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Enzyrnnlrc Synthesis of Undrne o -Lrlpnuspnog,iucurunic Acid on a Grarn
Scale
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Department of Chernistry,Haruard Uniuersity,Cambridge,Massachusetts02138
ReceiuedFebruary 5, 1991
A practical route to uridine 5'-diphosphoglucuronicacid (UDP-GlcUA) from uridine 5'-diphosphoglucose
(UDP-Glc) on a 1-g scalehas been developedusing uridine 5'-diphosphoglucosedehydrogenase(UDP-Glc DH,
EC L.L.I.22)from bovine liver. Crude LIDP-GIc dehydrogenffrewas isolated from beef liver (450 units from 2.4
kg of frozen liver). Commercially available UDP-Glc dehydrogenaseas well as a preparation from calf liver acetone
powder were also evaluated as catalysts for large-scaleproduction of UDP-GIcUA: both preparations exhibited
too little activity to be synthetically useful. A platinum-catalyzed oxygen oxidation of UDP-Glc was also examined
as a possibleroute to UDP-GIcUA: enzymatic oxidation was superior. These results establish a route to another
of the important activated monosaccharidesrequired for cell-free enzymatic synthesesof mammalian oligo- and
polysaccharides.

Introduction
Oligo- and polysaccharidesare important in mammalian
biochemistry.l-l
Originally considered primarily as
structural components of cells and as energy-storagevehicles, many additional roles for carbohydrates are now
established. They are participants in biological communication events,including cell-cell signaling during growth
and differentiation,s'oand are cell markers in severaldiseases.? Cell-surfaceglycoconjugatesare recognition sites
for the binding of hormones,soluble lectins and toxins, and
adhesionsites in bacterialsand viral infection.e A variety
of carbohydrate polymers also display important biological
activities, including immunostimulation,l0 inhibition of
coagulation,rrand protection from viral infection.12
With the recognition of the importance of carbohydrates
in vivo has come an intensified demand for practical
synthetic methodologiesfor the preparation of well-defined
oligosaccharides. Although the field of glycosidic bond
formation has advanced rapidly,ls-1?new strategies for
monosaccharidecoupling are of great interest.rF20 En( 1 ) K e n n e d y ,J . F . ; W h i t e , C . A . B i o a c t i u eC a r b o h y d r a t e sE
; llis Horwood Ltd.: West Suesex, 1983.
(2) Sharon, N. Complex Carbohydrates;Addison-Wesley; Reading,
MA, 1975.
(3) Horowitz, M. L, Pigman, W., Eds. The GlycocongugatesiAcademic: New York, 1977-1978;Vol. I-II.
(4) Horowitz, M. I., Ed. The Glycoconjugotes; Academic: New York,
1982;Vol. III-N.
(5) Hakomori, S. Ann. Reu. Biochen-r.19E1,50,733.
(6) Rademacher,T. W.; Parekh, R. B.; Dwek, R. A. Ann. Reu. Bioc h e m . 1 9 t 8 ,5 7 , 7 8 5 .
( 7 ) H a k o m o r i , S . C a n c e rR e s . 1 9 8 5 ,4 5 , 2 4 0 5 .
(8) Sharon, N. E. In The Lectins: Properties, Functions and Applications in Biology and Medicine; Liener, I. E., Sharon, N., Goldstein, I.
J., Ede.; Academic: New York, 1986;p 493.
(9) Paulson,J. E. In The Receptors;Cohn,P. M., Ed.;Academic: New
Y o r k , 1 9 8 5 ;V o l . 2 , p 1 3 1 .
(10) Lederer, E. J. Med. Chem. 1980,23, 819.
(11) (a) Heparin and Related Polysaccharides: Structural and
Functional Properties; Comper, W. D. Ed.; Gordon and Breach: New
York, 1981. (b) Casu,B. Adu. Carbohydr. Chem. Biochem.1985,43, 51.
(12) (a) Nakashima,H,;Yoshida, O.; Kaneko, Y.;Matsuzaki, K.;Uryu,
T. Arch. AIDS Res. 19t7, 1,45. (b) Baba, M.; Panwels,R.; Balzarini, J.;
Arnout, J.; Desmyter, J.; DeClercq, E. Proc. Natl. Acad. Sci.l988, 85,
6132.
(13) Frieeen,R. W.; Danishefsky,S. J.
Arn. Chem. Soc. 1989,Ill,
"/.
6656.
(14) Halcomb, R. L.; Danishefsky,S. J. J. Am. Chem. Soc. 1989,1/1,
6661.
( 1 5 ) G r i f f i t h , D . A . ; D a n i s h e f s k yS
, . J . J . A m . C h e m . S o c . 1 9 9 0 ,/ 1 2 ,
5811.
(16) Mootoo, D. R.; Konradseon,P.;Udodong, U.; Fraser-Reid,B. J.
Arn. Chem. Soc. 1988,ll0, 5583.
(17) Mootoo, D. R.; Konradsson,P.; Fraser-Reid,B. J. Am. Chem. Soc.

