 
would appreciate that there are several ways in which the 
size distribution of the hyaluronic acid polymer made by the 
hyaluronate synthase could be regulated to give different 
sizes. First, the kinetic control of product size can be altered 
by decreasing temperature, decreasing time of enzyme 
action and by decreasing the concentration of one or both 
Sugar nucleotide Substrates. Decreasing any or all of these 
variables will give lower amounts and smaller sizes of 
hyaluronic acid product. The disadvantages of these 
approaches are that the yield of product will also be 
decreased and it may be difficult to achieve reproducibility 
from day to day or batch to batch. 
0.127 Secondly, the size distribution of the HA polymer 
can be regulated by altering the intrinsic ability of the 
enzyme to synthesize a large hyaluronic acid product. 
Changes to the protein can be engineered by recombinant 
DNA technology, including Substitution, deletion and addi 
tion of specific amino acids (or even the introduction of 
prosthetic groups through metabolic processing). Such 
changes that result in an intrinsically slower enzyme then 
allows more reproducible control of hyaluronic acid size by 
kinetic means. The final hyaluronic acid size distribution is 
determined by certain characteristics of the enzyme, that rely 
on particular amino acids in the sequence. Among the 20% 
of residues absolutely conserved between the streptococcal 
enzymes and the eukaryotic hyaluronate synthases, there is 
a set of amino acids at unique positions that control or 
greatly influence the size of the hyaluronic acid polymer that 
the enzyme can make. Specific changes in any of these 
residues can produce a modified HAS that produces an HA 
product having a modified size distribution. Engineered 
changes to seHAS, spHAS. SuHAS, pmHAS, or cvHAS that 
decrease the intrinsic size of the hyaluronic acid that the 
enzyme can make before the hyaluronic acid is released will 
provide powerful means to produce hyaluronic acid product 
of Smaller or potentially larger size than the native enzyme. 
0.128 Finally, larger molecular weight hyaluronic acid 
may be degraded with specific hyaluronidases to make lower 
molecular weight hyaluronic acid. This practice, however, is 
very difficult to achieve reproducibility and one must 
meticulously repurify the hyaluronic acid to remove the 
hyaluronidase and unwanted digestion products. 
0129. As shown in FIG. 4, hyaluronan synthase can be 
engineered to produce hyaluronic acid polymers of different 
size, in particular Smaller, than the normal wildtype enzyme. 
The figure shows the distribution of HA sizes (in millions of 
Daltons, a measure of molecular weight) for a series of 
spHAS enzymes, each of which was engineered by site 
directed mutagenesis to have a single amino acid change 
from the native enzyme. Each has a different Cysteine 
residue replaced with Alanine. The cluster of five curves 
with open symbols represent the following spHAS proteins: 
wildtype, C124A, C261A, C366A, and C402A. The filled 
circles represent the poorly expressed C225A protein which 
is only partially active. 
0130. The filled triangles represent the C280A spHAS 
protein, which is found to synthesize a much Smaller range 
of HA polymers than the normal enzyme or the other 
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variants shown. This reduction to practice shows that it is 
feasible to engineer the hyaluronate synthase enzyme to 
synthesize a desired range of HA product sizes. Any of the 
HAS genes encoding hyaluronate synthase disclosed herein 
can also be manipulated by site directed mutagenesis to 
produce an enzyme which synthesizes a desired range of HA 
product sizes. 

0131 Structurally modified hyaluronic acid is no differ 
ent conceptually than altering the size distribution of the 
hyaluronic acid product by changing particular amino acids 
in the desired HAS or the spHAS. Derivatives of UDP 
GlcNAc, in which the N-acetyl group is missing UDP-GlcN 
or replaced with another chemically useful group, are 
expected to be particularly useful. The strong substrate 
specificity must rely on a particular Subset of amino acids 
among the 20% that are conserved. Specific changes to one 
or more of these residues creates a functional synthase that 
interacts less specifically with one or more of the substrates 
than the native enzyme. This altered enzyme could then 
utilize alternate natural or special Sugar nucleotides to 
incorporate Sugar derivatives designed to allow different 
chemistries to be employed for the following purposes: (i) 
covalently coupling specific drugs, proteins, or toxins to the 
structurally modified hyaluronic acid for general or targeted 
drug delivery, radiological procedures, etc. (ii) covalently 
cross linking the hyaluronic acid itself or to other Supports 
to achieve a gel, or other three dimensional biomaterial with 
stronger physical properties, and (iii) covalently linking 
hyaluronic acid to a surface to create a biocompatible film or 
monolayer. 

0132 Bacteria can also be engineered to produce hyalu 
ronic acid. For instance, we have created Strains of B. 
subtilis containing a HAS gene, as well as the gene for one 
of the sugar nucleotide precursors. We chose this bacteria 
since it is frequently used in the biotech industry for the 
production of products for human use. These bacteria were 
intended as first generation prototypes for the generation of 
a bacterium able to produce hyaluronic acid in larger 
amounts than presently available using a wild type natural 
strain. 

0133) For example, three Bacillus subtilis strains were 
constructed to contain one or both of the Streptococcus 
pyogenes genes for hyaluronan synthase (spHAS) and UDP 
glucose dehydrogenase (hashB), the results of which are 
shown in Table III. Based on a sensitive commercial radio 
metric assay to detect and quantitate HA, it was determined 
that the strain with both genes (strain #3) makes and secretes 
HA into the medium. The parent strain or the strain with just 
the dehydrogenase gene (strain #1) does not make HA. 
Strain #2, which contains just the SpHAS gene alone makes 
HA, but only about 10% of what strain #3 makes. Agarose 
gel electrophoresis showed that the HA secreted into the 
medium by strain #3 is very high molecular weight. 

0134) The data in Table III demonstrates that B. subtilis 
168 can be engineered to produce and secrete HA by the 
introduction by recombinant DNA techniques of the spHAS 
gene and the hasB gene. Although HA is made by this 
modified strain even without inclusion of the latter gene, the 
level of HA made with it is greatly elevated. B. subtilis 168 
contains two genes (tauD and gtaB) that increase the levels 
of both sugar nucleotides needed for HA synthesis. Table IV 
demonstrates that B. subtilis 168 also makes HA, even in the 
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absence of the hasB gene, when engineered to contain and 
express (on the plasmid pSM143, ATCC) seHAS as well as 
specific seHAS variants engineered to produce HA of dif 
ferent size than the wildtype. In particular, the variants 
seHAS(C226A) and seHAS(C281A) supported HA synthe 
sis in live B. subtilis 168 cells. The level of HA synthesis in 
these latter cases was less than observed with cells express 
ing spHAS and the hasB gene, due to the lower endogenous 
level of the two precursors needed for HA synthesis. 
0.135) In vitro experiments using isolated membranes 
from B. subtilis 168 cells transformed with plasmids con 
taining hasB and the seHAS(C226A) or seHAS(C281A) 
variants demonstrated that the HA size distribution made by 
these modified HAS enzymes was larger and smaller, 
respectively, than that made by wildtype sehAS. The 
approximate size of HA produced in B. subtilis from wild 
type seHAS is 1.5 MDa. 
0.136 Recombinant HA production from the spHAS gene 
has also been demonstrated in Bacillus licheniformis and 
Enterococcus faecalis. FIG. 6 is a digital image of an 
agarose gel stained for HA. HA production can be seen in B. 
subtilis, B. licheniformis and E. faecalis strains having a 
plasmid encoding spHAS (pPD41A5) incorporated therein. 
As a negative control, a plasmid containing a nonfunctional 
hasA gene (pPD41AEcoRV) was introduced into each strain, 
and none of these strains was able to produce HA. 

TABLE III 

HA Production in B. subtiis 168 
Containing SpHAS and hasB genes 

Strain Strain with Cell density 
Number Cells Medium(*) genes (A600 

(Ig HA per ml of culture) 

1 O O has3 4.8 
2 4 35 SpHAS 3.9 
3 210 c250 SpHAS + hasB 3.2 

(*)Most HA is in media but some was cell-associated; HA was determined 
using the HA Test 50 kit from Pharmacia. 

0137) 

TABLE IV 

Hyaluronan (HA) Produced in B. Subtilis 168 

HA (gL) 
Recombinant Strains ELISA method 

spHAS WT in pPD41A5 S.16 
SeHAS WT in pSM143 0.37 
SeHAS(C226A) in pSM143 O.25 
SeHAS (C281A) in pSM143 O.32 
pSM143 in B. subtilis 168 O.OS 
(vector alone) 

100 ml cultures were grown overnight; media was analyzed 
by HA Test Kit from Corgenix (Hyaluronic Acid “Chugai') 
0.138. These experiments used the streptococcal promot 
ers normally found with these genes to drive protein expres 
sion. It is expected that the construction of strains with the 
spHAS or seHAS reading frame under control of a Gram 
positive or Bacillus-compatible promoter would yield even 
more superior results. The vector used is a Gram positive/E. 
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Coli shuttle vector that has a medium copy number in B. 
subtilis and a gene for erythromycin resistance (enabling 
resistence to 8 ug/ml in B. subtilis or 175 g/ml in E. coli). 
The B. subtilis host strain used is 1A1 from BGSC, which 
has a tryptophan requirement but otherwise is wildtype, and 
can sporulate. Cell growth and HA production was in 
Spizizens Minimal Media plus tryptophan, glucose, trace 
elements and erythromycin (8 ug/ml). Growth was at 32° C. 
with vigorous agitation until the medium was exhausted 
(-36 hours). 
0139 Tables III and IV demonstrate that these bioengi 
neered cells, which would not normally make hyaluronic 
acid, became competent to do so when they are transformed 
with the spHAS or seHAS gene. Any one of the HAS genes 
described herein would also be capable of being introduced 
into a non-hyaluronic acid producing bacteria to create a 
bioengineered bacterial strain capable of producing hyalu 
ronic acid. 

0140 Turning to the expression of one of the HAS genes 
described herein, whether from genomic DNA, or a cDNA, 
one may proceed to prepare an expression system for the 
recombinant preparation of the HAS protein. The engineer 
ing of DNA segment(s) for expression in a prokaryotic or 
eukaryotic system may be performed by techniques gener 
ally known to those of skill in recombinant expression. 
0141 HAS may be successfully expressed in eukaryotic 
expression systems, however, the inventors aver that bacte 
rial expression systems can be used for the preparation of 
HAS for all purposes. It is believed that bacterial expression 
will ultimately have advantages over eukaryotic expression 
in terms of ease of use, cost of production, and quantity of 
material obtained thereby. 
0142. The purification of streptococcal hyaluronan syn 
thase (seHAS) is shown in Table V and FIG. 7. Fractions 
from various stages of the purification scheme were ana 
lyzed by SDS-PAGE on a 12.5% gel, which was then stained 
with Coomassie Brilliant Blue R-250. Lanes: molecular 
weight markers; 1, whole E. coli membranes containing the 
recombinant seHAS-H6: 2, insoluble fraction after detergent 
solubilization of membranes; 3, detergent solubilized frac 
tion; 4, flow-through from the Ni-NTA chromatography 
resin; 5-9, five successive washes of the column (two 
column volumes each); 10, the eluted pure HA synthase 
which is a single band. The purification of spHAS was 
identical to that shown for seHAS (Tlapak-Simmons, 1999). 

TABLE V 

Total 
Total Specific Activity Purifi 
Protein Activity (nmol Yield cation 

Step (ug) (mmol/ug/hr) UDP-GlcUA) (%) (-fold) 

Membranes 3690 1.O 3649 100 1.O 
Extract 2128 2.2 4725 129 2.2 
Affinity 39 13 500 14 13.1 
Column 

0143. It is proposed that transformation of host cells with 
DNA segments encoding HAS will provide a convenient 
means for obtaining a HAS protein. It is also proposed that 
cDNA, genomic sequences, and combinations thereof, are 
suitable for eukaryotic expression, as the host cell will, of 
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course, process the genomic transcripts to yield functional 
mRNA for translation into protein. 
0144. Another embodiment of the present invention is a 
method of preparing a protein composition comprising 
growing a recombinant host cell comprising a vector that 
encodes a protein which includes an amino acid sequence in 
accordance with SEQID NOS:2, 10, 12, 14, 16, 18 or 20 or 
functionally similar with conserved or semi-conserved 
amino acid changes. The host cell will be grown under 
conditions permitting nucleic acid expression and protein 
production followed by recovery of the protein so produced. 
The production of HAS and ultimately HA, including the 
host cell, conditions permitting nucleic acid expression, 
protein production and recovery will be known to those of 
skill in the art in light of the present disclosure and the 
methods described herein. 

0145 Preferred hosts for the expression of hyaluronic 
acid are prokaryotes, such as S. equisimilis, and other 
suitable members of the Streptococcus species. However, it 
is also known that HA may be synthesized by heterologous 
host cells expressing recombinant HA synthase, Such as 
species members of the Bacillus, Enterococcus, or even 
Escherichia genus. A most preferred host for expression of 
the HA synthase of the present invention is a bacteria 
transformed with the HAS gene of the present invention, 
Such as Lactococcus species, Bacillus subtilis or E. coli. 
0146 Most preferred hosts for use in the methods of 
expression of HA of the present invention include Bacillus 
species, because Such cells are effective industrial Secretors, 
and several species have been designated as GRAS organ 
isms. Examples of Bacillus cells that may be utilized in the 
methods of the present invention include, but are not limited 
to, Bacillus alkalophilus, Bacillus amyloliquefaciens, Bacil 
lus brevis, Bacillus circulans, Bacillus clausii, Bacillus 
coagulans, Bacillus firmus, Bacillus lautus, Bacillus lentus, 
Bacillus licheniformis, Bacillus metate num, Bacillus pumi 
lus, Bacillus stearothermophilus, Bacillus subtilis and Bacil 
lus thuringienisis. A most preferred host is Bacillus subtilis. 
0.147. It is similarly believed that almost any eukaryotic 
expression system may be utilized for the expression of 
HAS, e.g., baculovirus-based, glutamine synthase-based, 
dihydrofolate reductase-based systems, SV40 based, aden 
ovirus-based, cytomegalovirus-based, yeast-based, and the 
like, could be employed. For expression in this manner, one 
would position the coding sequences adjacent to and under 
the control of the promoter. It is understood in the art that to 
bring a coding sequence under the control of Such a pro 
moter, one positions the 5' end of the transcription initiation 
site of the transcriptional reading frame of the protein 
between about 1 and about 50 nucleotides “downstream” of 
(i.e., 3' of) the chosen promoter. Also, Saccharomyces cer 
evisiae yeast expression vector systems, such as pYES2, will 
also produce HAS under control of the GAL promoter as 
shown in FIG.8. FIG. 8 shows that the spHAS or the X1HAS 
enzyme was produced in recombinant yeast using the 
pYES2 plasmid. When supplied with UDP-GlcUA and 
UDP-GlcNAc, either enzyme makes high molecular weight 
HA, as observed in these gel filtration chromatography 
profiles (the HA peak is from about 13 ml to about 25 ml). 
0.148 FIG. 8 shows a gel filtration analysis of hyaluronic 
acid synthesized by recombinant HASs expressed in yeast 
membranes. A DNA fragment encoding (a) the open reading 
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frame of 419 amino acid residues corresponding to spHAS 
(with the original Val codon switched to Met) or (b) the 
X1 HAS protein was subcloned by standard methods in the 
pYES2 yeast expression vector (from Invitrogen) to produce 
pYES/HA. Membranes from cells with this construct were 
prepared by agitation with glass beads. The samples derived 
from pYES/HA constructs contained substantial HA syn 
thase activity and the “42 kDa HAS protein was detected by 
Western analysis using specific antibodies; membranes from 
cells with vector alone possessed neither activity nor the 
immunoreactive band (not shown). Membranes (315 uM 
protein) were first incubated with carrier free UDP-''C) 
GlcUA (1 uCi''C) and 900 uM unlabeled UDP-GlcNAc in 
50 mM Tris, pH 7, 20 mM MgCl2, 1 mM DTT, and 0.05 M 
NacI (450 ul reaction volume) at 30 degrees Celsius for 1.5 
minutes. After this pulse-label period nonradiolabeled UDP 
GlcUA was then added to final concentrations of 900 uM. 
Samples (100 LL) were taken after the pulse at 1.5 min (dark 
circle), and 15 (black Square), and 45 (black triangle) min 
after the “chase.” The reactions were terminated by the 
addition of SDS to 2% and heating at 95 degrees Celsius for 
1 min. The samples were clarified by centrifugation (10. 
000xg, 5 min) before injection of half of the sample onto a 
Sephacryl S-500HR gel filtration column (Pharmacia; 1x50 
cm) equilibrated in 0.2 M NacI, 5 mM Tris, pH 8. 

014.9 The column was eluted at 0.5 ml/min and radio 
activity in the fractions (1 ml) was quantitated by liquid 
scintillation counting after adding BioSafe I cocktail (4.5 
ml. Research Products Intl.). The void volume and the 
totally included volumes were at elution volumes of 14 ml 
and 35.5 ml, respectively. The peak of blue dextran (average 
2x10 Da) eluted at 25-27 ml. The recombinant HAS 
expressed in the eukaryotic yeast cells makes high molecular 
weight hyaluronic acid in vitro. 
0150. Where eukaryotic expression is contemplated, one 
will also typically desire to incorporate into the transcrip 
tional unit which includes the HAS gene or DNA, an 
appropriate polyadenylation site (e.g., 5'-AATAAA-3') if 
one was not contained within the original cloned segment. 
Typically, the poly Aaddition site is placed about 30 to 2000 
nucleotides "downstream” of the termination site of the 
protein at a position prior to transcription termination. 

0151. It is contemplated that virtually any of the com 
monly employed eukaryotic host cells can be used in con 
nection with the expression of HAS in accordance herewith. 
Examples of preferred cell lines for expressing HAS cloNA 
of the present invention include cell lines typically 
employed foreukaryotic expression such as 293. At T-20. 
HepG2, VERO, HeLa, CHO, WI38, BHK, COS-7, RIN and 
MDCK cell lines. This will generally include the steps of 
providing a recombinant host bearing the recombinant DNA 
segment encoding the HAS enzyme and capable of express 
ing the enzyme; culturing the recombinant host in media 
under conditions that will allow for transcription of the 
cloned HAS gene or cDNA and appropriate for the produc 
tion of the hyaluronic acid; and separating and purifying the 
HAS enzyme or the secreted hyaluronic acid from the 
recombinant host. 

