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We report here a preparative enzymatic synthesis of hyalu
ronic acid (HA) from UDP—iV-acetyl-D-glucosamine (UDP— 
GIcNAc) and UDP—glucuronic acid (UDP—GIcA) catalyzed 
by HA synthase coupled with regeneration of the sugar 
nucleotides (Scheme 1). HA is a linear high molecular weight 
(>5 x 105 Da) glycosaminoglycan composed of/3-1,4-linked 
repeating disaccharide units of GIcA /3-1,3-linked to GIcNAc.1 

It possesses unique viscoelastic and rheological properties2 and 
is involved in many important biological processes such as 
hemopoiesis,3 angiogenesis,4 and cell adhesion.5 It has been 
used clinically for viscosupplementation in ophthalmic surgery2,6 

and for treatment of osteoarthritis. Due to its importance in 
biomedicine, various modifications of HA have been undertaken 
to improve its biological properties.7 HA was obtained by 
extraction from rooster comb or umbilical cord, but lately 
mucoid streptococcal bacteria have become the most reliable 
source.8 However, viral contamination is viewed as a potential 
problem, and excessive dispersed molecular weights are often 
encountered in these preparations. Development of enzymatic 
synthesis of HA may provide an alternative source of this 
important biopolymer and offers opportunities for the prepara
tion of low molecular weight HA and analogs as HA receptors 
recognize short HA.5c 

The biosynthesis of HA has been studied but not well 
understood.1 It was not clear whether the polymerization 
process is primer dependent until the recombinant HA synthase 
from Streptococcus pyogenes was expressed in Escherichia coli 
and shown to catalyze the synthesis of HA from UDP—GIcNAc 
and UDP—GIcA in a radiolabeled assay.9 To examine the 
feasibility of this enzymatic reaction for the synthesis of HA 
on large scales, we prepared the crude membrane-bound HA 
synthase from Streptococcus equisimilis strain D18110 and tested 
its synthetic activity. The enzyme preparation was indeed found 
to catalyze the synthesis of HA from UDP—GIcNAc and UDP— 
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GIcA, though the yield was only around 20%. In order to 
improve the yield and to scale up the process, both sugar 
nucleotides were then regenerated in situ from UDP as shown 
in Scheme 1 (it was shown that regeneration of sugar nucleotides 
in glycosyltransferase reactions would reduce the cost of sugar 
nucleotides and the problem of product inhibition and make 
the enzymatic synthesis practical for a large-scale process).11 

The enzymes required for the cofactor regenerations are 
commercially available except UDP—GIcNAc pyrophosphory-
lase (EC 2.7.7.23), which has been overexpressed in E. coli in 
this study.12 The enzyme UDP-glucose dehydrogenase (EC 
1.1.1.22) used in the regeneration of UDP-GIcA13 is com
mercially available (from Sigma), but the preparation is impure 
and very expensive. We have therefore developed an overex-
pression system to produce this enzyme from E. coli. With 
these enzymes available, a preparative synthesis of HA was 
carried out. In a representative synthesis, to a HEPES buffer 
solution (0.1 M, pH 7.5, total volume = 10 mL) containing 
Glc-l-P (0.1 mmol), GIcNAc-I-P (0.1 mmol), phosphoenolpyru-
vate (PEP, 0.2 mmol), NAD (5 ^mol), UTP (10 /rniol), 
MgCl2-6H20 (0.1 mmol), dithiothreitol (40/«nol), and KCl (0.5 
mmol) was added recombinant UDP-GIcNAc pyrophosphory-
lase (10 units), UDP-GIc pyrophosphorylase (20 units), UDP-
GIc dehydrogenase (10 units), pyruvate kinase (200 units), 
lactate dehydrogenase (200 units), inorganic pyrophosphatase 
(50 units), and the membrane-bound HA synthase (0.4 unit). 
The mixture was gently stirred under argon at 25 0C for 48 h. 
The reaction was then stopped by digestion with proteinase-K 
(500 ,ug) for 60 min at 37 0C followed by addition of cold 
trichloroacetic acid to a final concentration of 5% to precipitate 
proteins. The solution was then centrifuged (14000G, 30 min, 
4 0C), and the supernatant was passed through a Sepharose CL-
4B column (50 x 0.65 cm) eluted with PBS buffer (0.01 M 
phosphate, 2.7 mM KCl, 137 mM NaCl). The fractions 
corresponding to HA were collected (68 mL) and dialyzed 
against 5 L of distilled water (repeated five times, 40 h each) 
using a dialysis tube with a molecular weight cutoff of 12000-
14000 Da and then lyophilized to give 31 mg of HA sodium 
salt (90% yield). The turnover number for UTP, UDP-
GIcNAc, and UDP—GIcA was 16. The HA prepared was 
further characterized by 1H-NMR (D2O, 500 Hz) and enzymatic 
digestion by hyaluronate lyase (EC 4.2.2.1) and hyalurono 
glucuronidase (EC 3.2.1.36), and the results were the same as 
that from an authentic HA. Analysis by multiangular laser light 
scattering indicates that the average molecular weight of the 
synthetic HA is ~5.5 x 105, corresponding to a degree of 
polymerization of 1500. 

In summary, this study has demonstrated that high molecular 
weight HA can be synthesized enzymatically from relatively 
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Scheme 1. Enzymatic Synthesis of Hyaluronic Acid with Regeneration of Sugar Nucleotides 

o 
E1 - Hyaluronic Acid Synthase 
E2 - UDP-GIc Dehydrogenase 
E3 » UDP-GIc Pyrophosphorylase 
E4 - UDP-GIcNAc Pyrophosphorylase 
E5 - Pyruvate Kinase 
Eg - Lactate Dehydrogenase 
E7 - Inorganic Pyrophosphatase 

O ^ OPO3" 
CH3 

n S'1500 

inexpensive substrates: GIc-I-P and GIcNAc-1-P. All the 
enzymes were quite stable except HA synthase,14 which 
exhibited a half-life of 24 h at 25 0C. Work is in progress to 
improve the enzyme stability and to prepare HA analogs with 
controlled molecular weight. 

Supplementary Material Available: Procedures for the preparation 
of HA synthase, recombinant UDP-GIcNAc pyrophosphorylase, and 

UDP-GIc dehydrogenase and assays and analysis of the enzymatic 
reactions (19 pages). This material is contained in many libraries on 
microfiche, immediately follows this article in the microfilm version 
of the journal, can be ordered from the ACS, and can be downloaded 
from the Internet; see any current masthead page for ordering 
information and Internet access instructions. 
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