1 9 8 9,
/ r r , 8540.

(18)Pauleen,H.Chem.Soc.Beu.1984,/3, 15.
(19)Kunz,H. Angew.Chem.,Int. Ed. Engl. 1987,26, 294.
(20)Lemieux,R. U. Chem.Soc.Reu.1978,7,423.
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zymes are useful catalysts in organic synthesis2l-%and are
In this
now being applied to carbohydratesynthesis.26'27
latter capacity, enzyrnespossesstwo attractive attributes.
First, enzymesoperate in aqueoussolution, where carbohydrates are soluble in their unprotected form; the lengthy
protection/deprotection schemesthat are often required
in conventional carbohydrate synthesesare thus unnecessary. Enzymes are often specific. This specificity is of
obviousvalue in manipulating the rich stereochemistryof
carbohydrates.In short, enzymesare well-suitedto carbohydrate synthesis.
In vivo, the glycosidic bonds of most oligosaccharides
are formed enzymatically using monosaccharidesactivated
as nucleosidephosphate sugars. In mammalian biochemistry, eight monosaccharidescomprise the bulk of the
sug€usfound in glycoconjugates. In their activated form,
these sugarsare as follows: uridine 5'-diphosphoglucose
(UDP-GIc), uridine 5'-diphospho-l/-acetylglucosamine
(UDP-GlcNAc), uridine 5'-diphosphogalactose(UDP-Gal),
(UDP-Galuridine 5'-diphospho-N-acetylgalactosamine
NAc), uridine 5'-diphosphoglucuronic
acid (UDP-GIcUA),
(GD P -Man),guanosine
guanosi ne5' -di phosphomannose
5'-diphosphofucose(GDP-Fuc), and cytidine 5'-monophospho-l /-acetyl neurami niaci
c d (C MP -N euAc) . The
enzymes that form the activated nucleosidesugars and
transfer them into nascent oligosaccharidechains are
collectively referred to as the enzymes of the Leloir
pathway. Leloir-pathway enzymes have been used as
catalysts for glycosidic bond formation in a number of
synthetic applications.26'28-30
In order for enzyme-basedsynthetic methodologiesto
be feasible,a source of activated monosaccharidesis required. Although all eight nucleosidephosphate sugars
are availabie commercially,all are too expensivefor synthetic use. We have undertaken a program to develop
practical gram-scalesynthesesof the eight activated sugars
( 2 1 ) W o n g , C . - H . S c i e n c e1 9 8 9 ,2 4 4 , 1 1 4 5 .
( 2 2 ) J o n e s ,J . B . T e t r a h e d r o n 1 9 8 6 ,4 2 , 3 3 5 1 .
(23) Enzymes in Organic Synthesis;Porter, R., Clark, S., Eds.; Ciba
Foundation Symposium ///; Pitman: London, 1985.
( 2 4 ) A k i y a m a , A . ; B e d n a r s k i ,M . D . ; K i m , M . - J . ; S i m o n ,E . S . ; W a l d mann, H.; Whitesides,G. M. CHEMTECH 1988,627.
(25) Whitesides,G. M.;Wong, C.-H. Aldrichchimica Acto 1983,16,27.
( 2 6 ) T o o n e ,E . J , ; S i m o n , E . S . ; B e d n a r s k i , M . D . ; W h i t e s i d e s , G . M .
Tetrahedron 1989,45, 5365.
(27) Bednarski,M. D.;Simon, E. S.;Bischofberger,N.;Fessner,W.-D.;
K i m , M . - J . ;L e e s ,W . ; S a i t o ,T . ; W a l d m a n n , H . ; W h i t e s i d e s G
, . M. J. Am.
C h e m .S o c . 1 9 8 9 ,1 1 1 ,6 2 7 .
(28) Sabesan,S.; Paulson, J. C. J. Am. Chem. Soc. 1986, 108,2068.
(29) Palcic, M. M.; Venot, A. P.; Ratcliffe, R. M.; Hindsgaul, O. Carb o h y d r . r ? e s .1 9 8 9 , 1 9 0 , l .
(30) Aug6, C.; David, S.; Mathieu, C.; Gautheron, C. Tetrohedron Lett.
t984, 25. 1467.
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Schcme l. Uliditr€ 5'-Diphorphoglucos€ Dohydrcg€lose (UDP-Glc DE) Catalyzod Coaverrior of UDP-Glc to UDP-GIcUA ia
the Presence of NAD+
o