0152 Generally, the conditions appropriate for expres 
sion of the cloned HAS gene or cDNA will depend upon the 
promoter, the vector, and the host system that is employed. 
For example, where one employs the lac promoter, one will 
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desire to induce transcription through the inclusion of a 
material that will stimulate lac transcription, such as isopro 
pylthiogalactoside. For example, the cloned seHAS and 
spHAS genes are expressed as HIS containing proteins in E. 
coli for the purpose of purification of the HAS as shown in 
FIG. 5. Where other promoters are employed, different 
materials may be needed to induce or otherwise up-regulate 
transcription. 
0.153 FIG. 5 depicts the overexpression of recombinant 
seHAS and spHAS in E. coli. Membrane proteins (5uM per 
lane) were fractionated by SDS-PAGE using a 10% (w/v) 
gel under reducing conditions. The gel was stained with 
Coomassie blue R-250, photographed, Scanned, and quan 
titated using a molecular dynamics personal densitometer 
(model PDSI P60). The position of HA synthase is marked 
by the arrow. Lane A is native spHAS (Group A); Lane C is 
native seHAS; Lane E is recombinant seHAS; Lane P is 
recombinant spHAS; Lane V is vector alone. Standards used 
were Bio-rad low Mr and shown in kDa. 

0154) In addition to obtaining expression of the synthase, 
one will preferably desire to provide an environment that is 
conducive to HA synthesis by including appropriate genes 
encoding enzymes needed for the biosynthesis of Sugar 
nucleotide precursors, or by using growth media containing 
Substrates for the precursor-supplying enzymes, such as 
N-acetylglucosamine or glucosamine (GlcNAc or GlcNH) 
and glucose (Glc). 
O155 One may further desire to incorporate the gene in 
a host which is defective in the enzyme hyaluronidase, so 
that the product synthesized by the enzyme will not be 
degraded in the medium. Furthermore, a host would be 
chosen to optimize production of HA. For example, a 
Suitable host would be one that produced large quantities of 
the Sugar nucleotide precursors to Support the HAS enzyme 
and allow it to produce large quantities of HA. Such a host 
may be found naturally or may be made by a variety of 
techniques including mutagenesis or recombinant DNA 
technology. The genes for the Sugar nucleotide synthesizing 
enzymes, particularly the UDP-Glc dehydrogenase required 
to produce UDP-GlcUA, could also be isolated and incor 
porated in a vector along with the HAS gene or cDNA. A 
preferred embodiment of the present invention is a host 
containing these ancillary recombinant genes or cDNAS, 
thereby allowing for increased production of the Sugar 
nucleotides and thus HA. 

0156 The means employed for culturing of the host cell 
is not believed to be particularly crucial. For useful details, 
one may wish to refer to the disclosure of U.S. Pat. Nos. 
4,517,295; 4,801,539; 4,784,990; or 4,780,414; all of which 
are expressly incorporated herein by reference in their 
entirety. Where a prokaryotic host is employed, such as S. 
equisimilis, one may desire to employ a fermentation of the 
bacteria under anaerobic conditions in CO-enriched broth 
growth media. This allows for a greater production of HA 
than under aerobic conditions. Another consideration is that 
Streptococcal cells grown anaerobically do not produce 
pyrogenic exotoxins. Appropriate growth conditions can be 
customized for other prokaryotic hosts, as will be known to 
those of skill in the art, in light of the present disclosure. 
0157. Once the appropriate host has been constructed and 
cultured under conditions appropriate for the production of 
HA, one will desire to separate the HA so produced. Typi 
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cally, the HA will be secreted or otherwise shed by the 
recombinant organism into the Surrounding media, allowing 
the ready isolation of HA from the media by known tech 
niques. For example, HA can be separated from the cells and 
debris by at least one of filtration, centrifugation, and 
flocculation, and the addition of trichloroacetic acid may 
further facilitate in separating cells and debris from the 
hyaluronic acid. The HA is then separated from the media by 
at least one of precipitation, ultrafiltration and dialysis. 
Precipitation agents include alcohols such as ethanol and 
isopropanol, organic solvents or compounds such as acetone 
or quaternary organic ammonium (aliphatic positively 
charged) salts such as cetyl pyridinium chloride (CPC) or 
cetyl triammonium bromide (CTB). 
0158) A preferred technique for isolation of HA is 
described in U.S. Pat. No. 4,517,295, which is expressly 
incorporated herein by reference, in which the organic 
carboxylic acid, trichloroacetic acid, is added to the bacterial 
suspension at the end of the fermentation. The trichloroace 
tic acid causes the bacterial cells to clump and die and 
facilitates the ease of separating these cells and associated 
debris from HA, the desired product. The clarified superna 
tant is concentrated and dialyzed to remove low molecular 
weight contaminants including the organic acid. The afore 
mentioned procedure utilizes filtration through filter cas 
settes, such as those containing 0.22 um pore size filters. 
Diafiltration is continued until the conductivity of the solu 
tion decreases to approximately 0.5 mega-ohms. 

0159. The concentrated HA is precipitated by adding an 
excess of reagent grade ethanol or other organic Solvent and 
the precipitated HA is then dried by washing with ethanol 
and vacuum dried, lyophilized to remove alcohol. The HA 
can then be redissolved in a borate buffer, pH 8, and 
precipitated with CPC or certain other organic ammonium 
salts such as CETAB, a mixed trimethyl ammonium bromide 
solution at 4 degree(s) Celsius. The precipitated HA is 
recovered by coarse filtration, resuspended in 1 M NaCl, 
diafiltered and concentrated as further described in the above 
referenced patent. The resultant HA is filter sterilized and 
ready to be converted to an appropriate salt, dry powder or 
sterile solution, depending on the desired end use. 

A. Typical Genetic Engineering Methods which 
May be Employed 

0160 If cells without formidable cell membrane barriers 
are used as host cells, transfection is carried out by the 
calcium phosphate precipitation method, well known to 
those of skill in the art. However, other methods may also be 
used for introducing DNA into cells, such as by nuclear 
injection, cationic lipids, electroporation, protoplast fusion 
or by the BIOLISTICTM Bioparticle delivery system devel 
oped by DuPont (1989). The advantage of using the DuPont 
system is a high transformation efficiency. If prokaryotic 
cells or cells which contain substantial cell wall construc 
tions are used, the preferred method of transfection is 
calcium treatment using calcium chloride to induce compe 
tence or electroporation. 

0161 Construction of suitable vectors containing the 
desired coding and control sequences employ standard liga 
tion techniques. Isolated plasmids or DNA fragments are 
cleaved, tailored, and religated in the form desired to con 
struct the plasmids required. Cleavage is performed by 
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treating with restriction enzyme(s) in suitable buffer. In 
general, about 1 uM plasmid or DNA fragments are used 
with about 1 unit of enzyme in about 20 ul of buffer solution. 
Appropriate buffers and Substrate amounts for particular 
restriction enzymes are specified by the manufacturer. Incu 
bation times of about 1 hour at 37° C. are workable. 

0162. After incubations, protein is removed by extraction 
with phenol and chloroform, and the nucleic acid is recov 
ered from the aqueous fraction by precipitation with ethanol. 
If blunt ends are required, the preparation is treated for 15 
minutes at 15° C. with 10 units of Polymerase I (Klenow), 
phenol-chloroform extracted, and ethanol precipitated. For 
ligation approximately equimolar amounts of the desired 
components, Suitably end tailored to provide correct match 
ing are treated with about 10 units T4 DNA ligase per 0.5 
uMDNA. When cleaved vectors are used as components, it 
may be useful to prevent religation of the cleaved vector by 
pretreatment with bacterial alkaline phosphatase. 

0.163 For analysis to confirm functional sequences in 
constructed plasmids, the first step was to amplify the 
plasmid DNA by cloning into specifically competent E. coli 
SURE cells (Stratagene) by doing transformation at 30-32 
C. Second, the recombinant plasmid is used to transform E. 
coli K5 strain Bi833741, which can produce the UDP 
GlcUA precursor, and Successful transformants selected by 
antibiotic resistance as appropriate. Plasmids from the 
library of transformants are then screened for bacterial 
colonies that exhibit HA production. These colonies are 
picked, amplified and the plasmids purified and analyzed by 
restriction mapping. The plasmids showing indications of a 
functional HAS gene are then further characterized by any 
number of sequence analysis techniques which are known 
by those of ordinary skill in the art. 

B. Source and Host Cell Cultures and Vectors 

0164. In general, prokaryotes were used for the initial 
cloning of DNA sequences and construction of the vectors 
useful in the invention. It is believed that a suitable source 
may be Gram-positive cells, particularly those derived from 
the Group C Streptococcal strains. Bacteria with a single 
membrane, but a thick cell wall Such as Staphylococci and 
Streptococci are Gram-positive. Gram-negative bacteria 
Such as E. coli contain two discrete membranes rather than 
one Surrounding the cell. Gram-negative organisms tend to 
have thinner cell walls. The single membrane of the Gram 
positive organisms is analogous to the inner plasma mem 
brane of Gram-negative bacteria. 
0.165. In general, plasmid vectors containing origins of 
replication and control sequences which are derived from 
species compatible with the host cell are used in connection 
with these hosts. The vector ordinarily carries an origin of 
replication, as well as marking sequences which are capable 
of providing phenotypic selection in transformed cells. For 
example, E. coli is typically transformed using pBR322, a 
plasmid derived from an E. coli species. pl3R322 contains 
genes for amplicillin and tetracycline resistance and thus 
provides easy means for identifying transformed cells. A 
pBR plasmid or a puC plasmid, or other microbial plasmid 
or phage must also contain, or be modified to contain, 
promoters which can be used by the microbial organism for 
expression of its own proteins. Such promoters may be 
heterologous promoters, that is, promoters from another 
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organism, as long as the promoter is compatible with the 
host cell, i.e., recognized by the RNA polymerase of the host 
cell such that the RNA polymerase transcribes the gene to 
which the host-compatible promoter is attached. 

0166 Those promoters most commonly used in recom 
binant DNA construction include the lacZ promoter, tac 
promoter, the T7 bacteriophage promoter, and tryptophan 
(trp) promoter system. While these are the most commonly 
used, other microbial promoters have been discovered and 
utilized, and details concerning their nucleotide sequences 
have been published, enabling a skilled worker to ligate 
them functionally with plasmid vectors. 

0167. In addition, the promoter may be a modified RNA 
polymerase promoter having increased promoter activity. 
The modification to the promoter may be a mutation, or the 
addition of two or more promoter elements in tandem. When 
two or more promoter elements are provided in tandem, the 
two or more tandem promoter elements may be the same 
promoter element or two or more different promoter ele 
ments. The term “tandem promoter elements” as used herein 
will be understood to mean two or more promoter sequences 
each of which is operably linked to a coding sequence Such 
that the promoter sequences direct the production of a 
polypeptide encoded by the coding sequence by mediating 
the transcription of the coding sequence into mRNA. Tan 
dem promoters, as well as constructs and methods for use 
thereof in expression in Bacillus cells, are described in detail 
in U.S. Pat. Nos. 5,955,310 and 6,255,076, issued to Widner 
et al. on Sep. 21, 1999 and Jul. 3, 2001, respectively, the 
contents of which are expressly incorporated herein in their 
entirety. 

0168 In addition, when a recombinant vector of the 
present invention contains more than one nucleic acid seg 
ment wherein each has a coding region encoding a protein, 
Such as for example, a nucleic acid segment having a coding 
region encoding enzymatically active hyaluronan synthase 
and a nucleic acid segment having a coding region encoding 
enzymatically active UDP-glucose dehydrogenase, each of 
the nucleic acid segments are operably linked to a promoter. 
The two or more nucleic acid segments may be linked to the 
same promoter, and this single promoter may drive expres 
sion of both genes, or the two or more nucleic acid segments 
may be linked to different promoters. 

0169. In addition to prokaryotes, eukaryotic microbes, 
Such as yeast cultures may also be used. Saccharomyces 
cerevisiae, or common baker's yeast is the most commonly 
used among eukaryotic microorganisms, although a number 
of other strains are commonly available. For expression in 
Saccharomyces, the plasmid YRp7, for example, is com 
monly used. This plasmid already contains the trp1 gene 
which provides a selection marker for a mutant strain of 
yeast lacking the ability to grow without tryptophan, for 
example, ATCC No. 44076 or PEP4-1. The presence of the 
trp 1 lesion as a characteristic of the yeast host cell genome 
then provides an effective environment for detecting trans 
formation by growth in the absence of tryptophan. Suitable 
promoting sequences in yeast vectors include the promoters 
for the galactose utilization genes, the 3-phosphoglycerate 
kinase or other glycolytic enzymes, such as enolase, glyc 
eraldehyde-3-phosphate dehydrogenase, hexokinase, pyru 
vate decarboxylase, phosphofructokinase, glucose-6-phos 
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phate isomerase, 3-phosphoglycerate mutase, pyruvate 
kinase, triosephosphate isomerase, phosphoglucose 
isomerase, and glucokinase. 
0170 In constructing suitable expression plasmids, the 
termination sequences associated with these genes are also 
ligated into the expression vector 3' of the sequence desired 
to be expressed to provide polyadenylation of the mRNA 
and termination. Other promoters, which have the additional 
advantage of transcription controlled by growth conditions 
are the promoter region for alcohol dehydrogenase 2, cyto 
chrome C, acid phosphatase, degradative enzymes associ 
ated with nitrogen metabolism, and the aforementioned 
glyceraldehyde-3-phosphate dehydrogenase, and enzymes 
responsible for maltose and galactose utilization. Any plas 
mid vector containing a yeast-compatible promoter, origin 
of replication and termination sequences is suitable. 
0171 In addition to microorganisms, cultures of cells 
derived from multicellular organisms may also be used as 
hosts. In principle, any Such cell culture is workable, 
whether from vertebrate or invertebrate culture. However, 
interest has been greatest in Vertebrate cells, and propagation 
of vertebrate cells in culture has become a routine procedure 
in recent years. Examples of Such useful host cell lines are 
VERO and HeLa cells, Chinese hamster ovary (CHO) cell 
lines, and WI38, BHK, COS, and MDCK cell lines. 

0172 For use in mammalian cells, the control functions 
on the expression vectors are often provided by viral mate 
rial. For example, commonly used promoters are derived 
from polyoma, Adenovirus 2, bovine papilloma virus and 
most frequently Simian Virus 40 (SV40). The early and late 
promoters of SV40 virus are particularly useful because both 
are obtained easily from the virus as a fragment which also 
contains the SV40 viral origin of replication. Smaller or 
larger SV40 fragments may also be used, provided there is 
included the approximately 250 bp sequence extending from 
the Hind III site toward the Bg1 I site located in the viral 
origin of replication. 

0173 Further, it is also possible, and often desirable, to 
utilize promoter or control sequences normally associated 
with the desired gene sequence, provided Such control 
sequences are compatible with the host cell Systems. An 
origin of replication may be provided either by construction 
of the vector to include an exogenous origin, Such as may be 
derived from SV40 or other viral (e.g., Polyoma, Adeno, 
BPV) source, or may be provided by the host cell chromo 
Somal replication mechanism. If the vector is integrated into 
the host cell chromosome, the latter mechanism is often 
sufficient. 

C. Isolation of a Bona Fide HA Synthase Gene 
from a Highly Encapsulated Strain of Group C 

Streptococcus equisimilis 

0.174 The encoded protein, designated seHAS, is 417 
amino acids (calculated molecular weight of 47,778 and pl 
of 9.1) and is the smallest member of the HAS family 
identified thus far (FIG. 2). SeHAS also migrates anoma 
lously fast in SDS-PAGE (M-42 kDa) (FIGS. 5 and 9). 
0175 FIG. 9 is a graphical representation of a Western 
Blot analysis of recombinant seHAS using specific antibod 
ies. Group C (C); lane 1) or Group A (A: lane 4) Streptococcal 
membranes and E. coli membranes (9 ug/lane) containing 



US 2007/01 66793 A1 

recombinant seHAS (E: lanes 2, 7, and 9) or spHAS (P: 
lanes 3, 6, 8, and 10) were fractionated by reducing SDS 
PAGE and electrotransferred to nitrocellulose. Strips of 
nitrocellulose were probed and developed as described in the 
application using purified IgG fractions raised to the fol 
lowing regions of spHAS: central domain peptide E'''-T' 
(lanes 14); C-terminus peptide (lanes 5-6); the complete 
protein (lanes 7 and 8); recombinant central domain (lanes 
9 and 10). Nonimmune IgG or membranes from cells 
transformed with vector alone gave no staining as in lane 5. 
0176) The seHAS and spHAS protein-encoding 
sequences (SEQ ID NOS:1 and 13, respectively) are 72% 
identical. The deduced protein sequence of seHAS was 
confirmed by reactivity with a synthetic peptide antibody 
(FIG. 9). Recombinant seh AS expressed in E. coli was 
recovered in membranes as a major protein (FIG. 5) and 
synthesized very large molecular weight HA in the presence 
of UDP-GlcNAc and UDP-GlcUA in vitro (FIG. 10). 
0177 FIG. 10 shows a kinetic analysis of the HA size 
distributions produced by seHAS and spHAS. E. coli mem 
branes containing equal amounts of SeHAS or spHAS pro 
tein were incubated at 37° C. with 1.35 mM UDP-C) 
GlcUA (1.3x10 dpm/nmol) and 3.0 mM UDP-GlcNAc as 
described in the application. These substrate concentrations 
are greater than 15 times the respective Km valves. Samples 
taken at 0.5, 1.0, and 60 min were treated with SDS and 
chromatographed over Sephacryl S400 HR. The HA profiles 
in the fractionation range of the column (fractions 12-24) are 
normalized to the percent of total HA in each fraction. The 
values above the arrows in the top panel are the MWs (in 
millions) of HA determined directly in a separate experiment 
using a Dawn multiangle laser light scattering instrument 
(Wyatt Technology Corp.). The size distributions of HA 
synthesized by seHAS (O.I.A) and spHAS (O.D.A) at 0.5 
min (O.O), 1.0 min (D.) and 60 min (A.A) are shown as 
indicated. Analysis showed that seHAS and spHAS are 
essentially identical in the size distribution of HA chains 
they synthesize (FIG. 10). SeHAS is twice as fast as spHAS 
in its ability to make HA. 

C. 1 Bacterial Strains and Vectors 

0178 The mucoid group C strain D181; (Streptococcus 
equisimilis) was obtained from the Rockefeller University 
Collection. The E. coli host strains Sure and XL1-Blue 
MRF" were from Stratagene and strain Top 10 F" was from 
Invitrogen. Unless otherwise noted, Streptococci were 
grown in THY and E. coli strains were grown in LB 
medium. pKK-223 Expression vector was from Pharmacia, 
PCR 2.1 cloning vector was from Invitrogen, and predi 
gested Zap Express TM Bam HI/CIAP Vector was from 
Stratagene. 

