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ABSTRACI 

A porcine (1 + 3)-a-N-ace@-o-galactosaminyltransferse was obtained in a state suitable for prepar- 
ative-scale (mg-scale) synthesis using simple procedures requiring only three days of effort. The enzyme 
thus prepared transferred GalNAc efficiently from UDP-GalNAc to six different chemically synthe- 
sized di- and tri-saccharide H-active structures to yield blood-group A-active oligosaccharides that were 
characterized by ‘H NMR spectroscopy and mass spectrometry. This work further demonstrates the 
efficiency and attractiveness of using glycosyltransferases in a combined chemoenzymatic approach for 
the rapid production of biologically active oligosaccharides. 

INTRODUCTION 

There is a great interest in the study of biologically active oligosaccharides, 
much of which stems from the appreciation of their potential in biology and 
medicine. This interest has created a growing need for economically produced 
oligosaccharides, especially for the purpose of studying their biochemical function 
and assessing their potential in therapeutics or as diagnostic tools. The structural 
characterization of the complex carbohydrate chains of mammalian glycoproteins 
and glycolipids as antigenic determinants of the human ABO blood group system 
provided the early impetus for their organic chemical synthesis*. These com- 
pounds, in general, are difficult to obtain from natural sources in sufficient 
quantities for systematic biochemical studies. 
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Powerful methods have been reported for the chemical synthesis of biologically 
significant oligosaccharides 2 4 Chemical synthesis of oligosaccharides represent- - . 

ing blood group substances, in particular, have been elegantly described by 
Lernieux et al.*-‘. However, as with many oligosaccharides, traditional organic 
synthesis remains time-consuming, cumbersome and expensive’. This is partly due 
to the formation of isomeric mixtures in chemical glycosylation reactions. Apart 
from the synthesis of oligosaccharides, the glycosylation of proteins or lipoproteins 
without causing denaturation of the macromolecules would be even more difficult, 
probably impossible, by such chemical means. As a logical alternative, the enzymic 
approach for glycosylation is particularly attractive since it allows stereospecific 
synthesis where anomeric mixtures are not formed, protection and deprotection 
steps are not necessary, and purification of the product can be achieved relatively 
easily. 

The enzymically assisted preparation of specifically glycosylted glycoproteins or 
glycoplipids will require specific glycosyltransferases with relatively high purity or 
specific activity. Of the various enzymes involved in the glycosylation or biosynthe- 
sis of blood group substances, the (1 + 3)-&V-acetyl-o-galactosaminyltransferase 
occupies a key position. Purification and characterization of blood group A specific 
(1 --, 3)-cr-N-acetyl-D-galactosaminyltransferase (also called A-transferase) have 
been reported from human milkg, human plasma”, porcine submaxillary glands”, 
and more recently from human gut mucosal tissue12, human lung tissuei3, and 
human plasma I4 Partial purification of the A-transferase from hog gastric mucosa . 

and formation of blood group A substance from natural H substance were 
previously reported . I5 The synthesis of a tracer-labeled product was demonstrated 
in situ using a hemagglutination inhibition test; however, the product was neither 
isolated, purified nor structurally characterized. The characterization of a blood- 
group A-active tetrasaccharide synthesized by a blood-group B gene-specified 
glycosyltransferase has been published . I6 In the present study, we demonstrate for 
the first time the use of a partially purified A-transferase in synthesizing a panel of 
human blood group A-specific oligosaccharides from chemically synthesized H-type 
precursors on a preparative (mg) scale. Such a combined chemoenzymatic ap- 
proach is especially efficient since the precursor acceptor substrates are readily 
available through chemical synthesis alone. 

EXPERIMENTAL. 

Partial purification of (1 + 3)-a-N-acetyl-D-galactosaminybransferase from 
porcine gastric mucosa. -Porcine stomachs, obtained fresh from a local slaughter- 
house, were collected immediately after slaughter and placed on ice. Processing 
was carried out at 4°C on the day of collection. The contents of each stomach were 
removed, and the inner surface was rinsed with cold water. Gastric mucosa was 
stripped from the underlying muscle layer, rinsed with cold water and drained. 
Approximately 200 g of mucosa was obtained per stomach. The mucosa was 
minced with scissors and ground in a Waring blender. The preparation was 
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homogenized further in 0.05 M Tris * HCI (pH 7.6) buffer containing 0.35 M 
sucrose, 0.025 M KCl, 0.01 M MgCI,, and 0.001 M Na,EDTA, and the suspension 
was adjusted to a final concentration of 0.3 to 0.5 g mucosa per mL of buffer. The 
material was centrifuged at 13900g for 20 min. A small aliquot of the resultant 
homogenate supematant was retained at 4°C for the determination of blood group 
A activity, and the remainder ( N 450 mL per stomach) was centrifuged at 150 OOOg 
for 45 min to pellet the microsomal fraction. An aliquot of this high speed spin 
supernatant was also retained at 4°C for the determination of blood group A 
activity. The microsomes (S-7.5 g per stomach) were stored at -80°C until 
extraction of the enzyme. 