2 NADH

utilized in mammalian biochemistry. t" ;.:1"
n"u,
reported multi-gram synthesesof UDP-Glc,3l UDP-Gal,3l
and CMP-NeuAc32 and convenient syntheses of their
precursors,the nucleosidetriphosphates.s We now report
a convenient,gram-scalesynthesisof UDP-GIcUA using
UDP-Glc dehydrogenaseisolated from frozen bovine liver.
UDP-GIcUA has previously been prepared on a small scale
by enzymatic oxidation using crude enzymepreparations
from Bacillus.sa
Glucuronic acid is found in vivo primarily as a solubilizing agent for insoluble xenobiotics and as a constituent
of the glycosamineglycanfamily of polysaccharides(mucopolysaccharides). The glycosamineglycans,linear repeating polymers of N-acetylglucosamine and uronic acids,
include such important compounds as hyaluronic acid,
chondroitin and chondroitin sulfate, and heparin. A
cell-free enzymatic approach to the synthesis of these
compounds is attractive both from the point of view of
synthesizing quantities of them and for the preparation
of new materials. We have previously used synthetic
UDP-GIcUA in a cell-free synthesisof hyaluronic acid.35
Results and Discussion
Enzymatic Oxidation of UDP-Glc. Our initial approach to UDP-GIcUA involved the use of UDP-Glc dehydrogenasefrom bovine liver (EC ll.L.22). This nicotinamide-dependent enzyme catalyzesthe four-electron
oxidation of UDP-Glc to UDP-GIcUA (SchemeI).
UDP-Glc dehydrogenaseis commercially available,although it is expensive ($20/U, Sigma: a unit of enzyme
is the amount required tn catalyzethe conversion of 1 pmol
of reactants to products per minute under optimal conditions of temperature and pH). We investigated the
utility of the commercialenzymefor large-scaleproduction
of UDP-GIcUA. Reactionswere carried out in distilled
water, 0.1 M Tris, or 0.1 M glycineat pH 8.7,the reported
optimal pH for UDP-GIc DH.36 Oxidations were typically
carriedout on a 0.15mmol scaleusing 2U of enzyme. The
reaction can be conveniently followed by ion-exchange
HPLC with UV detection. Under these conditions, 8pproximately L0% conversionof UDP-Glc to UDP-GIcUA
was observedafter 2 days, with a limiting value of 30%
conversion being reached after 7 days. Although both
UDP-GIcUA and NADH are reported to be competitive
inhibitors of UDP-Glc dehydrogenase,with Ki values of
(31)Wong,C.-H.;Haynie,S. L.; Whitesides,
G. M. Org.Chern.1982,
"L
47,54t6.
(32)Simon,E. S.;Bednarski,
M. D.;Whitcsides,
G. M. J. Am. Chem.
S o c . 1 9 8 81,1 0 , 7 1 5 9 .
(33)Simon,E. S.; Grabowski,
S.; Whitesides,
G. M. J. Org.Chem.
1990,55,
1934.
(34)Sugimura,T.; Tsukada,Y.; Tazuke,Y. Jpn. Patent4?046351;
(b) Sugimura,T.; Tsukada,Y.; Tazuke,
Chem.Abstr,1971,80,23089.
Y. US Patent372520I;Chern.Abstr.1973,73,146303h.
(35)Simon,E. S.;Toone,
E.J.;Ostroff,G.;Bednarski,
M. D.;Whitesides,G. M. MethodsEnzymol.1989,179,275.
(36)Zalitis,J.; Uram,M.; Bowser,A. M.; Feingold,D. S. Methods.
Enzymol.1972,28,430.
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Scheme II. Gram-Scale Production of UDP-GIcUA
(Oxidized NAD* Rcgenerated Using a Coupled Lactate
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50 and 6 pmol, respectively,s?the primary problem was
apparently enzyme degradation: while the addition of
UDP-Glc lailed to stimulate reaction,the addition of enzyme resulted in the appearanceof additional product. In
light of the significant cost of the enzyme,this procedure
was unsuitable for gram-scaleproduction of UDP-GIcUA.
We therefbre investigatedmethods to isolatethe enzyme
in a more useful form. That is, one that would give either
more stable enzyme or a larger quantity of enzyme. We
investigated a literature preparation of UDP-Glc dehydrogenasefrom calf-liver acetonepowder.38 Although
this preparation does not yield significantly more enzyme
than is feasible to use from commercial sources,we hoped
that the isolated UDP-Glc dehydrogenasemight be more
suitable for synthetic use. By use of the literature preparation, 10 U of enzyme was isolated from 20 g of commercial calf-liver acetonepowder, The isolatedenzyme
behaved similarly to the commercial enzyme, and this
route was not pursued further.
A convenient preparation of UDP-Glc dehydrogenase
from whole, fresh bovine liver has also been reported.sT'3e
Frozen bovine liver was thawed, cut into 4-cm-square
pieces,and homogenized.Connectivetissue and fat were
removed by centrifugation and filtration through cotton.
The filtered supernatant was precipitated with solid ammonium sulfate. The pellet was redissolved in buffer,
acidified to pH 4.9, and heated to 60 oC for 1 min. The
precipitate was discarded, and the supernatant was reprecipitated with alkaline ammonium sulfate. The preparation yielded 450 U of enzyme from 2.4 kg of frozen
liver.ao The specific activity of this preparation was approximately 0.04 U l^e protein. Although 450 U is
(3?) 161Neufeld, E. F.;Hall, C.W. Biochem. Biophys. Res, Comrnun.
1965, /9, 456. (b) Zalitis, J.; Feingold, D. S. Biochem. Biophys. Res.
C o m m u n . 1 9 6 83. / . 6 9 3 .
(38) Strominger, J. L.; Maxwell, E. S,; Axelrod, J.; Kalckar, H. M.
"I.
B i o l . C h e m . 1 9 5 7 ,2 2 4 , 7 9 .
(39) Zalitis, J.; Feingold,D. S. Arch. Biochem. Biophys. 1969,12, 457.
(40) Methods of Enzymatic Analysis;Bergmeyer,H. U., Ed.; Verlag
Chemie: Weinheim, 1983;Vo!. II p 324.