C.2 Recombinant DNA and Cloning 
0179 High molecular mass Genomic DNA from Strep 
tococcus equisimilis isolated by the method of Caparon and 
Scott (as known by those with ordinary skill in the art) was 
partially digested with Sau3A1 to an average size of 2-12 kb. 
The digested DNA was precipitated with ethanol, washed 
and ligated to the Bam HI/CIAP Zap Express vector. 
Ligated DNA was packaged into phage with a PackageneTM 
extract obtained from Promega. The titer of the packaged 
phage library was checked using XL1-Blue MRF'E. coli as 
a host. 
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C.3 Degenerate PCR Amplification 
0180 Degenerate oligonucleotides were designed based 
upon conserved sequences among spHAS (Streptococcus 
pyogenes), DG42 (Xenopus laevis HAS; 19) and nodC (a 
Rhizobium meliloti nodulation factor; 20) and were used for 
PCR amplification with D181 genomic DNA as a template. 
Amplification conditions were 34 cycles at: 94° C. for 1 min, 
44° C. for 1 min, 72° C. for 1.5 min followed by a final 
extension at 72° C. for 10 min. Oligonucleotide HADRF1. 
5'-GAY MGA YRT YTX ACX MT TAY GCT ATH GAY 
TTR GG-3 (sense strand) corresponds to the sequence 
DRCLTNYAIDL (spHAS). Oligonucleotide HACTR1, 
5'-ACG WGTWCC CCA NTC XGY ATTTTT NAD XGT 
RCA-3' (antisense strand) corresponds to the region 
C'TIKNTEWGTR (spHAS). The degeneracy of bases at 
Some positions are represented by nomenclature adopted by 
the IUPAC in its codes for degenerate bases listed in Table 
VI. 

TABLE VI 

IUPAC Codes - Degenerate Bases 
The International Union for Pure and Applied Chemistry (IUPAC) has 

established a standard single-letter designation for degenerate 
bases. These are: 

B = C - G - T 
D = A + G + T 
H = A + C + T 
K= T - G 
M = A + C 
N = A + C - G + T 
R = A + G 
S = G -- C 
W = A + T 
W = A + C - G 
X = a minor bases (specified elsewhere) 
Y - C - T 

0181. These two oligonucleotides gave a 459 bp PCR 
product, which was separated on an agarose gel and purified 
using the BIO-101 Geneclean kit. This fragment was then 
cloned into PCR2.1 vector using TOP 10 F" cells as a host 
according to the manufacturer's directions. Double stranded 
plasmid DNA was purified from E. coli (Top 10 F) using the 
QIAfilter Plasmid Midi Kit (Qiagen). Two other degenerate 
sense primers were also synthesized: HAVAF1, 5'-GTN 
GCT GCT GTW RTX CCW WSX TWT MY GAR GA-3' 
(corresponding to the region VAAVIPSYNE of spHAS) 
and HAVDF1, 5'-GTX RWT GAY GGN WSX WSN RAX 
GAT GAX GC-3' (based on V'DDGSSNTD of spHAS). 
Two unique antisense primers were synthesized based on the 
sequence of the 459 bp PCR product. These were: D1812, 
5'-GAA GGA CTT GTT CCA GCG GT-3" and D1814, 
5'-TGAATG TTC CGA CAC AGG GC-3'. Each of the two 
degenerate sense primers, when used with either D181.2 or 
D1814 to amplify D181 genomic DNA, gave expected size 
PCR products. The four PCR products were cloned and 
sequenced using the same strategy as above. For each PCR 
product, sequences obtained from six different clones were 
compared in order to derive a consensus sequence. Thus we 
obtained a 1042 bp sequence with a continuous ORF with 
high homology to spHAS. 

C.4 Library Screening 
0182 Two molecular probes were used to screen the 
library; the cloned 459 bp PCR product and oligonucleotide 
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D1815 (5'-GCTTGATAGGTCACCAGTGTCACG-3'; 
derived from the 1042 bp sequence). The 459 bp PCR 
product was radiolabeled using the Prime-It 11 random 
primer labeling Kit (Stratagene) according to the manufac 
turers instructions. Oligonucleotides were labeled by 
Kinace-It Kinasing Kit (Stratagene) usingly PATP. Radio 
labeled products were separated from nonlabeled material 
on NucTrap Push columns (Stratagene). The oligoprobe 
hybridized specifically with a D181 genomic digest on 
Southern blots. To screen the A phage library, XLBLUE 
MRF" was used as a host (3000 plaques/plate) on Nitrocel 
lulose membranes containing adsorbed phage, were prehy 
bridized at 60° C. and hybridized with 5'-end labeled oli 
gonucleotide, D181.5, in QuikHyb Hybridization solution 
(Stratagene) at 80° C. according to instructions. 
0183) The membranes were then washed with 2xSSC 
buffer and 0.1% (w/v) SDS at room temperature for 15 min, 
at 60° C. with 0.1xSSC buffer and 0.1% SDS (w/v) for 30 
min, dried and then exposed to Bio-Max MS film overnight 
at -70° C. Positive plaques were replated and rescreened 
twice. Pure positive phages were saved in SM buffer with 
chloroform. PCR on these phages with vector primers 
revealed 3 different insert sizes. 

0184 PCR with a combination of vector primers and 
primers from different regions of the cloned 1042 bp 
sequence revealed that only one of the three different phages 
had the complete HAS gene. The insert size in this phage 
was 6.5 kb. Attempts to subclone the insert into plasmid 
form by autoexcision from the selected phage library clone 
failed. Therefore, a PCR strategy was applied again on the 
pure positive phage DNA to obtain the 5' and 3' end of the 
ORF. Oligonucleotide primers D181.3 (5'-GCCCTGT 
GTCGGAACATTCA-3") and T3 (vector primer) amplified a 
3 kb product and oligonucleotides D181.5 and T7 (vector 
primer) amplified a 2.5 kb product. The 5' and 3'-end 
sequences of the ORF were obtained by sequencing these 
two above products. Analysis of all PCR product sequences 
allowed us to reconstruct the ORF of the 1254 bp seHAS 
gene. 

C.5 Expression Cloning of the seHAS 

0185. Primers were designed at the start and stop codon 
regions of seHAS to contain an EcoR1 restriction site in the 
sense oligonucleotide (5'-AGGATCCGAATTCATGAGAA 
CATTAAAAAAACCTC-3) and a Pst1 site in the antisense 
oligonucleotide (5'-AGAATTCTGCAGT 
TATAATAATTTTTTACGTGT-3"). These primers amplified 
a 1.2 kb PCR product from D181 genomic DNA as well as 
from pure hybridization-positive phage. The 1.2 kb product 
was purified by agarose gel electrophoresis, digested with 
Pst1 and EcoR1 and cloned directionally into Pst 1- and 
EcoR1-digested pKK223 vector. The ligated vector was 
transformed into E. coli SURE cells that were then grown at 
30°C. This step was practically important since other host 
cells or higher temperatures resulted in deletions of the 
cloned insert. Colonies were isolated and their poNA puri 
fied. Out of six colonies (named a, b, c, d, e, and f), five had 
the correct size insert, while one had no insert. 

C.6 HA Synthase Activity 

0186. HA synthase activity was assayed in membranes 
prepared from the 5 above clones. Fresh log phase cells were 
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harvested at 3000 g, washed at 4°C. with PBS and mem 
branes were isolated by a modification of a protoplast 
method as known by those of ordinary skill in the art. 
Membrane preparations from Streptococcus pyogenes and 
Streptococcus equisimilis were also obtained by modifica 
tion of a different protoplast procedure. Membranes were 
incubated at 37° C. in 50 mM sodium and potassium 
phosphate, pH 7.0 with 20 mM MgCl, 1 mM DTE, 120 uM 
UDP-GlcUA and 300 uM UDP-GlcNAc. Incorporation of 
sugar was monitored by using UDP-CIGlcUA (318 moi/ 
mmol; ICN) and/or UDP-HGlcNAc (29.2 Ci/mmol 
NEN). Reactions were terminated by addition of SDS to a 
final concentration of 2% (w/v). Product HA was separated 
from precursors by descending paper chromatography and 
measured by determining incorporated radioactivity at the 
origin. 

C.7 Gel Filtration Analysis 
0187 Radiolabeled HA produced in vitro by membranes 
containing recombinant sehAS or spHAS was analyzed by 
chromatography on a column (0.9x40 cm) of Sephacryl 
S500 HR (Pharmacia Biotech Inc.). Samples (0.4 ml in 200 
mM NaCl, 5 mM Tris-HCl, pH 8.0, plus 0.5% SDS) were 
eluted with 200 mM, NaCl, 5 mM Tris-HCL, and pH 8.0 and 
0.5 ml fractions were assessed for ''C and/or H radioac 
tivity. Authenticity of the HA polysaccharide was assessed 
by treatment of a separate identical sample with the HA 
specific hyaluronate lyase of Streptomyces hyalurolyticus 
(EC 4.2.2.1) at 37° C. for 3 hrs. The digest was then 
subjected to gel filtration. 

C.8 SDS-PAGE and Western Blotting 
0188 SDS-PAGE was performed according to the Laem 
mli method. Electrotransfers to nitrocellulose were per 
formed within standard blotting buffer with 20% methanol 
using a Bio-Rad mini Transblot device. The blots were 
blocked with 2% BSA in TBS. Protein A/G alkaline phos 
phatase conjugate (Pierce) and p-nitroblue tetrazolium/5- 
bromo-4-chloro-3 indolyl phosphate p-toluidine salt were 
used for detection. 

C.9 DNA Sequence and Analysis 
0189 Plasmids were sequenced on both strands using 
fluorescent labeled vector primers. Sequencing reactions 
were performed using a ThermosequenaseTM kit for fluores 
cent labeled primers (with 7-deazaG). Samples were elec 
trophoresed on a Pharmacia ALF Express DNA Sequencer 
and data were analyzed by the ALF Manager Software 
v3.02. Internal regions of inserts were sequenced with 
internal primers using the ABI Prism 377 (Software version 
2.1.1). Ambiguous regions were sequenced manually using 
SequenaseTM 7-deaza DNA polymerase, 7-deaza GTP 
master mix (USB) and C-S dATP (Amersham Life 
Sciences). The sequences obtained were compiled and ana 
lyzed using DNASIS, v2.1 (Hitachi Software Engineering 
Co., Ltd.). The nucleotide and amino acid sequences were 
compared with other sequences in the Genbank and other 
databases. 

C.10 Identification of SeHAS 

0.190) Identification of sehAS was accomplished by uti 
lizing a PCR approach with oligonucleotide primers based 
on several regions of high identity among spHAS, DG42 
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(now known to be a developmentally regulated X. laevis 
HAS and designated XIHAS) and NodC (a Rhizobium 
B-GlcNAc transferase). The XIHAS and NodC proteins are, 
respectively, ~50% and ~10% identical to spHAS. This 
strategy yielded a 459 bp PCR product whose sequence was 
66.4% identical to spHAS, indicating that a Group C homo 
logue (sehAS) of the Group A (spHAS) HA synthase gene 
had been identified. The complete coding region of the gene 
was then reconstructed using a similar PCR-based strategy. 
A final set of PCR primers was then used to amplify the 
complete ORF from genomic DNA. When this 1.2 kb PCR 
fragment was incorporated into the expression vector 
pKK223 and transformed into E. coli SURE cells, HA 
synthetic activity was demonstrated in isolated membranes 
from 5 of the 5 colonies tested. 

0191 The ORF of the reconstructed gene encodes a novel 
predicted protein of 417 amino acids that was not in the 
database and it is two amino acids shorter than spHAS. The 
two bacterial proteins are 72% identical and the nucleic acid 
sequences are 70% identical. The predicted molecular 
weight of the seHAS protein is 47.778 and the predicted 
isoelectric point is at pH 9.1. Recently identified mammalian 
HASs, such as the mouse and human isozymes (mHAS1, 2, 
3, and hHAS1, 2, 3, respectively, in FIG. 2) are similar to the 
bacterial proteins. The overall identity between the two 
groups is ~28-31%, and in addition many amino acids in 
seHAS are highly conserved with those of the eukaryotic 
HASs (e.g., K/R or D/E substitutions). A98R, the PBCY-1 
HAS is 28-33 percent identical to the mammalian HASs, and 
is predicted to have a similar topology in the lipid mem 
brane. Within mammalian species the same family members 
are almost completely identical (e.g., muHAS1 and huHAS1 
are 95% identical; muPIAS2 and huHAS2 are 98% identi 
cal). However, and as shown in FIG. 3, even within the same 
species the different HAS family members are more diver 
gent (e.g., muHAS1 and muHAS2 are 53% identical; 
muHAS1 and muHAS3 are 57% identical; muHAS2 and 
muHAS3 are 71% identical). 

0.192 FIG. 11 shows the hydropathy plot for seHAS and 
predicted membrane topology. The hydrophilicity plot for 
the Streptococcal Group C HAS was generated by the 
method of Kyte and Doolittle (J. Mol. Biol. 157, 105, 1982) 
using DNASIS. The protein is predicted to be an integral 
membrane protein. 

0193 FIG. 12 shows a model for the topologic organi 
zation of sehAS in the membrane. The proposed topology 
for the protein conforms to the charge-in rule and puts the 
large central domain inside. This domain is likely to contain 
most of the substrate binding and catalytic functions of the 
enzyme. Cys’ in seHAS, which is conserved in all HAS 
family members, as well as the other three cysteines are 
shown in the central domain. Cys' is a critical residue 
whose alteration can dramatically alter the size distribution 
of HA product synthesized by the enzyme. 

0194 The overall membrane topology predicted for 
seHAS is identical to that for spHAS and the eukaryotic 
HASs reported thus far. The protein has two putative trans 
membrane domains at the amino terminus and 2-3 mem 
brane-associated or transmembrane domains at the carboxyl 
end. The hydropathy plots for the two Streptococcal 
enzymes are virtually identical and illustrate the difficulty in 
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predicting the topology of the extremely hydrophobic region 
of -90 residues at K R in seHAS (K K in 
spHAS). 

0.195 seHAS was efficiently expressed in E. coli cells. 
Roughly 10% of the total membrane protein was seHAS as 
assessed by staining of SDS-PAGE gels (FIG. 5). The 
prominent SeHAS band at 42 kD is quantitatively missing in 
the vector-only control lane. This unusually high level of 
expression for a membrane protein is also found for spHAS, 
using the same vector in SURE cells. About 8% of the 
membrane protein is spHAS in E. coli SURE cells. In 
contrast, the amount of seHAS in Group C membranes is not 
more than 1% of the total membrane protein. The spHAS in 
Group A membranes is barely detectable. The recombinant 
seHAS expressed in E. coli SURE cells does not synthesize 
HA in vivo, since these cells lack UDP-GlcUA, one of the 
required Substrates. However, membranes containing the 
recombinant seHAS protein synthesize HA when provided 
with the substrates UDP-GlcNAc and UDP-GlcUA (FIG. 
13). 
0.196 FIG. 13 shows the synthesis of authentic HA by 
recombinant seHAS. E. coli membranes (69 lug) prepared 
from cells containing recombinant seHAS or vector alone 
were incubated at 37° C. for 1 hour with 700 uM UDP-H 
GlcNAc (2.78x10 dpm/nmol; O.) and 300 uM UDP 
'''CGlcUA (3.83x10 dpm/nmol; O,O) in a final volume 
of 200 ul as described herein. The enzyme reaction was 
stopped by addition of EDTA to a final concentration of 25 
mM. Half the reaction mix was treated with Streptomyces 
hyaluronidase at 37° C. for 3 hours. SDS (2%, w/v) was 
added to hyaluronidase-treated (O.D) and untreated (O.) 
samples, which were heated at 90° C. for 1 min. The samples 
were diluted to 500 ul with column buffer (5 mM Tris, 0.2 
MNaCl, pH 8.0), clarified by centrifugation and 200 ul was 
injected onto a Sephacryl S-500 HR column. Fractions (1 
ml) were collected and radioactivity was determined. BD is 
the peak elution position of blue dextran (-2x10 DA; 
Pharmacia). V marks the excluded volume and V, the 
included volume. The ratio of ''cGlcUA: H GlcNAc 
incorporated into the total amount of HA fractionated on the 
column is 1.4, which is identical to the ratio of specific 
activities of the two substrates. Therefore, the molar ratios of 
the Sugars incorporated into product is 1:1 as predicted for 
authentic HA. Membranes from cells transformed with 
vector alone did not synthesize HA. 

0197) Using 120 uM UDP-GlcuA and 300 uM UDP 
GlcNAc, HA synthesis was linear with membrane protein (at 
s0.2 Lug) and for at least 1 hour. Also, membranes prepared 
from nontransformed cells or cells transformed with vector 
alone have no detectable HAS activity. HA synthesis is 
negligible if Mg is chelated with EDTA (<5% of control) 
or if either of the two substrates are omitted (-2% of 
control). Recombinant seHAS also showed the expected 
specificity for Sugar nucleotide Substrates, being unable to 
copolymerize either UDP-GalA, UDP-Glc or UDP-GalNAc 
with either of the two normal substrates (Table II). 
0198 Based on gel filtration analysis, the average mass 
of the HA synthesized by sehAS in isolated membranes is 
5-10x10 Da. The product of the recombinant seHAS is 
judged to be authentic HA based on the equimolar incorpo 
ration of both Sugars and its sensitivity to degradation by the 
specific Streptomyces hyaluronidase (FIG. 13). Although the 
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conditions for total HA synthesis were not optimal (since 
~90% of one substrate was incorporated into product), the 
enzyme produced a broad distribution of HA chain lengths. 
The peak fraction corresponds to an HA mass of 7.5x10° Da 
which is a polymer containing approximately 36,000 mono 
meric sugars. The distribution of HA sizes resolved on this 
column ranged from 2-20x10 Da. 
0199 The deduced protein sequence of seHAS was con 
firmed by the ability of antibodies to the spHAS protein to 
cross-react with the Group C protein (FIG. 9). Polyclonal 
antibodies to the whole spHAS protein or to just the central 
domain of spHAS also reacted with the seHAS protein. 
Antipeptide antibody to the C-terminus of spHAS did not 
cross-react with this somewhat divergent region in the 
seHAS protein. However, antipeptide antibody directed 
against the spHAS sequence E''-T' recognized the same 
predicted sequence in seHAS. The antipeptide antibody also 
reacts with the native seHAS and spHAS proteins in Strep 
tococcal membranes and confirms that the native and recom 
binant enzymes from both species are of identical size. Like 
the SpHAS protein, SeHAS migrates anomalously fast on 
SDS-PAGE. Although the calculated mass is 47,778 Da, the 
M, by SDS-PAGE is consistently ~42 kDa. 
0200 Because of the sequence identity within their cen 

tral domain regions and the overall identical structure pre 
dicted for the two bacterial enzymes, the peptide-specific 
antibody against the region E''-T' can be used to nor 
malize for HAS protein expression in membranes prepared 
from cells transformed with genes for the two different 
enzymes. Using this approach, membranes with essentially 
identical amounts of recombinant spHAS or seHAS were 
compared with respect to the initial rate of HA synthesis and 
the distribution of HA product size. 