Synthesisof Uridine 5'-DiphosphoglucuronicAcid
somewhat lower than the literature value,s the use of fresh
liver would almost certainly improve the yield.
UDP-Glc dehydrogenaseisolated in this way was used
to prepare UDP-GIcUA from UDP-Glc on a 1-g scale.
UDP-Glc was dissolvedin 50 mM Tris buffer, pH 7.5, with
100 U of crude UDP-Glc dehydrogenase. A catalytic
amount of NAD was added to the reaction; oxidized cofactor was regenerated using a coupled pyruvate/lactate
dehydrogenasesystem (Scheme II). To ensure complete
conversionof UDP-Glc to UDP-GIcUA, 4 equiv of pyruvate were employed. UDP-GIcUA was purified from the
reaction mixture by gel filtration chromatography on
Sephadex G25: the product eluted after approximately
1.8-1.9 bed volumes. The pooled, product-containing
fractions were lyophilized to yield a pale yellow powder.
The material was indistinguishable from commercial
UDP-GIcUA by lH and 13CNMR. Acetic acid from the
UDP-Glc dehydrogenasebuffer was the only major contaminant and could be removed by ion-exchangechromatography. The mass recovery was 87Eo, based on
UDP-Glc. Synthetic UDP-GIcUA was assayedenzymatically using commercially available UDP-glucuronyltransferase(EC 2.4.L.17).This assaygave a purity of 84%.
Since no observableimpurities appearedin the lH NMR
spectrum, the primary impurity is most probably water.
Platinum-Catalyzed Air Oxidation. Glucosecan be
selectively oxidized at C6 by a platinum-catalyzed oxygen
oxidation: this oxidation is important in commercial
synthesesof ascorbic acid.al More recently, a report appeared on the successfuloxidation of glucosel-phosphate
to glucuronic acid l-phosphate using a similar approach.qs
We therefore examinedthe feasibility of preparing UDPGIcUA from UDP-GIc via a platinum-catalyzed oxidation
on a small (0.15mmol) scale. A brief survey confirmed that
oxidation of UDP-GIc is effective only above pH 9.0.
Although initially a high rate of conversion of UDP-Glc
to UDP-GIcUA was observed,rapid catalyst inactivation
occurred, as well as decomposition of UDP-Glc. A variety
of catalyst systems were examined: in all casesdecomposition at elevated pH was the predominant reaction.
Although the products of decompositionwere not unambiguously identified, base-catalyzeddecomposition of
UDP-Glc has been reported previously.aa
These results suggestthat a platinum-catalyzedair oxidation is not feasible for the production of gram quantities
of UDP-GIcUA. Although it may be possibleto prevent
deactivation of the platinum by careful preparation of the
catalyst,a2'43
the oxidation would still have to be carried
out at elevated pH, where UDP-Glc is unstable.
Conclusions
We have developed a method for the production of gram
quantities of UDP-GIcUA from UDP-Glc. The method
involves a straightforward enzyme isolation from a convenient source. Although the cost of commercial UDP-Glc
is significant ($70/g), UDP-Glc can be prepared on a large
scale from inexpensive glucose-6-phosphateby literature
methods.sl
This enzymatic method is superior to other methodologies. Although platinum-catalyzed oxidations could be
improved by appropriate catalyst preparation, difficulties
associatedwith catalyst preparation and base-catalyzed
(41)Mehltretter,
C. L. Adu.Carbohydr.
Chem.1953,
8, 231.
_ (42)Van Dam, H. E.; Kieboom,A. P. G.; Van Bekkum,H. Appl.
Catal.19E7,
33,361.
(43)Duijverman,P.; Van Dam,H.E.; Kieboom,A. P. G.; Van Bekkum, H. Appl. CataL l987,33,373.
(44)Paladini,A. C.; Leloir,L. F. Biochem.J. 1952,51,428.
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decomposition of UDP-Glc would still render this route
inferior to enzymatic preparation. Another potential route,
chemical synthesis from glucuronic acid, would almost
certainly be more expensive and less efficient than enzymatic synthesis.as
Experimental

Section

All chemicals were reagent grade and used without further
purification. Enzymes were purchased from Sigma. Water was
distilled from glassin a Corning AG-lb still. HPLC analyseswere
performed using a Waters 600E solvent delivery system.
Isolation of UDP-Glc Dehydrogenase from Frozen Bovine
Liver. UDP-Glc dehydrogenasewas purified according to the
method of Zalitis and Feingold.36'38"Buffer" refers to 0.01 M
NaOAc, 0.002 M EDTA, 0.01 M 2-mercaptoethanol,pH 5.5
throughout. Protein concentrations were determined by the
method of Lowry.6
Frozen bovine liver was obtained from PelFreezeCo., AR, and
thawed wrapped in plastic in 4 oC water. The liver was cut into
4-cm-squarepieces. Liver (300-g lots, total of 2400 g) was homogenizedwith buffer (300 mL per lot of liver) in a Waring blender.
The resulting suspensionwas centrifuged (100009,30 min), and
the supernatant was filtered through cotton. Solid ammonium
sulfate (5I7 9,30% saturation) was added to the supernatant (total
of 3100 mL). The suspensionwas centrifuged (10000g,30 min)
and the pellet discarded. Additional ammonium sulfate (375 g,
Lo 50To saturation) was added. The suspensionwas centrifuged
(10000g,30 min), and the pellet was redissolvedin buffer (600
mL) to give a protein concentrationof approximately 120mg/ml.
The solution was divided into 200-mL lots, the pH was adjusted
to 4.9 with 1 M acetic acid, and the solution was heated to 60 oC
in a water bath. The temperature was maintained at 60 oC for
2 min then lowered to 2 oC in a salt-ice bath. The suspension
was centrifuged (100009,30 min), and the pellet was discarded.
Solid ammonium sulfate (1259,35% saturation)was added,and
the suspensionwas centrifuged (100009,30 min). Additional
ammonium sulfate (38 g, to 45% saturation) was added. The
suspensionwas centrifuged (10000g,30 min), and the peliet was
redissolvedin buffer (200 mL) to give a protein concentration
of approximately 55 mg/ml. The enzyme was used without
further purification.
Preparation of UDP-GIcUA Using UDP-Glc Dehydrogenase from Bovine Liver. UDP-Glc (Sigma, I g, 1.5
mmol) was dissolvedin Tris buffer (50 mM, pH 8.7,30 mL). To
this was added NAD (50 mg, 0.08 mmol), pyruvate (0.53 g, 6
mmol), and lactatedehydrogenase(EC I.1.L.27,Sigma,from rabbit
muscle,200 units). The pH was readjustedto 8.7, and UDP-Glc
dehydrogenase(150 U) was added. The reaction was monitored
by HPLC (Partisil 10 SAX strongly basicanion exchangecolumn,
1.6ml/min, linear gradient of 0.007M phosphate,pH 4.7 to I.L
M KCI in 0.007M phosphate,pH 4.7 during 30 min, UV detection
at 264 nm). Typical elution times under these conditions were
8.2 and 14.3 min for UDG-Glc and UDP-GIcUA, respectively.
After 12 h, no UDP-Glc was visible; UDP-GIcUA was the sole