0201 As shown for spHAS, the synthesis of HA chains 
by SeHAS is processive. The enzymes appear to stay asso 
ciated with a growing HA chain until it is released as a final 
product. Therefore, it is possible to compare the rates of HA 
elongation by seHAS and spHAS by monitoring the size 
distribution of HA chains produced at early times, during the 
first round of HA chain synthesis. Based on gel filtration 
analysis of HA product sizes at various times, we estimated 
that the average rate elongation by seHAS is about 9,000 
monosaccharides/minute at 37° C. (FIG. 10). In five min 
utes, the enzymes can polymerize an HA chain of 5-10x10 
Da. During a 60 min incubation, therefore, each enzyme 
molecule could potentially initiate, complete and release on 
the order of 5-8 such large HA molecules. At early times 
(e.g., is 1 min), reflecting elongation of the first HA chains, 
the size distribution of HA produced by sehAS was shifted 
to larger species compared to spHAS. By 60 min the two 
distributions of HA product sizes are indistinguishable. 

0202 The cloned seHAS represents the authentic Group 
CHA synthase. Previously reported or disclosed “Group C 
proteins are, therefore, not the true Group C HAS. The 
seHAS protein is homologous to nine of the currently known 
HA synthases from bacteria, vertebrates, and a virus that 
now comprise this rapidly growing HA synthase family. This 
homology is shown particularly in FIG. 2. In mammals three 
genes, designated HAS1, HAS2 and HAS3, have been 
identified and mapped to three different chromosomes in 
both human and mouse. In amphibians the only HAS protein 
identified thus far is the developmentally regulated DG42, 
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which was cloned in 1988 and recently shown to encode the 
HA synthase activity by analysis of the recombinant protein 
in yeast membranes. Probably other X. laevis HAS genes 
will soon be identified. 

0203 A divergent evolution model suggests that a primi 
tive bacterial HAS precursor may have been usurped early 
during vertebrate development, or the bacterial pathogenic 
strategy of making an HA capsule was developed when a 
primitive bacteria captured a primordial HAS. Convergent 
evolution of the bacterial and eukaryotic HAS enzymes to a 
common structural Solution seems unlikely, but may have 
occurred. 

0204 At least ten identified HAS proteins are predicted 
to be membrane proteins with a similar topology. HA 
synthesis occurs at the plasma membrane and the HA is 
either shed into the medium or remains cell associated to 
form the bacterial capsule or a eukaryotic pericellular coat. 
The Sugar nucleotide Substrates in the cytoplasm are utilized 
to assemble HA chains that are extruded through the mem 
brane to the external space. 
0205 The protein topology in the very hydrophobic 
carboxyl portion of the HAS protein appears to be critical in 
understanding how the enzymes extend the growing HA 
chain as it is simultaneously extruded through the mem 
brane. For example, the unprecedented enzymatic activity 
may require unusual and complex interactions of the protein 
with the lipid bilayer. Preliminary results based on analysis 
of spHAS-alkaline phosphatase fusion proteins indicate that 
the amino and carboxyl termini and the large central 
domains are all intracellular, as shown in FIGS. 11 and 12. 
The SeHAS protein also contains a large central domain 
(-63% of the total protein) that appears to contain the two 
Substrate binding sites and the two glycosyltransferase 
activities needed for HA synthesis. Although current soft 
ware programs cannot reliably predict the number or nature 
of membrane-associated domains within the long C-terminal 
hydrophobic stretch, the proposed topological arrangement 
agrees with the present evidence and applies as well to the 
eukaryotic enzymes, which are ~40% larger primarily due to 
extension of the C-terminal end of the protein with 2 
additional predicted transmembrane domains. 
0206 Four of the six Cys residues in spHAS are con 
served with seHAS. Only Cys225 in spHAS and Cys224 in 
seHAS is conserved in all members of the HAS family. 
Since sulfhydryl reactive agents, such as p-mercurobenzoate 
or NEM, greatly inhibit HAS activity, it is likely that this 
conserved CyS is necessary or important for enzyme activity. 
Initial results from site-directed mutagenesis studies, how 
ever, indicate that a C225S mutant of spHAS is not inactive, 
it retains 5-10% of wildtype activity. 
0207. The recognition of nucleic acid sequences encod 
ing only seHAS, only spHAS, or both sehAS and spHAS 
using specific oligonucleotides is shown in FIG. 14. Three 
pairs of sense-antisense oligonucleotides were designed 
based on the sequence of SEQ ID NO:1 and the coding 
sequence for spHAS. The seHAS based nucleic acid seg 
ments (se 1-se2 and sesp1-sesp2, SEQ ID NOS:3-6, respec 
tively) are indicated in FIG. 15. These three oligonucleotide 
pairs were hybridized under typical PCR reactions with 
genomic DNA from either Group C (seHAS) (lanes 2, 4, and 
6) or Group A (spHAS) (lanes 3.5, and 7) streptococci. 
Lanes 1 and 8 indicate the positions of MW standards in kb 
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(kilobases). The PCR reactions were performed using Taq 
DNA polymerase (from Promega) for 25 cycles as follows: 
94 degrees Celsius for 1 minute to achieve DNA denatur 
ation, 48 degrees Celsius (42 degrees Celsius for the smaller 
common Sesp primers) for 1 minute to allow hybridization, 
and 72 degrees Celsius for 1.5 minutes for DNA synthesis. 
The PCR reaction mixtures were then separated by electro 
phoresis on a 1% agarose gel. 
0208. The se1-se2 primer pair was designed to be 
uniquely specific for the Group C HAS (seHAS). The 
sp1-sp2 primer pair was designed to be uniquely specific for 
the Group A HAS (spHAS). The sesp1-sesp2 primer pair 
was designed to hybridize to both the Group A and Group C 
HAS nucleic acid sequences. All three primer pairs behaved 
as expected, showing the appropriate ability to cross-hybrid 
ize and support the generation of PCR products that were 
specific and/or unique. 
0209. The oligonucleotides used for specific PCR or 
hybridization are shown in FIG. 15. Corresponding regions 
of SEQ ID NO:1 are indicated for each of the synthetic 
oligonucleotides of SEQID NOS: 3, 4, 5, and 6. Each of the 
four oligonucleotides will hybridize specifically with the 
SeHAS sequence and the appropriate pairs of sense/antisense 
primers are Suitable for use in the polymerase chain reaction 
as shown in FIG. 14. 

Expression of seHAS in Bacillus subtilis 

0210 FIGS. 16A and 16B demonstrate recombinant HA 
production from seHAS in a Bacillus subtilis strain, B. 
subtilis 168, as evidenced by gel filtration chromatography. 
FIG. 16A is a plot that compares production of HA in 
Bacillus subtilis 168 transformed with pSM143 vector alone 
to a Bacillus subtilis 168 transformed with pSM143 con 
taining sehAS. The production of HA can be visualized by 
the peak between about 13.5 minutes to about 16 minutes. 
FIG. 16B is an enlargement of this peak to omit the large 
peak caused by radiolabeled protein and Sugar that was not 
incorporated into HA, which can be seen between about 16.5 
minutes to about 20 minutes in FIG. 16A. Gel filtration 
analysis of recombinant HA production by spHAS in Bacil 
lus subtilis 

0211 FIG. 17A demonstrates nutritional control of the 
size distribution of recombinant HA produced by spHAS in 
Bacillus subtilis. Bacillus subtilis 168 (ppD41A5), encoding 
the spHAS enzyme, was cultured in Luria Bertani broth 
(LB) and produced HA that eluted out of the gel filtration 
column at an earlier time point (peaking at 13.48 minutes) 
than the same strain cultured in SpizZizens media (Sp) 
(peaking at about 14.43 minutes). These two cultures were 
grown in parallel, but larger HA is produced by the bacteria 
grown in LB. Radioactivity of the tritiated HA is quantitated 
by disintegration per second (DPS). This negative control 
show that normally B. subtilis does not produce HA. The HA 
peak made by B. subtilis transformed with spHAS is sensi 
tive to the specific HA lyase but not protease. 
0212. Therefore, one can alter the molecular weight of 
HA produced in a recombinant host cell by varying the 
media in which the host cell is grown. For example, by 
growing the recombinant host cell in a complex media, Such 
as LB (Luria-Bertani), Terrific Broth, NZCYM, SOB, SOC 
or 2xYT media, a larger molecular weight HA molecule will 
be produced as compared to HA produced by a recombinant 
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host cell grown on a chemically defined media, Such as 
Spizzizens media or M9 minimal media. The size of HA can 
also be varied by the carbon Source Supplied, such as 
glucose. 

0213 FIG. 17B shows the resulting difference in peak 
appearance when utilizing the Bacillus subtilis 168 contain 
ing spHAS and the Bacillus subtilis that contains the vector 
alone. 

0214 Media samples obtained after in vivo labeling of 
Bacillus subtilis with H glucosamine were analyzed by gel 
filtration analysis. By utilizing this method, it is possible to 
determine relative size and amount of hyaluronic acid (HA) 
produced by the bacteria. All samples were clarified by 
centrifugation at 16,000xg for 5 minutes prior to gel filtra 
tion. Radioactive components were detected with a LB508 
Radioflow Detector (EG & G Berthold) and Zinsser cocktail 
(1.8 ml/min). 
0215. The size of HA polymers was analyzed by chro 
matography on a Phenomenex PolySep-GFC-P 5000 or 
6000 column (300x7.8 mm) eluted with 0.2 M sodium 
nitrate at 0.6 ml/min on a Waters 600E system. The columns 
were standardized with various size dextrans (580, 145, 50. 
and 20 kDa) or MANT-labeled HA (DeAngelis, 2001) with 
average molecular weights of 600 and 80 kDa by MALLS. 
For the MALLS, the HA polymers (100 ug) were first loaded 
on two tandem Toso Biosep TSK-GEL columns 
(6000PWXL followed by 4000PWXL: each 7.8 mm'30 cm; 
Japan) and eluted in 50 mM sodium phosphate, 150 mM 
NaCl, pH 7 at 0.5 ml/min. The eluant flowed through an 
Optilab DSP interferometric refractometer and then a Dawn 
DSF laser photometer (632.8 mm; Wyatt Technology, Santa 
Barbara, Calif.) in the multi-angle mode. The manufactur 
er's Software package was used to determine the absolute 
average molecular weight using a dn/dC coefficient of 0.153. 
0216) The HA standards were made by sub-stoichiomet 
ric labeling (1 MANT/~50 monosaccharides) of hydroxyl 
groups on the streptococcal HA polysaccharide with N-me 
thylisatoic anhydride. The 600 kDa standard was obtained 
by subfractionation of bulk HA using preparative HPLC. 
Extended ultrasonication (2 minute intervals for 30 minutes 
total, 1% acetone in water, on ice) of the bulk HA with a 
Heat Systems-Ultrasonic W-380 sonicator with a microtip 
(power setting 4) was used to produce the 80 kDa standard. 

Heterologous Expression of P. multocida HAS 

0217. The PmHAS ORF in the pPm7A insert was ampli 
fied by 13 cycles of PCR with Taq polymerase (Fisher) and 
primers corresponding to the sequence near the deduced 
amino and carboxyl termini (codons in capitals: sense, 
5'-gcgaattcaaaggacagaaaaTGAACACATTATCACAAG-3', 
and antisense, 5'-gggaattctgcagttaTAGAGTTATAC 
TATTAATAATGAAC-3'; start and stop codons, respec 
tively, in bold). Codon 2 (T to C) was altered (italic 
lowercase) to increase protein production in E. coli. The 
primers also contained EcoRI and PstI restriction sites 
(underlined) to facilitate cloning into the expression plasmid 
pKK223-3 (tac promoter: Pharmacia). The resulting recom 
binant construct, pPmHAS, was transformed into E. coli 
SURE cells (Stratagene), and this strain was used as the 
Source of membrane preparations for in vitro HAS assays. 
Log phase cultures (LB broth, 30°C.) were induced with 0.5 
mM isopropylthiogalactoside for 3 hours before harvest. 
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The plasmid was also transformed into E. coli K5; the 
resulting strain was examined for the presence of capsule by 
light microscopy and buoyant density centrifugation. The 
K5 bacterial cultures were not induced routinely as IPTG 
addition did not increase HA levels in LB or defined media 
significantly. The K5 bacteria are useful foreign hosts 
because they contain polysaccharide transport proteins and 
machinery that interact with pmHAS during HA synthesis: 
these proteins facilitate HA transport out of the cell. 
0218. Membranes derived from E. coli SURE cells con 
taining the pPmHAS plasmid, but not samples from cells 
with the vector pKK223-3 alone, synthesized HA in vitro 
when supplied with both UDP-GlcUA and UDP-GlcNAc 
(25 vs. 1.5 pMol GlcUA transfer mg of protein-1hr-1, 
respectively). No incorporation of ''CGlcA was observed 
if UDP-GlcNAc was omitted or if divalent metal ions were 
chelated with EDTA. The HAS activity derived from recom 
binant HAS was similar to the enzyme obtained from 
wild-type P multocida membranes as Mn" stimulated at 
least ten-fold more activity than Mg". 
0219 Cultures of recombinant E. coli were also tested for 
the presence of HA polysaccharide with a radiometric assay 
utilizing labeled HA-binding protein. E. coli K5 with pPm 
HAS produced 460 ug/ml HA per A600. K5 cells with 
pKK223-3 vector alone did not produce HA (0.01 ug/ml 
HA per A600). For comparison, wild-type P. multocida 
P-1059 grown in the same media produced 1,100 ug/ml HA 
per A600. E. coli K5 with pPmHAS produced such high 
levels of HA that the cells became encapsulated (FIG. 18A). 
The radius of the capsule of the recombinant strain was 
~0.2-0.5 um (assuming a bacterial cell width of 0.5 Lm). 
This capsule could be removed by treatment with either 
ovine testicular hyaluronidase or Streptomyces HA lyase 
(FIG. 18B). Neither the native K5 host strain nor transfor 
mants containing pKK223-3 vector possessed a readily 
observable capsule as determined by light microscopy. K5 
cells with pPmHAS were also deemed encapsulated by 
buoyant density centrifugation. The recombinant cells 
floated on top of the 58% Percoll cushion, while the vector 
control cells or hyaluronidase-treated recombinant cells pel 
leted through the Percoll cushion (not shown). 

Role of Glycosyltransferases in Transport During 
Capsular Biosynthesis 

0220 Glycosyltransferases catalyze the formation of the 
repeating GAG backbone, but in certain cases, these same 
polypeptides may also play roles in transporting the polymer 
across the cell membrane. The Gram-positive Group A and 
C Streptococcus possess only one lipid membrane and the 
capsule operon encodes the synthase and two enzymes for 
UDP-GlcUA production, UDP-glucose dehydrogenase and 
UDP-glucose pyrophosphorylase (~4 kilobases of DNA; 
Crater and van de Rijn, 1995). Topological analyses of a 
series of Streptococcal spHAS fusion proteins containing 
reporter enzymes indicate that this synthase spans the 
bilayer at least four times and is intimately associated with 
the membrane (Heldermon et al., 2001) (FIG. 19). From 
biochemical and biophysical analyses, it appears that a 
complex composed of a monomer of the spHAS or seHAS 
polypeptide and ~16 lipid molecules catalyzes the transfer of 
both UDP-sugars to the nascent HA chain (Tlapak-Simmons 
et al., 1998). It was speculated that spHAS or seHAS, small 
integral membrane polypeptides, would require the assis 
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tance of the lipids to facilitate transport of the growing HA 
polymer chain across the hydrophobic core of the bilayer by 
creating a protein/lipid pore. 
0221) On the other hand, the Gram-negative bacteria 
capable of GAG biosynthesis, Escherichia coli and Pas 
teurella multocida, possess two lipid membranes, and their 
capsule loci encode many transport-associated proteins in 
addition to the glycosyltransferases and the UDP-GlcUA 
forming enzymes (~10-18 kilobases; Roberts, 1996; 
Townsend et al., 2001). Although many details are not well 
understood, in the best-studied model, the E. coli Group II 
capsular system, it appears that transport of the nascent 
polymer chain requires an apparatus composed of at least 7 
distinct polypeptide species (Whitfield and Roberts, 1999; 
Silver et al., 2001). Briefly, a complex containing KpsC.M. 
ST assembles on the inner membrane and interacts with the 
KfiA.B.C catalytic complex. KpsM and T form the ATP 
binding cassette (ABC) transporter. A periplasmic protein, 
KpsD, and a dimer of another inner membrane protein, 
KpsE, help transport the polymer across the periplasmic 
space (Arrecubieta, 2001). A porin complex in the outer 
membrane is recruited to transport the growing polysaccha 
ride chain out of the cell. 

0222 Certain Kps mutants polymerize the capsular 
polysaccharide chain, but possess faulty translocation result 
ing in polymer accumulation in the cytoplasm or periplasm. 
P. multocida is also thought to have a Group II-like transport 
system based on the sequence similarities and gene arrange 
ment of its putative transport proteins to the E. coli proteins. 
0223) In the case of pmHAS and pmCS, the carboxyl 
terminal tail is likely to contain a docking segment that 
interacts with the transport mechanism (Jing and DeAngelis, 
2000) (FIG. 19), which is expressly incorporated herein in 
its entirety. 

Streptococcus uberis HAS 
0224 FIG. 21 illustrates the PCR amplification of the 
HAS gene from four separate mucoid colonies of S. uberis. 
For each sample, a band was apparent at the expected size 
of about 1.25 kb, corresponding to the complete reading 
frame of suHAS plus restriction sites that were added by the 
PCR amplification. 
0225 FIG. 22 illustrates HA synthase activity from S. 
pyogenes, S. equisimilis, and S. uberis. 