major product. The reaction mixture was concentratedto 10 mL
by rotary evaporation,applied to a column of SephadexG25, and
eluted with distilled water. Fractions were detected by UV at
264 nm. Fractions containing UDP-GIcUA were combined and
lyophilized to give a slightly yellow powder (890 mg, 87To). rH
and r3C NMR spectra were indistinguishable from authentic
material (Sigma): lH NMR (DzO, 500 MHz, HOD at 6 4.63){7
6 7.815(d, J = 8.L2H2,1 H), 5.852(m, 2 H), 5.489(dd, Jt = 3.47
H z , J 2 = 4 . 1 3H z , 1 H ) , 4 . 2 3 8( m , 2 H ) , 4 . L 5 2( m , 1 H ) , 4 . 1 1 4 - 4 . 0 3 1
(m, 1 H), 3.998(m, 2 H), 3.65(t, J = 9.48Hz, I H), 3.451(dt, Jr
= 9.83 Hz,J2= 3.L2Hz, 1 H), 3.38(t, J = 9.67Hz, 1 H); r3CNMR
(DzO,I25 MHz,dioxane at 6 67.3)6 L77.L,166.9,L52.5,t42.3, 103.4,
9 6 . 1 ,8 9 . 0 ,8 3 . 9 ,7 4 . 5 ,7 3 . 6 ,7 3 . 3 ,7 2 . 5 , 7 2 . 0 , 7 0 . 46, 5 . 5 .
Enzymatic Assay of UDP-GIcUA.
Enzymatic assay of
UDP-GIcUA is carried out by observing the transfer of GIcUA
(45) Moffatt, J. G. Methods Enzyrnol. 1966,8, 136.
(46) Peterson,G. L. Anal. Biochem. 1977,83, 356.
(47) tH NMR spectra of several nucleoside diphosphate sugars have
values of 4-8 Hz: Lee, C.-H.; Sarma, H. Biobeen reported, with 3ol11.p
c h e m i s t r y 1 9 7 6 ,1 5 , 6 9 7 .
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from UDP-GIcUA to phenolphthalein. The GlcUA-phenolphthalein conjugate does not absorb at 540 nm. The assay was
a modified version of a procedureobtained from Sigma Chemical
Co.
A stock solution of Tlis (0.3 M), phenolphthalein(1 mM), MgCI
(45 mM), bovine serum albumin (3 mg/ml,), and B-mercaptoethanol (3 mM) was preparedin distilled water, and the pH was
adjusted to 8.0. A solution of -0.2 UlmL uridine 5'-di(EC 2.4.1.17,from bovine liver,
phosphoglucuronyltransferase
Sigma) was prepared in distilled water. A 0.3 mM solution of
UDP-GIcUA was also prepared. Two solutions were prepared
as f<lllows:
stock solution
enzyme
distiiled water
UDP-GlcLIA

solution 1

solution 2

6.3 mL
0.2 mL
0.0 mL
0 . 5m L

6.3 mL
0.0 mL
0.2 mL
0 . 5m L

Enzymatic transfer of GIcUA from UDP-GIcUA to phenolphthalein was initiated by addition of the enzyme. Aliquots of
0.25 mL were withdrawn at intervals and quenched into 1.5 mL
of 95% ethanol. The solutions were centrifuged (130009,5 min),
0.5 mL of supernatant was added to 4 mL of glycine buffer (0.2
M, pH 10.4),and the absorbanceat 540 nm was recorded. The
reaction was allowed to proceed until no further changein A5a6
was observed. The concentration of UDP-GIcUA was calculated
from the difference between the final A5a6from solution 1 and
the A5nsfrom solution 2, utilizing a molar absorbtivity for phenolphthalein at pH 10.4of 38500 L mol-r cm-r.
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