Other Identified HAS Sequences 

0226. In addition to the HAS sequences which have been 
disclosed herein and illustrated in the alignment of FIG. 2, 
other HAS sequences have been identified that may be 
utilized in the methods of production of HA in a Bacillus 
species of the present invention. For example, SEQ ID 
NOS:15 and 16 disclose the nucleotide and amino acid 
sequences, respectively, for an HA synthase found in the 
archaebacteria Sulfolobus solfactaricus. The isolation of this 
HA synthase from an extremophile provides a HAS having 
better stability and faster kinetics than the HA synthases 
previously described herein due to its ability to function in 
high temperatures, i.e., about 75° C. 
0227. A group of genes similar to the Streptococcal 
has ABC operon has been identified in the Bacillus anthracis 
plasmid pXO1, which harbors the anthrax toxin genes. 
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However, the order of the genes in pXO1 are A, C, B. The 
complete sequence for the pXO1 plasmid is under Accession 
No. AF065404, and the sequence similar to has.A is ORF 93 
of this sequence and starts at 111374 and stops at 112474. 
SEQID NOS:17 and 18 represent the nucleotide and amino 
acid sequences, respectively, of the gene similar to has.A 
identified in B. anthracis pXO1. There are no reports of a 
polysaccharide capsule in B. anthracis, and therefore Oki 
naka et al., the group that identified these genes, believes that 
pXO1 ORFs 93, 94 and 95 are examples of nonfunctional 
genes that have yet to decay away (J. Bacteriol. 181:6509 
(1999)). 
0228. A third putative HAS has been identified in a virus 
that infects the brown algae Ectocarpus siliculosus. The 
amino acid and nucleotide sequences can be found in SEQ 
ID NOS:19 and 20, respectively. This case is probably 
similar to the cvHAS of PBCV-1 virus. 

0229. One method of demonstrating HA synthase activity 
(native or recombinant) for any putative HA synthase 
involves growing the bacteria in liquid culture, extracting 
the polysaccharide fraction (i.e., cationic detergent precipi 
tation/high Salt extraction/alcohol precipitation/redissolve in 
water/solvent extraction/alcohol precipitation), and analysis 
of the monosaccharide composition after acid hydrolysis. 
Further analysis includes agarose gel electrophoresis of 
intact polymers and enzyme-treated samples (HA lyase, 

SEQUENCE LISTING 

<160> NUMBER OF SEQ ID NOS: 20 

<210> SEQ ID NO 1 
<211& LENGTH 1254 
&212> TYPE DNA 
<213> ORGANISM: Streptococcus equisimilis 

<400 SEQUENCE: 1 
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chondroitinase, etc.). Also, biological assay using specific 
HA binding proteins in an ELISA or competition format are 
useful. To test for enzyme, membranes are prepared from 
cells, various UDP-sugar substrates are provided and then 
incorporation into polymer is analyzed, followed by chro 
matography and/or electrophoresis. Heterologous expres 
sion is observed by preparing a gene cassette using PCR 
with primers and genomic DNA that allows for cloning the 
ORF into an expression vector. Various hosts can be trans 
formed with such vector, and the resulting recombinant cells 
can be analyzed for polysaccharide and/or enzyme as 
described herein previously. 

0230 Thus it should be apparent that there has been 
provided in accordance with the present invention a recom 
binant host cell having a purified nucleic acid segment 
having a coding region encoding enzymatically active HAS 
introduced therein, as well as methods of producing hyalu 
ronic acid from the recombinant host cell, that fully satisfies 
the objectives and advantages set forth above. Although the 
invention has been described in conjunction with specific 
embodiments thereof, it is evident that many alternatives, 
modifications, and variations will be apparent to those 
skilled in the art. Accordingly, it is intended to embrace all 
Such alternatives, modifications, and variations that fall 
within the spirit and broad scope of the appended claims. 

atgagaacat taaaaaacct cataactgtt gtggcctitta gtatttitttg gg tactgttg 60 

atttacgtoa atgtttatct ctittggtgct aaaggaagct totcaattta to gotttittg 120 

ctgatagott acctattagt caaaatgtcc ttatccttitt tttacaagcc atttaaggga 18O 

agggctgggc aatataaggt to cago catt attccct citt ataacgaaga toctagtica 240 

ttgctagaga cottaaaaag togttcagoag caaaccitatic coctagoaga aattitatgtt 3OO 

gttgacgatg galagtgctga toaga caggt attaag.cgca ttgaag act a totgcgtgac 360 

actggtgacc tatcaa.gcaa totcattgtt catcggtoag agaaaaatca aggaaag.cgt. 420 

catgcacagg cctoggc citt togaaagatca gacgctgat g totttittgac cqttgactica 480 

gatacittata totaccctga toctittagag gagttgttaa aaac ctittaa to accolaact 540 

gtttittgct g c gacggg to a cottaatgtc. agaaatagac aaac caatct citta acacgc 600 

ttgacagata titc.gctatoa taatgcttitt gg.cgttgaac gagctg.ccca atcc gttaca 660 

ggtaatatoc ttgtttgctic aggtocgctt agcgtttaca gacgc.gaggt ggttgttcct 720 

aacatagata gatacatcaa coag acctitc citggg tatto citgtaagtat tdgtgatgac 78O 

aggtgcttga ccaactatoc aactgattta ggaaag act g tittatcaatc. cactgctaaa 840 

tgt attacag atgttcc to a caagatgtct acttacittga agcagoaaaa cogctggaac 9 OO 
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-continued 

aagttccttct ttagagagtc. cattatttct gttaagaaaa toatgaacaa toctitttgta 96.O 

gcc.ctatoga ccatacttga ggtgtctato tittat gatgc titgtttatto tdtggtggat 1020 

ttctttgtag goaatgtcag agaatttgat tdgcticaggg ttittagoctt totggtgatt 1080 

atctitcattg ttgccctgtg toggaacatt cattacatgc titaag caccc gctgtc.ctitc 1140 

ttgttatcto cqttittatgg g g togctgcat ttgtttgtcc tacagocctt gaaattatat 1200 

totcitttitta citattagaaa togctdactgg ggaac acgta aaaaattatt ataa 1254 

<210> SEQ ID NO 2 
&2 11s LENGTH 417 
&212> TYPE PRT 
<213> ORGANISM: Streptococcus equisimilis 

<400 SEQUENCE: 2 

Met Arg Thr Leu Lys Asn Leu Ile Thr Val Val Ala Phe Ser Ile Phe 
1 5 10 15 

Trp Val Leu Leu Ile Tyr Val Asn Val Tyr Leu Phe Gly Ala Lys Gly 
2O 25 30 

Ser Lieu Ser Ile Tyr Gly Phe Lieu Lieu. Ile Ala Tyr Lieu Lieu Val Lys 
35 40 45 

Met Ser Leu Ser Phe Phe Tyr Lys Pro Phe Lys Gly Arg Ala Gly Glin 
50 55 60 

Tyr Lys Val Ala Ala Ile Ile Pro Ser Tyr Asn. Glu Asp Ala Glu Ser 
65 70 75 8O 

Leu Leu Glu Thr Leu Lys Ser Val Glin Glin Gln Thr Tyr Pro Leu Ala 
85 90 95 

Glu Ile Tyr Val Val Asp Asp Gly Ser Ala Asp Glu Thr Gly Ile Lys 
100 105 110 

Arg Ile Glu Asp Tyr Val Arg Asp Thr Gly Asp Leu Ser Ser Asn Val 
115 120 125 

Ile Val His Arg Ser Glu Lys Asn Glin Gly Lys Arg His Ala Glin Ala 
130 135 1 4 0 

Trp Ala Phe Glu Arg Ser Asp Ala Asp Val Phe Lieu. Thr Val Asp Ser 
145 15 O 155 160 

Asp Thr Tyr Ile Tyr Pro Asp Ala Lieu Glu Glu Lieu Lleu Lys Thr Phe 
1.65 170 175 

Asn Asp Pro Thr Val Phe Ala Ala Thr Gly His Lieu. Asn Val Arg Asn 
18O 185 19 O 

Arg Glin Thr Asn Lieu Lieu. Thr Arg Lieu. Thir Asp Ile Arg Tyr Asp Asn 
195 200 2O5 

Ala Phe Gly Val Glu Arg Ala Ala Glin Ser Val Thr Gly Asn. Ile Leu 
210 215 220 

Val Cys Ser Gly Pro Leu Ser Val Tyr Arg Arg Glu Val Val Val Pro 
225 230 235 240 

Asn Ile Asp Arg Tyr Ile Asin Gln Thr Phe Leu Gly Ile Pro Val Ser 
245 250 255 

Ile Gly Asp Asp Arg Cys Lieu. Thir Asn Tyr Ala Thr Asp Leu Gly Lys 
260 265 27 O 

Thr Val Tyr Glin Ser Thr Ala Lys Cys Ile Thr Asp Val Pro Asp Lys 
275 280 285 

Met Ser Thr Tyr Leu Lys Glin Glin Asn Arg Trp Asn Lys Ser Phe Phe 
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-continued 

29 O 295 3OO 

Arg Glu Ser Ile Ile Ser Val Lys Lys Ile Met Asn Asn Pro Phe Val 
305 310 315 320 

Ala Leu Trp Thr Ile Leu Glu Val Ser Met Phe Met Met Leu Val Tyr 
325 330 335 

Ser Val Val Asp Phe Phe Val Gly Asn Val Arg Glu Phe Asp Trp Leu 
340 345 35 O 

Arg Val Lieu Ala Phe Lieu Val Ile Ile Phe Ile Val Ala Lieu. Cys Arg 
355 360 365 

Asn Ile His Tyr Met Leu Lys His Pro Leu Ser Phe Leu Leu Ser Pro 
370 375 38O 

Phe Tyr Gly Val Leu. His Leu Phe Val Leu Gln Pro Leu Lys Leu Tyr 
385 390 395 400 

Ser Lieu Phe Thir Ile Arg Asn Ala Asp Trp Gly Thr Arg Lys Lys Lieu 
405 410 415 

Teu 

<210> SEQ ID NO 3 
<211& LENGTH 22 
&212> TYPE DNA 
<213> ORGANISM: Sreptococcus equisimilis 

<400 SEQUENCE: 3 

gctgatgaga cagg tattaa go 22 

<210> SEQ ID NO 4 
&2 11s LENGTH 2.0 
&212> TYPE DNA 
<213> ORGANISM: Streptococcus equisimilis 

<400 SEQUENCE: 4 

atcaaattct citgacattgc 20 

<210 SEQ ID NO 5 
&2 11s LENGTH 2.0 
&212> TYPE DNA 
<213> ORGANISM: Streptococcus equisimilis 

<400 SEQUENCE: 5 

gacticagata cittatatota 20 

<210> SEQ ID NO 6 
&2 11s LENGTH 17 
&212> TYPE DNA 
<213> ORGANISM: Streptococcus equisimilis 

<400 SEQUENCE: 6 

tttittacgtg titcccca 17 

<210 SEQ ID NO 7 
&2 11s LENGTH 567 
&212> TYPE PRT 
<213> ORGANISM: Chlorella virus PBCV-1 

<400 SEQUENCE: 7 

Met Gly Lys Asn Ile Ile Ile Met Val Ser Trp Tyr Thr Ile Ile Thr 
1 5 10 15 
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-continued 

Ser Asn Lieu. Ile Ala Val Gly Gly Ala Ser Lieu. Ile Leu Ala Pro Ala 
2O 25 30 

Ile Thr Gly Tyr Val Leu. His Trp Asin Ile Ala Leu Ser Thr Ile Trp 
35 40 45 

Gly Val Ser Ala Tyr Gly Ile Phe Val Phe Gly Phe Phe Leu Ala Glin 
50 55 60 

Val Lieu Phe Ser Glu Lieu. Asn Arg Lys Arg Lieu Arg Lys Trp Ile Ser 
65 70 75 8O 

Leu Arg Pro Lys Gly Trp Asn Asp Val Arg Lieu Ala Val Ile Ile Ala 
85 90 95 

Gly Tyr Arg Glu Asp Pro Tyr Met Phe Glin Lys Cys Leu Glu Ser Val 
100 105 110 

Arg Asp Ser Asp Tyr Gly Asn. Wall Ala Arg Lieu. Ile Cys Val Ile Asp 
115 120 125 

Gly Asp Glu Asp Asp Asp Met Arg Met Ala Ala Val Tyr Lys Ala Ile 
130 135 1 4 0 

Tyr Asn Asp Asn. Ile Lys Lys Pro Glu Phe Val Lieu. Cys Glu Ser Asp 
145 15 O 155 160 

Asp Lys Glu Gly Glu Arg Ile Asp Ser Asp Phe Ser Arg Asp Ile Cys 
1.65 170 175 

Val Lieu Gln Pro His Arg Gly Lys Arg Glu Cys Lieu. Tyr Thr Gly Phe 
18O 185 19 O 

Glin Leu Ala Lys Met Asp Pro Ser Val Asn Ala Val Val Lieu. Ile Asp 
195 200 2O5 

Ser Asp Thr Val Lieu Glu Lys Asp Ala Ile Leu Glu Val Val Tyr Pro 
210 215 220 

Leu Ala Cys Asp Pro Glu Ile Glin Ala Wall Ala Gly Glu Cys Lys Ile 
225 230 235 240 

Trp Asn. Thir Asp Thr Lieu Lleu Ser Lieu Lieu Val Ala Trp Arg Tyr Tyr 
245 250 255 

Ser Ala Phe Cys Val Glu Arg Ser Ala Glin Ser Phe Phe Arg Thr Val 
260 265 27 O 

Glin Cys Val Gly Gly Pro Leu Gly Ala Tyr Lys Asp Ile Ile Lys Glu 
275 280 285 

Ile Lys Asp Pro Trp Ile Ser Glin Arg Phe Leu Gly Glin Lys Cys Thr 
29 O 295 3OO 

Tyr Gly Asp Asp Arg Arg Lieu. Thir Asn. Glu Ile Leu Met Arg Gly Lys 
305 310 315 320 

Lys Val Val Phe Thr Pro Phe Ala Val Gly Trp Ser Asp Ser Pro Thr 
325 330 335 

Asn Val Phe Arg Tyr Ile Val Glin Gln Thr Arg Trp Ser Lys Ser Trp 
340 345 35 O 

Cys Arg Glu Ile Trp Tyr Thr Lieu Phe Ala Ala Trp Lys His Gly Lieu 
355 360 365 

Ser Gly Ile Trp Leu Ala Phe Glu Cys Leu Tyr Glin Ile Thr Tyr Phe 
370 375 38O 

Phe Lieu Val Ile Tyr Lieu Phe Ser Arg Lieu Ala Val Glu Ala Asp Pro 
385 390 395 400 

Arg Ala Glin Thr Ala Thr Val Ile Val Ser Thr Thr Val Ala Leu Ile 
405 410 415 

Lys Cys Gly Tyr Phe Ser Phe Arg Ala Lys Asp Ile Arg Ala Phe Tyr 
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ccitagg gtac goatcatgtc. taalaccaaat gg.cggaatag cct cago atc aaatgcago c 1560 

gtttcttittg citaaaggitta ttacattggg cagttagatt cagatgatta tottgagcct 1620 

gatgcagttgaactgttgttt aaaagaattt ttaaaagata aaacgctago ttgttgttitat 1680 

accactaata gaaacgtcaa toc ggatggit agcttaatcg citaatggitta caattggcca 1740 

gaattittcac gagaaaaact cacaacggct atgattgcto accactittag aatgttcacg 1800 

attagagctt goc atttaac to atggatto: aatgaaaaaa ttgaaaatgc cqtagacitat 1860 

gacatgttcc toaaactcag tdaagttgga aaatttaaac atcttaataa aatctgctat 1920 

aaccgtgitat tacatggtga taa.ca catca attaagaaac ttggcattca aaagaaaaac 1980 

cattttgttg tagtcaatca gtc attaaat agacaaggca taact tatta taattatgac 20 40 

gaatttgatg atttagatga aagtagaaag tatattittca ataaaac cqc togaatat caa 2100 

gaagagattg atatottaaa agatattaaa atcatccaga ataaagatgc caaaatcgca 216 O 

gtoagtattt tittatcccaa tacattaaac ggcttagtga aaaaactaaa caatattatt 2220 

gaatataata aaaatatatt cqttattgtt citacatgttg ataagaatca tottacacca 228O 

gatato aaaa aagaaatact agc ctitctat cataaa.catc aagtgaatat tttactaaat 234. O 

aatgat atct cat attacac gagtaataga ttaataaaaa citgaggcgca tittaagtaat 24 OO 

attaataaat taagttcagtt aaatctaaat tigtgaataca toatttittga taatcatgac 2460 

agcc tattog ttaaaaatga cagotatoct tatatgaaaa aatatgatgt c gg catgaat 252O 

ttct cago at talacacatga ttggatcgag aaaatcaatig cigcatccacc atttaaaaag 258O 

citcattaaaa cittattittaa to acaatgac ttaaaaagta togaatgtgaa agggg catca 264 O 

caagg tatgt titatgacgta toc gottagcg catgagcttctgacgattat taaagaagtic 27 OO 

atca catctt gcc agt caat tdata.gtgtg cca gaatata acact gagga tatttggttc 276 O. 

caatttgcac ttittaatctt agaaaagaaa accggccato tatttaataa alacatcg acc 282O 

citgacittata toccittggga acgaaaatta caatggacaa atgaacaaat tdaaagtgca 2880 

aaaagaggag aaaatatacct gttaacaag titcattatta atagtataac totataa 2937 

<210> SEQ ID NO 10 
&2 11s LENGTH 972 
&212> TYPE PRT 
<213> ORGANISM: pasteurella multocida 

<400 SEQUENCE: 10 

Met Asn. Thir Lieu Ser Glin Ala Ile Lys Ala Tyr Asn. Ser Asn Asp Tyr 
1 5 10 15 

Glin Leu Ala Lieu Lys Lieu Phe Glu Lys Ser Ala Glu Ile Tyr Gly Arg 
2O 25 30 

Lys Ile Val Glu Phe Glin Ile Thr Lys Cys Glin Glu Lys Lieu Ser Ala 
35 40 45 

His Pro Ser Val Asn. Ser Ala His Leu Ser Val Asn Lys Glu Glu Lys 
50 55 60 

Val Asn Val Cys Asp Ser Pro Leu Asp Ile Ala Thr Glin Leu Lleu Lieu 
65 70 75 8O 

Ser Asn. Wall Lys Lys Lieu Val Lieu Ser Asp Ser Glu Lys Asn. Thir Lieu 
85 90 95 

Lys Asn Lys Trp Lys Lieu Lleu Thr Glu Lys Lys Ser Glu Asn Ala Glu 
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100 105 110 

Val Arg Ala Val Ala Lieu Val Pro Lys Asp Phe Pro Lys Asp Lieu Val 
115 120 125 

Leu Ala Pro Leu Pro Asp His Val Asn Asp Phe Thr Trp Tyr Lys Lys 
130 135 1 4 0 

Arg Lys Lys Arg Lieu Gly Ile Llys Pro Glu His Gln His Val Gly Lieu 
145 15 O 155 160 

Ser Ile Ile Val Thr Thr Phe Asin Arg Pro Ala Ile Leu Ser Ile Thr 
1.65 170 175 

Leu Ala Cys Leu Val Asn Gln Lys Thr His Tyr Pro Phe Glu Val Ile 
18O 185 19 O 

Val Thr Asp Asp Gly Ser Glin Glu Asp Leu Ser Pro Ile Ile Arg Glin 
195 200 2O5 

Tyr Glu Asn Lys Lieu. Asp Ile Arg Tyr Val Arg Glin Lys Asp Asn Gly 
210 215 220 

Phe Glin Ala Ser Ala Ala Arg Asn Met Gly Lieu Arg Lieu Ala Lys Tyr 
225 230 235 240 

Asp Phe Ile Gly Lieu Lieu. Asp Cys Asp Met Ala Pro Asn Pro Leu Trip 
245 250 255 

Val His Ser Tyr Val Ala Glu Lieu Lieu Glu Asp Asp Asp Lieu. Thir Ile 
260 265 27 O 

Ile Gly Pro Arg Lys Tyr Ile Asp Thr Gln His Ile Asp Pro Lys Asp 
275 280 285 

Phe Lieu. Asn. Asn Ala Ser Lieu Lieu Glu Ser Lieu Pro Glu Wall Lys Thr 
29 O 295 3OO 

Asn Asn. Ser Val Ala Ala Lys Gly Glu Gly Thr Val Ser Lieu. Asp Trip 
305 310 315 320 

Arg Lieu Glu Glin Phe Glu Lys Thr Glu Asn Lieu Arg Lieu Ser Asp Ser 
325 330 335 

Pro Phe Arg Phe Phe Ala Ala Gly Asn. Wall Ala Phe Ala Lys Lys Trp 
340 345 35 O 

Lieu. Asn Lys Ser Gly Phe Phe Asp Glu Glu Phe Asn His Trp Gly Gly 
355 360 365 

Glu Asp Val Glu Phe Gly Tyr Arg Leu Phe Arg Tyr Gly Ser Phe Phe 
370 375 38O 

Lys Thr Ile Asp Gly Ile Met Ala Tyr His Glin Glu Pro Pro Gly Lys 
385 390 395 400 

Glu Asn. Glu Thir Asp Arg Glu Ala Gly Lys Asn. Ile Thr Lieu. Asp Ile 
405 410 415 

Met Arg Glu Lys Val Pro Tyr Ile Tyr Arg Lys Lieu Lleu Pro Ile Glu 
420 425 43 O 

Asp Ser His Ile Asn Arg Val Pro Leu Val Ser Ile Tyr Ile Pro Ala 
435 4 40 4 45 

Tyr Asn. Cys Ala Asn Tyr Ile Glin Arg Cys Val Asp Ser Ala Lieu. Asn 
450 455 460 

Glin Thr Val Val Asp Leu Glu Val Cys Ile Cys Asn Asp Gly Ser Thr 
465 470 475 480 

Asp Asn. Thir Lieu Glu Val Ile Asn Lys Lieu. Tyr Gly Asn. Asn Pro Arg 
485 490 495 

Val Arg Ile Met Ser Lys Pro Asn Gly Gly Ile Ala Ser Ala Ser Asn 
5 OO 505 51O. 
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Ala Ala Wal Ser Phe Ala Lys Gly Tyr Tyr Ile Gly Glin Lieu. Asp Ser 
515 52O 525 

Asp Asp Tyr Lieu Glu Pro Asp Ala Val Glu Lieu. Cys Lieu Lys Glu Phe 
530 535 540 

Leu Lys Asp Llys Thr Lieu Ala Cys Val Tyr Thr Thr Asn Arg Asn. Wal 
545 550 555 560 

Asn Pro Asp Gly Ser Lieu. Ile Ala Asn Gly Tyr Asn Trp Pro Glu Phe 
565 570 575 

Ser Arg Glu Lys Leu Thir Thr Ala Met Ile Ala His His Phe Arg Met 
58O 585 59 O 

Phe Thir Ile Arg Ala Trp His Lieu. Thir Asp Gly Phe Asn. Glu Lys Ile 
595 600 605 

Glu Asn Ala Val Asp Tyr Asp Met Phe Lieu Lys Lieu Ser Glu Val Gly 
610 615 62O 

Lys Phe Lys His Lieu. Asn Lys Ile Cys Tyr Asn Arg Val Lieu. His Gly 
625 630 635 640 

Asp Asn. Thir Ser Ile Lys Lys Lieu Gly Ile Glin Lys Lys Asn His Phe 
645 650 655 

Val Val Val Asin Gln Ser Leu Asn Arg Glin Gly Ile Thr Tyr Tyr Asn 
660 665 67 O 

Tyr Asp Glu Phe Asp Asp Leu Asp Glu Ser Arg Lys Tyr Ile Phe Asn 
675 680 685 

Lys Thr Ala Glu Tyr Glin Glu Glu Ile Asp Ile Leu Lys Asp Ile Lys 
69 O. 695 7 OO 

Ile Ile Glin Asn Lys Asp Ala Lys Ile Ala Wal Ser Ile Phe Tyr Pro 
705 710 715 720 

Asn Thr Lieu. Asn Gly Lieu Val Lys Lys Lieu. Asn. Asn. Ile Ile Glu Tyr 
725 730 735 

Asn Lys Asn. Ile Phe Val Ile Val Lieu. His Val Asp Lys Asn His Lieu 
740 745 750 

Thr Pro Asp Ile Lys Lys Glu Ile Leu Ala Phe Tyr His Lys His Glin 
755 760 765 

Val Asn. Ile Leu Lleu. Asn. Asn Asp Ile Ser Tyr Tyr Thr Ser Asn Arg 
770 775 78O 

Lieu. Ile Lys Thr Glu Ala His Leu Ser Asn. Ile Asn Lys Lieu Ser Glin 
785 790 795 8OO 

Lieu. Asn Lieu. Asn. Cys Glu Tyr Ile Ile Phe Asp Asn His Asp Ser Lieu 
805 810 815 

Phe Wall Lys Asn Asp Ser Tyr Ala Tyr Met Lys Lys Tyr Asp Val Gly 
820 825 83O 

Met Asn. Phe Ser Ala Lieu. Thr His Asp Trp Ile Glu Lys Ile Asn Ala 
835 840 845 

His Pro Pro Phe Lys Lys Lieu. Ile Lys Thr Tyr Phe Asn Asp Asn Asp 
85 O 855 860 

Leu Lys Ser Met Asn Val Lys Gly Ala Ser Glin Gly Met Phe Met Thr 
865 870 875 88O 

Tyr Ala Lieu Ala His Glu Lieu Lieu. Thir Ile Ile Lys Glu Val Ile Thr 
885 890 895 

Ser Cys Glin Ser Ile Asp Ser Val Pro Glu Tyr Asn Thr Glu Asp Ile 
9 OO 905 910 
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Trp Phe Glin 
915 

Phe Asn Lys 
930 

Gln Trp Thr 
945 

Pro Wall Asn 

Phe Ala Lieu Lleu. Ile 
920 

Thir Ser Thr Lieu. Thr 
935 

Asn Glu Glin Ile Glu 
950 

Lys Phe Ile Ile Asn 
965 

<210> SEQ ID NO 11 
&2 11s LENGTH 34.66 
&212> TYPE DNA 

Leu Glu Lys 

Tyr Met Pro 

Ser Ala Lys 
955 

Ser Ile Thr 
970 

<213> ORGANISM: Streptococcus uberis 

<400 SEQUENCE: 11 

gcaaaagttt 

tatttitcctg 

totalacagtg 

tttittatcgt 

ttataatgag 

to caattgca 

ggtc. galagac 

tgaaaatgtt 

tittcttaa.ca 

gacatttaat 

alactaatcto 

tgctgctoag 

acgttcc.gto 

tgtaag cata 

ttatcagtca 

acaacaaaat 

attagocaca 

agtttattot 

ggttgcttitt 

taag catcca 

gcaaccitctt 

aaag acaagt 

ttctggctat 

tgtagatatt 

tgttgatatt 

cgatcaagca 

ggagaagaat 

aaatagtcag 

alaaggaggaa 

tggctoataa 

tatgggatta 

ccctataaag 

gatggtgtcg 

gaaattitt.cg 

tatgtgaagt 

ggtaaaagac 

gtggattcag 

gatccagagg 

ttalactagac 

totgttacgg 

gg tattocaa 

ggggatgacC 

actgcaagat 

cgttggaata 

ccaagtgttg 

atctittagct 

ttagttatta 

tittgctttitt 

aagatatatt 

aaataattica 

gttggccitat 

attgagaaga 

gaaaactatt 

tittagg gatg 

tttitttgata 

gctttgttag 

titatggaaaa 

ttattgggct 

ttctattaac 

galagtgtagg 

gtttacitaga 

taattgacga 

taaatggCtt 

atgcticaggc 

attacctacat 

totacgctg.c 

tgactgatat 

gaaatattitt 

atcttgaacg 

gttgtttgac 

gtgatact ga 

agtcatttitt 

citgtttggac 

tattgatagg 

ttittcatagt 

tattgtcacc 

cgittatttac 

attagagaaa 

cattalagtgt 

aagtaaatct 

taaaagaaaa 

cagatatact 

citagtcatgt 

ttattaaatc 

actaaaaaat 

taatgtttitt 

citatttgtcg 

totaatataag 

aactctaaag 

tgggtoagta 

tggagacCaa 

ttggg cattt 

citatcct gat 

aactggtoat 

togttacgat 

ggtttgttcc 

citatacctica 

aaattatgca 

cgttccagat 

tagggagtct 

tattacagaa 

agaggctcaa 

agctcitttgt 

gttittatgga 

tataagaaat 

ggacaaaata 

attattagda 

catalaatcaa. 

aaagttacaa 

aattattgct 

tgagact gta 

aac gatacca 

34 

-continued 

Lys Thr Gly. His Val 
925 

Trp Glu Arg Lys Lieu 
940 

Arg Gly Glu Asn. Ile 

Teu 

citcattacat 

gtatttggaa 

ataaaaatgg 

gtag cagcta 

agtgttcaaa 

gataaaa.ca.g 

gttatcgttc 

gaaaggtotg 

gct cittgaag 

ttaaatgcaa. 

aatgcatttg 

ggacotttaa 

caaacatttic 

act gatttgg 

aagtttalagg 

attatctotg 

gtttccatgt 

gaatttaatc 

agaaatgttc 

ttgatacatc 

gctacatggg 

gtgaaaattg 

cagaaaaatc 

aaacaat cac 

tta agagcta 

a CaCCalacca 

attgagaaag 

cittggittitta 

96.O 

titatgactitt 

citaaaggaag 

gattatctitt 

titatic ccatc. 

aacaaacata 

gtataaaatt 

atcagatgcC 

atgct gatgt 

aattattaaa. 

gaaataga.ca 

gtgtagaacg 

gtatttatag 

ttggtgtc.cc 

gaaaaacggit 

tittitcatcaa. 

ttaagaagtt 

tdatcatgct 

toataaaact 

attacatggit 

tattogttitt 

gaacticgtaa 

cagttgcagg 

citgttacagt 

caatcCagga 

citctagacgc 

attat gatgt 

citttagctitt 

ttaaaaagat 

60 

120 

18O 

240 

360 

420 

480 

540 

600 

660 

720 

840 

9 OO 

96.O 

O20 

14 O 

200 

260 

320 

4 40 

5 OO 

560 

680 

Jul. 19, 2007 
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gc gtcaaaaa tat cagacag accgt attat ttittagt coc gaatttctta gaga.gtotaa 1740 

agctittaaaa gataatctitt atcctagtcg aataattgtt toctittgaag atgatgattc 1800 

tatggaagta atagaa.gcag caaag actitt to citcaattg ttaaaagatg gttctittgga 1860 

taaagatgtt cotgtactitt titatgggttc agcagaggct galagcagtaa aattatttgc 1920 

caatacct at ttagctatoc gtgtc.tccita ttittaatgag titagatacat atgctgaaaa 1980 

gaatggttta cqtgtggata atatt attga ggg.cgtttgc catgatcgac goataggaat 20 40 

to attataat aaccottctt ttggctatog aggatactgc titacctaaag ataccaaaca 2100 

gttgctagoa ggctatoatg gtattoctica atc.gcttata aaa.gcaattg ttgattotaa 216 O 

taaaattic git aaagagtata togcatcaca aattittacaa caattgagtg at attaatgt 2220 

agatcc taaa gatgcaacga ttgg tattta cc.gc.cittatc atgaaaagta actctgataa 228O 

tittcagagag agtgcaataa aagatatt at tdatcatatt aagagctato aaattaatat 234. O 

agtc.ttgtat gagccaatga tigaatgaaga ttittgattta ccaatcattg atgattitatic 24 OO 

tgacittcaaa gocatgtcac at attatcgt ttcaaataga tatgatttag ccttagalaga 2460 

tgttaaagaa aaagtttaca ccagagatat ttacggtgtg gattaagttt gatttittaac 252O 

aaatctocaa aaaatagata aaaaaaacag actctgataa aagagtctgt tttittaaaag 258O 

tgtgag catc ctattgctag gatgctoragg aaattitatga aaagg gagat aagagggaac 264 O 

ttatctitcCC Caacggitttg g gagaccatt atttaggata gtcttatcat aagctatoaa. 27 OO 

ccttaaag at ttcttaactc gtttitcgttt g g g tottgtc. tttittaattt tittgatgaga 276 O. 

attaaactitg atggaatgag aatcaggaca citgccitatcc aggctgctgg attagctgaa 282O 

gccacaccala caaaac caaa gtata acagg ccaataatgg cqacticcitgc ticitcatgact 2880 

aatticcataa toccagotaa agtaggaaca aaaccgitato C gag accittgaatgaaactt 2.940 

cittagtataa ataggatggc taaaatccaa taaagagagc cattaatcag ataatagaga 3OOO 

taggctaaat ggaaaa.ca.gc tiggat.ca.gcc titactaatga aaatgccaga gaaaaag.cgg 3060 

tgttggaaaa tta acagaat agcaaaaaga acagaccalaa taatacagat aatgagtgaa 312 O 

totttalagac cctoaaggat tottttataa gotttagcgc catagttctg agctgtaaag 318O 

gttgacaagg citaag.cccag atttalacatc ggtag catgg ccagttgg to tdttt tactg 324 O 

gcaatagoaa tagctg.cg at agctt.cgg to cocaactitat taatggittac citgcagtgta 33OO 

atggcticcaa togctataat act agcct ga aatgc catgg gaaaaccaag go gag catga 3360 

tittctgagat titt.cccitatc aagagtcaaa togtotttct tcagtcggala atgggggatc 342O 

tttttgttga tigtaaaggac caaatagagt acggagaaag cittgca 34.66 

<210> SEQ ID NO 12 
&2 11s LENGTH 417 
&212> TYPE PRT 
<213> ORGANISM: Streptococcus uberis 

<400 SEQUENCE: 12 

Met Glu Lys Leu Lys Asn Leu Ile Thr Phe Met Thr Phe Ile Phe Leu 
1 5 10 15 

Trp Leu Ile Ile Ile Gly Leu Asn Val Phe Val Phe Gly Thr Lys Gly 
2O 25 30 

Ser Leu Thr Val Tyr Gly Ile Ile Leu Leu Thr Tyr Leu Ser Ile Lys 
35 40 45 
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Met Gly Leu Ser Phe Phe Tyr Arg Pro Tyr Lys Gly Ser Val Gly Glin 
50 55 60 

Tyr Lys Val Ala Ala Ile Ile Pro Ser Tyr Asn. Glu Asp Gly Val Gly 
65 70 75 8O 

Leu Leu Glu Thr Leu Lys Ser Val Glin Lys Gln Thr Tyr Pro Ile Ala 
85 90 95 

Glu Ile Phe Val Ile Asp Asp Gly Ser Val Asp Lys Thr Gly Ile Lys 
100 105 110 

Leu Val Glu Asp Tyr Val Lys Lieu. Asn Gly Phe Gly Asp Glin Val Ile 
115 120 125 

Val His Gln Met Pro Glu Asn Val Gly Lys Arg His Ala Glin Ala Trp 
130 135 1 4 0 

Ala Phe Glu Arg Ser Asp Ala Asp Val Phe Lieu. Thr Val Asp Ser Asp 
145 15 O 155 160 

Thr Tyr Ile Tyr Pro Asp Ala Leu Glu Glu Lieu Lleu Lys Thr Phe Asn 
1.65 170 175 

Asp Pro Glu Val Tyr Ala Ala Thr Gly His Lieu. Asn Ala Arg Asn Arg 
18O 185 19 O 

Glin Thr Asn Lieu Lleu Thr Arg Lieu. Thir Asp Ile Arg Tyr Asp Asn Ala 
195 200 2O5 

Phe Gly Val Glu Arg Ala Ala Glin Ser Val Thr Gly Asn Ile Leu Val 
210 215 220 

Cys Ser Gly Pro Leu Ser Ile Tyr Arg Arg Ser Val Gly Ile Pro Asn 
225 230 235 240 

Leu Glu Arg Tyr Thr Ser Gln Thr Phe Leu Gly Val Pro Val Ser Ile 
245 250 255 

Gly Asp Asp Arg Cys Lieu. Thir Asn Tyr Ala Thr Asp Lieu Gly Lys Thr 
260 265 27 O 

Val Tyr Glin Ser Thr Ala Arg Cys Asp Thr Asp Val Pro Asp Llys Phe 
275 280 285 

Lys Val Phe Ile Lys Glin Glin Asn Arg Trp Asn Lys Ser Phe Phe Arg 
29 O 295 3OO 

Glu Ser Ile Ile Ser Wall Lys Lys Lieu Lieu Ala Thr Pro Ser Val Ala 
305 310 315 320 

Val Trp Thr Ile Thr Glu Val Ser Met Phe Ile Met Leu Val Tyr Ser 
325 330 335 

Ile Phe Ser Lieu Lleu. Ile Gly Glu Ala Glin Glu Phe Asn Lieu. Ile Lys 
340 345 35 O 

Leu Val Ala Phe Leu Val Ile Ile Phe Ile Val Ala Lieu. Cys Arg Asn 
355 360 365 

Val His Tyr Met Val Lys His Pro Phe Ala Phe Leu Leu Ser Pro Phe 
370 375 38O 

Tyr Gly Leu Ile His Leu Phe Val Leu Glin Pro Leu Lys Ile Tyr Ser 
385 390 395 400 

Leu Phe Thr Ile Arg Asn Ala Thr Trp Gly Thr Arg Lys Lys Thr Ser 
405 410 415 

Lys 

<210> SEQ ID NO 13 
<211& LENGTH: 1440 
&212> TYPE DNA 
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<213> ORGANISM: Streptococcus pyogenes 

<400 SEQUENCE: 13 

tittaatggaa acacaattitt attaaaaata totctatato tagttgacat tatttctitat 60 

titat attata atattgaggit cotttctttcaaggaaatta aaaaagaaag aggtgtaatt 120 

gtgcctattt ttaaaaaaac tittaattgtt ttatcctitta tttittittgat atctatottg 18O 

atttatctaa atatgt atct atttggaaca toaactotag gaattitatgg agtaatatta 240 

ataaccitatc tagittatcaa acttggatta totttcctitt atgagccatt taaaggaaat 3OO 

ccacatgact ataaagttgc tigctgtaatt cottcttata atgaagatgc cqagt catta 360 

ttagaalacac ttaaaagtgt gttagcacag accitatc.cgt tat cagaaat ttatattgtt 420 

gatgatggga gttcaaacac agatgcaata caattaattg aagagtatgt aaatagagaa 480 

gtggatattt gtcgaaacgt tatcgttcac cqttcc cittg to aataaagg aaaacgc.cat 540 

gctdaag.cgt ggg catttga aagatctgac gotgacgttt ttitta accgt agacticagat 600 

actitat atct atccaaatgc cittagaagaa citcctaaaaa gottcaatga tigaga cagtt 660 

tatgctgcaa caggacattt gaatgctaga aacagacaaa citaatctatt aacgcgacitt 720 

acagatatoc gttacgataa toccitttggg gtggagcgtg citgct caatc attaa.caggt 78O 

aatattittag tittgcticagg accattgagt atttatcgac gtgaagtgat tattoctaac 840 

ttagag cqct ataaaaatca aac attcCta ggitttacctg ttagcattgg g gatgatcga 9 OO 

tgtttaacaa attatgct at tdatttagga cqc actotct accalatcaac agctagatgt 96.O 

gatact gatg taccttitcca attaaaaagt tatttaaag.c aacaaaatcg atggaataaa 1020 

tottttittta gagaatctat tatttctgtt aaaaaaattic tittctaatcc catcgttgcc 1080 

titatggacta tttitcgaagt cqttatgttt atgatgttga ttgtc.gcaat toggaatctt 1140 

ttgtttaatc aagctattoa attag accitt attaaactitt ttgcctttitt atccatcatc 1200 

tittatcgttg ctittatgtcg taatgttcat tatatggtoa aacatcctgc tagttttittg 1260 

ttatctocto tigtatggaat attacacttg tttgttcttac agcc.cctaaa actittattot 1320 

titatgcacca ttaaaaatac ggaatgggga acacgtaaaa aggtoactat ttittaaataa 1380 

tatatgcatc gagtagittag agaaggagta attittatgaa aatagoagtt gctggat.ca.g 1440 

<210> SEQ ID NO 14 
&2 11s LENGTH 419 
&212> TYPE PRT 
<213> ORGANISM: Streptococcus pyogenes 

<400 SEQUENCE: 14 

Met Pro Ile Phe Lys Lys Thr Leu Ile Val Leu Ser Phe Ile Phe Leu 
1 5 10 15 

Ile Ser Ile Leu Ile Tyr Leu Asn Met Tyr Leu Phe Gly. Thir Ser Thr 
2O 25 30 

Val Gly Ile Tyr Gly Val Ile Leu Ile Thr Tyr Leu Val Ile Llys Leu 
35 40 45 

Gly Leu Ser Phe Leu Tyr Glu Pro Phe Lys Gly Asn Pro His Asp Tyr 
50 55 60 

Lys Wall Ala Ala Val Ile Pro Ser Tyr Asn. Glu Asp Ala Glu Ser Lieu 
65 70 75 8O 

Leu Glu Thir Leu Lys Ser Val Leu Ala Glin Thr Tyr Pro Leu Ser Glu 
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Ile 

Ile 

Wall 

Ala 
145 

Thr 

Asp 

Glin 

Phe 

Cys 
225 

Teu 

Gly 

Wall 

Glu 
305 

Teu 

Ile 

Teu 

Wall 

Tyr 
385 

Teu 

Ile 

<21 Oc 
<211 
<212> 
<213> 

<400 

tgcc ct catg cqgttaa.gct togaaatggcc titttittagaa agagaaagga gttatctagt 

taac caatct toccaccaga aagttatcat agcatatagg gaa.gcaatat attgcactgc 

Glu 

His 
130 

Phe 

Glu 

Thr 

Gly 
210 

Ser 

Glu 

Asp 

Ser 
29 O 

Ser 

Trp 

Gly 

Phe 

His 
370 

Gly 

Phe 

Ile 

Glu 
115 

Arg 

Glu 

Ile 

Thr 

Asn 
195 

Wall 

Gly 

Arg 

Asp 

Glin 
275 

Ile 

Thr 

Asn 

Ala 
355 

Ile 

Thr 

Lys 

Wall 
100 

Ser 

Arg 

Wall 
18O 

Telu 

Glu 

Pro 

Arg 
260 

Ser 

Telu 

Ile 

Ile 

Telu 
340 

Phe 

Met 

Telu 

Ile 

DNA 

SEQUENCE: 

85 

Asp 

Wall 

Teu 

Ser 

Pro 
1.65 

Tyr 

Teu 

Teu 

Lys 
245 

Cys 

Thr 

Lys 

Ser 

Phe 
325 

Teu 

Teu 

Wall 

His 

Lys 
405 

SEQ ID NO 15 
LENGTH 
TYPE 
ORGANISM: Sulfolobus solfataricus 

1380 

15 

Asp 

Asn 

Wall 

Asp 
15 O 

Asn 

Ala 

Thr 

Ala 

Ser 
230 

Asn 

Teu 

Ala 

Glin 

Wall 
310 

Glu 

Phe 

Ser 

Teu 
390 

Asn 

Gly 

Arg 

Asn 
135 

Ala 

Ala 

Ala 

Arg 

Ala 
215 

Ile 

Glin 

Thr 

Arg 

Glin 
295 

Wall 

Asn 

Ile 

His 
375 

Phe 

Thr 

Ser 

Glu 
120 

Lys 

Telu 

Thr 

Telu 
200 

Glin 

Tyr 

Thr 

Asn 

Cys 
280 

Asn 

Lys 

Wall 

Glin 

Ile 
360 

Pro 

Wall 

Glu 

Ser 
105 

Wall 

Gly 

Wall 

Glu 

Gly 
185 

Thr 

Ser 

Arg 

Phe 

Tyr 
265 

Asp 

Arg 

Ile 

Met 

Ala 
345 

Phe 

Ala 

Telu 

Trp 

90 

Asn 

Asp 

Lys 

Phe 

Glu 
170 

His 

Telu 

Telu 
250 

Ala 

Thr 

Trp 

Telu 

Phe 
330 

Ile 

Ile 

Ser 

Glin 

Gly 
410 

Thr 

Ile 

Arg 

Teu 
155 

Teu 

Teu 

Ile 

Thr 

Glu 
235 

Gly 

Ile 

Asp 

Asn 

Ser 
315 

Met 

Glin 

Wall 

Phe 

Pro 
395 

Thr 

38 
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Asp 

His 
1 4 0 

Thr 

Teu 

Asn 

Arg 

Gly 
220 

Wall 

Teu 

Asp 

Wall 

Lys 

Asn 

Met 

Teu 

Ala 

Teu 

Teu 

Arg 

Ala 

Arg 
125 

Ala 

Wall 

Ala 

Tyr 

Asn 

Ile 

Pro 

Teu 

Pro 
285 

Ser 

Pro 

Teu 

Asp 

Teu 
365 

Teu 

Ile 
110 

Asn 

Glin 

Asp 

Ser 

Arg 
19 O 

Asp 

Ile 

Ile 

Wall 

Gly 
27 O 

Phe 

Phe 

Ile 

Ile 

Telu 
35 O 

Ser 

Telu 

95 

Glin 

Wall 

Ala 

Ser 

Phe 
175 

Asn 

Asn 

Telu 

Pro 

Ser 
255 

Arg 

Glin 

Phe 

Wall 

Wall 
335 

Ile 

Arg 

Pro 

Wall 
415 

Telu 

Ile 

Trp 

Asp 
160 

Asn 

Arg 

Ala 

Wall 

Asn 
240 

Ile 

Thr 

Telu 

Arg 

Ala 
320 

Ala 

Asn 

Telu 

Ser 
400 

Thr 

Jul. 19, 2007 
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tagtgc gata galaccgtata ttagagttitt caatttatct tctggaatta aataaatcat 18O 

gg to attaca aagggit atta tagctataaa to citcc.gtaa togcaagaata aataaaagat 240 

aaagaagttcg gaatggtaac gggttggcag atacaatagt aataagagct tag tattaat 3OO 

tacattaatt gaggaataga tottaagaat totagtgaaa citcatataaa goaacaa gag 360 

cgtaaataat ggtaacagat tdgtgtatat catattaaaa acgtataatg aaccocittitt 420 

actitatacta cogtcagota totcc ctitat aaaattaaga taatttgctc ttgtc.catct 480 

agttacttgt titcgtaaaca tttittatgtc. tctagggggt tttgtatatg ccactgcatc 540 

aaag acttitt acagoccitat accottttitt tataacaaaa toggttaaat citctato atc 600 

ggaaattitta attggtottc caaac attitt cqgctctaaa aactcitttag ataatatata 660 

tggittttacg agttcggtoc tatatattac acattgtcca cittaatatta tag cactitcc 720 

aaaatagittt accg.ccctgt titactatotc acttattotc. tcaaagaatt caccataata 78O 

atatgcatat ttatttittct cqtcatacat aattctaata tittgg cccta citccaccitac 840 

tgacitcatca aaaacactta acatctittag tatagagtct ttataaataa togtatcact 9 OO 

atctagaaac atcactagag gagatcttac atactta act coctoggcta acgcgitatct 96.O 

tittccccitta tattoacgca tataaataaa tttaccacca tatctittccg taattgattit 1020 

gtatggttct agaacactat coccitacaac aataaattct aaccttgttgt catataaagt 1080 

cctitat cact ttittcaaaaa tatctattitc citccttataa actggitatca caactgtaag 1140 

atcagagaga ttataaaaac ttgagtgttg agtttittcta ttattacitta ttact gcaaa 1200 

aaatgaattic aaaaagaaat aaagaatagt tataattgttgaatgaaagag aataaatgaa 1260 

atatgagact cogtgaaata agtgaaac at aatcaccact ataatgctog atatogaaat 1320 

atataacg at tttitcctaat tdaccattcg aattctocqt tdaaaaagg g gttagttaac 1380 

<210> SEQ ID NO 16 
&2 11s LENGTH 415 
&212> TYPE PRT 
<213> ORGANISM: Sulfolobus solfataricus 

<400 SEQUENCE: 16 

Met Val Ile Met Phe His Leu Phe His Gly Val Ser Tyr Phe Ile Tyr 
1 5 10 15 

Ser Leu Ser Phe Thr Ile Ile Thr Ile Leu Tyr Phe Phe Leu Asn Ser 
2O 25 30 

Phe Phe Ala Val Ile Ser Asn Asn Arg Lys Thr Gln His Ser Ser Phe 
35 40 45 

Tyr Asn Leu Ser Asp Leu Thr Val Val Ile Pro Val Tyr Lys Glu Glu 
50 55 60 

Ile Asp Ile Phe Glu Lys Val Ile Arg Thr Lieu. Tyr Asp Thr Arg Lieu 
65 70 75 8O 

Glu Phe Ile Val Val Gly Asp Ser Val Leu Glu Pro Tyr Lys Ser Ile 
85 90 95 

Thr Glu Arg Tyr Gly Gly Lys Phe Ile Tyr Met Arg Glu His Lys Gly 
100 105 110 

Lys Arg Tyr Ala Leu Ala Glu Gly Wall Lys Tyr Val Arg Ser Pro Leu 
115 120 125 

Wal Met Phe Lieu. Asp Ser Asp Thir Ile Ile Tyr Lys Asp Ser Ile Leu 
130 135 1 4 0 
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Lys Met Leu Ser Val Phe Asp Glu Ser Val Gly Gly Val Gly Pro Asn 
145 15 O 155 160 

Ile Arg Ile Met Tyr Asp Glu Lys Asn Lys Tyr Ala Tyr Tyr Tyr Gly 
1.65 170 175 

Glu Phe Phe Glu Arg Ile Ser Glu Ile Val Asn Arg Ala Val Asn Tyr 
18O 185 19 O 

Phe Gly Ser Ala Ile Ile Leu Ser Gly Glin Cys Val Ile Tyr Arg Thr 
195 200 2O5 

Glu Lieu Val Lys Pro Tyr Ile Leu Ser Lys Glu Phe Lieu Glu Pro Lys 
210 215 220 

Met Phe Gly Arg Pro Ile Lys Ile Ser Asp Asp Arg Asp Lieu. Thir Asp 
225 230 235 240 

Phe Val Ile Lys Lys Gly Tyr Arg Ala Wall Lys Val Phe Asp Ala Wal 
245 250 255 

Ala Tyr Thr Lys Pro Pro Arg Asp Ile Lys Met Phe Thr Lys Glin Val 
260 265 27 O 

Thr Arg Trp Thr Arg Ala Asn Tyr Lieu. Asn. Phe Ile Arg Glu Ile Ala 
275 280 285 

Asp Gly Ser Ile Ser Lys Arg Gly Ser Leu Tyr Val Phe Asn Met Ile 
29 O 295 3OO 

Tyr Thr Asn Leu Leu Pro Leu Phe Thr Leu Leu Phe Leu Tyr Met Ser 
305 310 315 320 

Phe Thr Arg Ile Leu Lys Ile Tyr Ser Ser Ile Asn Val Ile Asn Thr 
325 330 335 

Lys Lieu Lleu Lleu Lleu Lleu Tyr Lieu Pro Thr Arg Tyr His Ser Asp Phe 
340 345 35 O 

Phe Ile Phe Tyr Leu Phe Leu. His Tyr Gly Gly Phe Ile Ala Ile Ile 
355 360 365 

Pro Phe Val Met Thr Met Ile Tyr Leu Ile Pro Glu Asp Llys Leu Lys 
370 375 38O 

Thr Leu Ile Tyr Gly Ser Ile Ala Leu Ala Val Glin Tyr Ile Ala Ser 
385 390 395 400 

Leu Tyr Ala Met Ile Thr Phe Trp Trp Glin Asp Trp Leu Thr Arg 
405 410 415 

<210 SEQ ID NO 17 
&2 11s LENGTH 1200 
&212> TYPE DNA 

<213> ORGANISM: Bacillus anthracis pXO1 

<400 SEQUENCE: 17 

taaggttcca aatatgaaag togg cagtagt ggtoccotca tataatgaaa gtgcaagtgc 60 

tattgttaat acaattaata gcgttittagc ticaag attat coaattcatgaaattittctt 120 

tgttgatgat gg tagtaagg ataaatcggc titatgaagta gcacttaaaa to agg gagga 18O 

acttcttaga acticaacgag aaattgctgc tacaactaag aatatttgtt citgaaatatt 240 

agg tatto: ct gacittaatcg tacatcgttt accitaagaat togc gggaaaa gacatgcto a 3OO 

attatgggct tittaaacgga caa.cagoaga tigctattgtt accattgatt cagatggtoga 360 

tttgttcc.ca aatgctgtta gagagittatt gaaac cottt aatgatgaaa aagtaatggc 420 

caca actogt cacgtgaaca titcgtaatag aaatgataat ttattaacaa alactaattga 480 
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tatgcgittat gacaatgcgt toc gtgtgga gcgtgcagoa cagtc.cgitaa caggaaatgt 540 

tottgtttgt agtggg.ccgt taagttgtta togtagagaa gtaataact g aaaatttaga 600 

acattatgga agt cagatgt to cittggtga ggaggtogcag tittggagatg atagatgtct 660 

aactaattat gctattittga aagggaaaac agtttatcaa tocactgctic gatgtattac 720 

tgatgctoca act acattaa aacaatttct taalacagoaa citacgttgga acaagttcatt 78O 

ttittagagaa agtttaattt cacttggc at togg tatgaaa aaaccaaatg ttcttgtttg 840 

gacaattittc gaaatatogt tatggattitt atttgggctt toccitacttic taagtattat 9 OO 

totcaaggca agt catgtag ggittaattitt goctotttat tatttgg gtt atatttcatt 96.O 

agctgtatat gctagaaatg tattittatct attaaaacat coccittactt tottactggc 1020 

gccattatat ggaattctoc atgitattagc act attacct atacgcttitt atgctttact 1080 

aactattaaa totaatggitt g g g gaacacg ttaattacag taattittatg tatttittitta 1140 

ggaggatatt attaagtgaa gattagaaaa gogattatcc cagoagcggg attaggcaca 1200 

<210> SEQ ID NO 18 
&2 11s LENGTH 366 
&212> TYPE PRT 

<213> ORGANISM: Bacillus anthracis pXO1 

<400 SEQUENCE: 18 

Met Lys Val Ala Val Val Val Pro Ser Tyr Asn Glu Ser Ala Ser Ala 
1 5 10 15 

Ile Val Asn Thr Ile Asn Ser Val Leu Ala Glin Asp Tyr Pro Ile His 
2O 25 30 

Glu Ile Phe Phe Val Asp Asp Gly Ser Lys Asp Lys Ser Ala Tyr Glu 
35 40 45 

Val Ala Lieu Lys Met Arg Glu Glu Lieu Lieu Arg Thr Glin Arg Glu Ile 
50 55 60 

Ala Ala Thir Thr Lys Asn. Ile Cys Ser Glu Ile Leu Gly Ile Pro Asp 
65 70 75 8O 

Lieu. Ile Val His Arg Lieu Pro Lys Asn. Cys Gly Lys Arg His Ala Glin 
85 90 95 

Leu Trp Ala Phe Lys Arg Thr Thr Ala Asp Ala Ile Val Thir Ile Asp 
100 105 110 

Ser Asp Gly Asp Leu Phe Pro Asn Ala Val Arg Glu Lieu Lleu Lys Pro 
115 120 125 

Phe Asin Asp Glu Lys Val Met Ala Thr Thr Gly His Val Asin Ile Arg 
130 135 1 4 0 

Asn Arg Asn Asp Asn Lieu Lleu Thir Lys Lieu. Ile Asp Met Arg Tyr Asp 
145 15 O 155 160 

Asn Ala Phe Arg Val Glu Arg Ala Ala Glin Ser Val Thr Gly Asn Val 
1.65 170 175 

Leu Val Cys Ser Gly Pro Leu Ser Cys Tyr Arg Arg Glu Val Ile Thr 
18O 185 19 O 

Glu Asn Leu Glu His Tyr Gly Ser Gln Met Phe Leu Gly Glu Glu Val 
195 200 2O5 

Glin Phe Gly Asp Asp Arg Cys Lieu. Thir Asn Tyr Ala Ile Leu Lys Gly 
210 215 220 

Lys Thr Val Tyr Glin Ser Thr Ala Arg Cys Ile Thr Asp Ala Pro Thr 
225 230 235 240 
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Thr Lieu Lys Glin Phe Lieu Lys Glin Gln Leu Arg Trp Asn Lys Ser Phe 
245 250 255 

Phe Arg Glu Ser Lieu. Ile Ser Lieu Gly Ile Gly Met Lys Llys Pro Asn 
260 265 27 O 

Val Leu Val Trp Thr Ile Phe Glu Ile Ser Leu Trp Ile Leu Phe Gly 
275 280 285 

Leu Ser Lieu Lleu Lleu Ser Ile Ile Leu Lys Ala Ser His Val Gly Lieu 
29 O 295 3OO 

Ile Leu Ala Val Tyr Tyr Leu Gly Tyr Ile Ser Leu Ala Val Tyr Ala 
305 310 315 320 

Arg Asn Val Phe Tyr Lieu Lleu Lys His Pro Leu Thr Phe Lieu Lieu Ala 
325 330 335 

Pro Leu Tyr Gly Ile Lieu. His Val Lieu Ala Lieu Lleu Pro Ile Arg Phe 
340 345 35 O 

Tyr Ala Lieu Lieu. Thir Ile Lys Ser Asn Gly Trp Gly Thr Arg 
355 360 365 

<210 SEQ ID NO 19 
&2 11s LENGTH 1680 
&212> TYPE DNA 
<213> ORGANISM: Ectocarpus siliculosus virus 

<400 SEQUENCE: 19 

gccatttaca tottgg.cgcg atcgttgcaa agtaaaaata atgttittctg tdacggaaac 60 

agggg.cat ga catgcttcto ggcctgaaga aaaacct citt gttcattgcg tatctgttct 120 

tdaatgccct tittaacgctt ttgttgcttg gattcgatta cqgctacatc atcgitatcga 18O 

tattogttgt cqgcggacac titcagagatg tdatcaacgt agcataccala ttactitcaca 240 

tgcacaggat acticaggcgt totgc.cgaca toccggaaga cigatgccaag atagittattt 3OO 

gttgcttggit toc ggtgtac aac gagaagc citt.cgatgtt aaagaagaat cittgatgctic 360 

tgacgacaca gaagctatog gaaaacacca agttggtggit gatgcttct c tittgacggac 420 

tgaacaacca caacgcagat citcttcaatg cc.gtogtoga tigc cattggc cittgacaccg 480 

gatgcggaga agagcaatgg tittco gaatt galaga.gcaa gotgctgaag aagttggtot 540 

acaaaatcgg catatacaat gacacgtogg to atcctgtc. gtacaaggag aacaatticgg 600 

gaaaaaaaga citctotcatc atcggggaaa actitcatcgt gctic ggcatc cc gaggatcg 660 

aatctotgga cqtacgacaa gtggatttica totatoacac ggacggc gac accatttcc.g 720 

acgaaaactg tittgaacgag atggtgaagt citctogtgga tigatccagac citcgacggcg 78O 

totctggcct cotgagaa.ca tacct caagg acgacgcgac ttgctic ggaa agtgc gttcg 840 

tagc gatgca agacitttcag tacttcttct coattgttgt cogtaggatg acggaga.gca 9 OO 

taatgaattic alactacct gc citc.ccggggit gcticcaa.cat gatcaggata agc gaaaaga 96.O 

citcacgctgc gattgaaaaa tacggaalacc titc.cggtoaa gaagagcggit ctogtgcaga 1020 

cagt cacgcg gatgcaagga accgaccgac gatacaccac got cittgct g agacagg gtt 1080 

ccaagctaca gatgaattgg cqtgc gtttgttcacacgga gcc accgct g aacgc gacgg 1140 

cgtttgttgaa toaacgcaga C gatggtott caaacto citt cittcaattcc atgat cacgc 1200 

tgtacticcaa caa.catcc.cg atgtacatca agctato gaa ccttgtcgac atc.gc.ccgag 1260 

tottcaccac gatcttitc.gc gtgatatogt acttgttgctt ttgggitttac gtcaagaatt 1320 
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tittcccittgt caacatcgtt tttittctota tatttatc.gc cctitccctac citctatgcct 1380 

togcctggat attctgitatc gttccagagt ggaag cagat gatago.cggt tttitttittga 1440 

acaaaatctt cacgccttitt ttatctgtga togcggtoac aaagatgttc titcacttcaa 15 OO 

cc.gattitcgc titgggg cagt acgcggttga caccaccgga tigcagogtct taaactcaac 1560 

caacaatcgt citctattaat aaacctgatt cqtgattittg g gttctgattc. tcctgtttcc 1620 

titttittitcct titttitt.ccitt tttitt.cctitt tttitcctatt titcctttittg attttgttitt 1680 

<210> SEQ ID NO 20 
&2 11s LENGTH 493 
&212> TYPE PRT 
<213> ORGANISM: Ectocarpus siliculosus virus 

<400 SEQUENCE: 20 

Met Leu Lieu Gly Lieu Lys Lys Asn Lieu Lleu Phe Ile Ala Tyr Lieu Phe 
1 5 10 15 

Phe Asn Ala Lieu Lleu Thir Lieu Lleu Lleu Lieu Gly Phe Asp Tyr Gly Tyr 
2O 25 30 

Ile Ile Val Ser Ile Phe Val Val Gly Gly. His Phe Arg Asp Val Ile 
35 40 45 

Asn Val Ala Tyr Glin Lieu Lleu. His Met His Arg Ile Leu Arg Arg Cys 
50 55 60 

Ala Asp Ile Pro Glu Asp Asp Ala Lys Ile Val Ile Cys Cys Lieu Val 
65 70 75 8O 

Pro Val Tyr Asn. Glu Lys Pro Ser Met Leu Lys Lys Asn Lieu. Asp Ala 
85 90 95 

Leu Thir Thr Gln Lys Leu Ser Glu Asn Thr Lys Leu Val Val Met Leu 
100 105 110 

Leu Phe Asp Gly Lieu. Asn. Asn His Asn Ala Asp Leu Phe Asn Ala Wal 
115 120 125 

Val Asp Ala Ile Gly Lieu. Asp Thr Gly Cys Gly Glu Glu Glin Trp Phe 
130 135 1 4 0 

Pro Asn Trp Llys Ser Lys Lieu Lleu Lys Lys Lieu Val Tyr Lys Ile Gly 
145 15 O 155 160 

Ile Tyr Asn Asp Thir Ser Val Ile Leu Ser Tyr Lys Glu Asn. Asn. Ser 
1.65 170 175 

Gly Lys Lys Asp Ser Lieu. Ile Ile Gly Glu Asn. Phe Ile Val Lieu Gly 
18O 185 19 O 

Ile Pro Arg Ile Glu Ser Lieu. Asp Val Arg Glin Val Asp Phe Ile Tyr 
195 200 2O5 

His Thr Asp Gly Asp Thr Ile Ser Asp Glu Asn. Cys Lieu. Asn. Glu Met 
210 215 220 

Wall Lys Ser Lieu Val Asp Asp Pro Asp Lieu. Asp Gly Val Ser Gly Lieu 
225 230 235 240 

Leu Arg Thr Tyr Lieu Lys Asp Asp Ala Thr Cys Ser Glu Ser Ala Phe 
245 250 255 

Val Ala Met Glin Asp Phe Glin Tyr Phe Phe Ser Ile Val Val Arg Arg 
260 265 27 O 

Met Thr Glu Ser Ile Met Asn Ser Thr Thr Cys Leu Pro Gly Cys Ser 
275 280 285 

Asn Met Ile Arg Ile Ser Glu Lys Thr His Ala Ala Ile Glu Lys Tyr 
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29 O 295 3OO 

Wall Wall 
315 

Gly Glin Thr 
305 

Asn Lieu Pro Lys Ser Telu 
310 

Gly 

Met Glin Thr Th Thr 
330 

Gly Asp Teu Lleu Lleu. 
325 

Arg Arg Tyr 

Glin His Thr 
340 

Met Ala 
345 

Ser Lys Lieu Asn Trp Phe Wall 

Ala 
355 

Thr Ala Phe Wall Asn Glin 
360 

Teu Asn Arg Arg Trp 
365 

Phe 
370 

Phe Met Ile 
375 

Thr Asn. Asn Ser Asn. Ser Leu Tyr Ser 

Ile Wall Ile Ala 
395 

Asn Lieu Wall 
390 

Tyr Teu Ser 
385 

Asp Arg 

Ile Phe Wall Ile 
405 

Phe 
410 

Arg Ser Telu Trp Val 

Phe Wall 
420 

Ile Wall Phe Phe 
425 

Ser Lieu Asn Ser Ile Phe Ile 

Ala Phe Ala Ile 
4 40 

Phe Ile Wall Pro 
4 45 

Leu Tyr 
435 

Trp Cys 

Gln Met 
450 

Ile Ala Phe Phe 
455 

Ile Phe 
460 

Gly Lieu. Asn Lys Thr 

Wall Ile Ala Wall Thr 
470 

Met Phe Phe Thr 
475 

Ser Ser Thr 
465 

Trp Gly Ser Thr Arg Leu Thr Pro Pro Ala Ala Ser 
485 

Asp 
490 

What is claimed is: 

1. A recombinant host cell, wherein the recombinant host 
cell is a Bacillus cell comprising a recombinant vector 
comprising a purified nucleic acid segment having a coding 
region encoding enzymatically active hyaluronan synthase, 
wherein the enzymatically active hyaluronan synthase is a 
single protein that is a dual-action catalyst that utilizes 
UDP-GlcA and UDP-GlcNAc to synthesize HA, and 
wherein the coding region is under control of a promoter, 
and wherein the coding region encoding enzymatically 
active hyaluronan synthase is selected from the group con 
sisting of: 

(A) a coding region encoding enzymatically active hyalu 
roman synthase that is at least 80% identical to SEQID 
NO:10; and 

(B) a coding region that is capable of hybridizing to a 
complementary sequence of SEQ ID NO:9 under 
hybridization conditions of 1.2-1.8x High Phosphate 
Buffer (HPB) at 40-50° C. 

2. The recombinant host cell of claim 1, wherein the 
recombinant host cell is a Bacillus subtilis or a Bacillus 
licheniformis cell. 

3. The recombinant host cell of claim 1, wherein the host 
cell produces hyaluronic acid. 

4. The recombinant host cell of claim 1, wherein the 
coding region encoding enzymatically active hyaluronan 
synthase of the purified nucleic acid segment is under 
control of a Gram positive bacterial-compatible promoter. 

Wall 

Glu 
35 O 

Ser 

Ile 

Phe 

Wall 

Ala 
43 O 

Glu 

Pro 

Asp 

Thr Arg 
320 

Glin 
335 

Gly 

Pro Pro 

Ser Asn 

Pro Met 

Th Thr 
400 

Lys Asn 
415 

Leu Pro 

Trip Lys 

Phe Leu 

Phe Ala 
480 

5. The recombinant host cell of claim 1, wherein the 
Bacillus subtilis cell further comprises a recombinant vector 
comprising a purified nucleic acid segment having a coding 
region encoding an enzymatically active UDP-GlcUA bio 
synthetic pathway enzyme, wherein the enzymatically active 
UDP-GlcUA biosynthetic pathway enzyme is selected from 
the group consisting of UDP-glucose dehydrogenase, UDP 
glucose pyrophosphorylase, and combinations thereof. 

6. The recombinant host cell of claim 1, wherein the 
recombinant vector further comprises a purified nucleic acid 
segment having a coding region encoding enzymatically 
active UDP-glucose dehydrogenase. 

7. The recombinant host cell of claim 1, wherein the 
recombinant host cell has enhanced production of at least 
one of UDP-GlcUA and UDP-GlcNAc. 

8. The recombinant host cell of claim 7, wherein the 
recombinant host cell further includes at least one modified 
RNA polymerase promoter wherein, when the modified 
RNA polymerase promoter is recognized by an RNA poly 
merase, the RNA polymerase is capable of expressing RNA 
in an amount greater than an endogenous RNA polymerase 
promoter. 

9. The recombinant host cell of claim 8, wherein the 
modification is a mutation or tandem promoter elements. 

10. The recombinant host cell of claim 7, wherein the 
recombinant host cell further includes at least one of: 

(A) at least one additional messenger RNA stabilizing 
element than is found in a native Bacillus cell; 
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(B) at least one less messenger RNA destabilizing element 
than is found in a native Bacillus cell; 

(C) at least one nucleic acid segment having a coding 
region encoding a functionally active enzyme in a 
UDP-sugar precursor biosynthesis pathway such that 
the recombinant host cell has an activity greater than a 
native host cell expressing an endogenous UDP-Sugar 
precursor biosynthesis pathway enzyme; 

(D) at least one mutated UDP-sugar precursor biosynthe 
sis gene, wherein the mutated UDP-Sugar precursor 
gene increases a half-life of a transcribed messenger 
RNA; 

(E) at least one mutated UDP-sugar precursor biosynthe 
sis gene encoding a messenger RNA having an 
increased translational efficiency; and 

(F) at least one mutated UDP-sugar precursor biosynthe 
sis gene encoding a messenger RNA having an 
increased translational efficiency, wherein the mutation 
in the UDP-Sugar precursor biosynthesis gene occurs in 
a ribosome binding site in the UDP-sugar precursor 
biosynthesis gene Such that a ribosome has an increased 
binding affinity for the ribosome binding site. 

11. A method for producing hyaluronic acid, comprising 
the steps of: 

introducing a purified nucleic acid segment having a 
coding region encoding enzymatically active hyaluro 
nan synthase into a Bacillus host wherein the coding 
region is under control of a promoter, and wherein the 
enzymatically active hyaluronan synthase is a single 
protein that is a dual-action catalyst that utilizes UDP 
GlcA and UDP-GlcNAc to synthesize HA, and wherein 
the coding region encoding enzymatically active hyalu 
roman synthase is selected from the group consisting of: 

(A) a coding region encoding enzymatically active hyalu 
roman synthase that is at least 80% identical to SEQID 
NO:10; and 

(B) a coding region that is capable of hybridizing to a 
complementary sequence of SEQ ID NO:9 under 
hybridization conditions of 1.2-1.8x High Phosphate 
Buffer (HPB) at 40-50° C.; 

growing the host organism in a medium to secrete hyalu 
ronic acid; and 

recovering the secreted hyaluronic acid. 
12. The method of claim 11, wherein the Bacillus host is 

Bacillus subtilis or Bacillus licheniformis. 
13. The method according to claim 11, wherein the step of 

recovering the hyaluronic acid comprises extracting the 
secreted hyaluronic acid from the medium. 

14. The method according to claim 13, further comprising 
the step of purifying the extracted hyaluronic acid. 

15. The method of claim 11, further comprising the step 
of introducing a purified nucleic acid segment having a 
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coding region encoding enzymatically active UDP-glucose 
dehydrogenase into the Bacillus host. 

16. The method of claim 11, wherein, in the step of 
introducing a purified nucleic acid segment having a coding 
region encoding enzymatically active hyaluronan synthase 
into a Bacillus host, the coding region encoding enzymati 
cally active hyaluronan synthase of the purified nucleic acid 
segment is under control of a Gram positive bacterial 
compatible promoter. 

17. The method of claim 11 wherein, in the step of 
introducing a purified nucleic acid segment having a coding 
region encoding enzymatically active hyaluronan synthase 
into a Bacillus host, the Bacillus host has an enhanced 
production of at least one of UDP-GlcUA and UDP 
GlcNAc. 

18. The method of claim 17 wherein, in the step of 
introducing a purified nucleic acid segment having a coding 
region encoding enzymatically active hyaluronan synthase 
into a Bacillus host, the Bacillus host further includes at least 
one modified RNA polymerase promoter having an 
increased promoter activity. 

19. The method of claim 18, wherein the modification of 
the RNA polymerase promoter is a mutation or tandem 
promoter elements. 

20. The method of claim 17 wherein, in the step of 
introducing a purified nucleic acid segment having a coding 
region encoding enzymatically active hyaluronan synthase 
into a Bacillus host, the Bacillus host further includes at least 
one of: 

(A) at least one additional messenger RNA stabilizing 
element than is found in a native Bacillus cell; 

(B) at least one less messenger RNA destabilizing element 
than is found in a native Bacillus cell; 

(C) at least one nucleic acid segment having a coding 
region encoding a functionally active enzyme in a 
UDP-sugar precursor biosynthesis pathway such that 
the recombinant host cell has an activity greater than a 
native host cell expressing an endogenous UDP-Sugar 
precursor biosynthesis pathway enzyme; 

(D) at least one mutated UDP-sugar precursor biosynthe 
sis gene, wherein the mutated UDP-Sugar precursor 
gene increases a half-life of a transcribed messenger 
RNA; 

(E) at least one mutated UDP-sugar precursor biosynthe 
sis gene encoding a messenger RNA having an 
increased translational efficiency; and 

(F) at least one mutated UDP-sugar precursor biosynthe 
sis gene encoding a messenger RNA having an 
increased translational efficiency, wherein the mutation 
in the UDP-Sugar precursor biosynthesis gene occurs in 
a ribosome binding site in the UDP-sugar precursor 
biosynthesis gene Such that a ribosome has an increased 
binding affinity for the ribosome binding site. 

k k k k k 