All manipulations during enzyme extraction were carried out at 4°C in plastic 
containers. The microsomal pellets were thawed and suspended to homogeneity in 
20 mM sodium cacodylate, 10 mM MnCI, buffer (pH 6.8) to a final concentration 
of 0.15 g microsome per mL of buffer. The suspension was sonicated in 1.5-mL 
aliquots, for a total of 4 min in 30-s bursts. Sonicated aliquots were pooled in the 
same buffer containing 0.75% Triton X-100 and homogenized in a siliconized 
Wheaton glass homogenizer for a total of 1.25 h. The preparation was transferred 
to a beaker and further diluted in buffer to give a final concentration of 1% Triton 
X-100 and 0.75 g microsome/mL. The suspension was stirred gently for 20 h, then 
spun at 1OOOOOg for 1 h. The Triton X-100 extract supernatant was removed and 
used for synthesis of blood group A-specific oligosaccharides. The blood group A 
activity in various samples was determined by an assay for the inhibition of 
agglutination of A red blood cells (data not shown), as described by Kabat l7 and 
reported by Tuppy and SchenkeGBrunner 15. 

Determination of enzyme activity and acceptor-substrate specificity. -Extracts 
were assayed for A-transferase activity using a chromatographic separation of the 
reaction product on a C,, Sep-Pak column (Millipore) as described by Palcic et 
a1.l’. An assay mixture in a total volume of 50 ,uL contained, typically, 2 to 30 ,uL 
of enzyme preparation, 125 nmoles of a carbohydrate H acceptor (namely, c~Fuc(l 
--) 2)pGal-O(CH,),CGOCH,, the spacer-linked H-disacharide), 4 nmoles of 
UDP-IV-acetylgalactosamine (Sigma) with UDP-N-acetyl-o-[l-‘4C]galactosamine 
(Amersham) and having a radioactivity of about 10000 cpm, and 5 to 33 FL of 20 
mM sodium cacodylate, 10 mM MnCI, (pH 6.9) buffer. A control for endogenous 
acceptors which contained the same quantity of extract, but no acceptor substrate, 
was routinely included. All samples were incubated at 37°C for 30 to 60 min. 
Counts for MeOH elutions obtained for the endogenous acceptor controls for each 
sample (typically, l-2% of the counts from the added donor) were subtracted from 
counts obtained for the sample with acceptor. The enzyme activity was calculated 
from the amount of product formed, one unit (VI of (1 + 3)-cu-N-acetyl-o- 
galactosaminyltransferse activity being defined as that amount of enzyme catalyz- 
ing the transfer of one pmole of N-acetylgalactosamine to aFuc(1 + 2)/3Gal- 
O(CH,),COOCH, per min at 37°C. 

Synthesis of blood group A-specific oIigosacchan&s using the crua!e enzyme.-A 
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TABLE I 

Structure of various H-type precursors and blood group A-type oligosaccharide products * 

Precursor 
(trivial name) 

Identifi- Product 
cation (trivial name) 
number 

aFuc(l + ZIpGal-O-tCHzI,COOCH, 1 aGaINAd + 3)pGal-O_(CH,),COOCH, 
(H-Disaccharide) 

! 
(Y Fuc (A-Trisaccharide) 

aFuc(1 + Z)PGal(l + 3)pGlcNAc-OR 2 aGaINA + 3)PGal(l + 3)pGlcNAc-OR 
(H Type I) 

; 

aF:c (A Type I) 

cvFud1 -+ 2I~GaI(l-$4)/3GlcNAcOR 3 aGalNAd1 + 3)flGal(l+ 4)pGIcNAc-OR 
(H Type II) 

; 

crFt& (A Type II) 

uFud1 + 2)PGal(l--, 3)/3GaINAc-OR 4 aGaINA& + 3)fiGal(l+ 3)fiGalNAc-OR 
(H trpe IV) 

; 

LY&C ti Type IV) 

aFud1 + 2)/3GaKl-+ 3)/3GaI-OR 
(HTweW 

5 aGaiNA& + 3)fiG;l(l--) 3)PGal-OR 

t 

(IF:c (A Type V) 

ruFud1 --) 2)pGal(l-+ 4)~GloOR 
(HTypeW 

6 cuGalNAcfl+ 3)fiGal(l-+ 4)BGlc-OR 

; 

aF:c (ATypeVIl 

u R is -(CH&&OOCH, in all structures, as indicated for 1. 

typical reaction mixture consisted of 2.6 mU of microsomal Triton X-100 extract 
(200 PL), 600 pg of a carbohydrate acceptor, and a 1.3 mol equiv of UDP-N- 
acetylgalactosamine (sodium salt) as donor. Sodium cacodylate WI0 n&l), 5 mM 
MnCl, (PH 7.2) buffer was used for the synthesis of A-trisaccharide and A type II 
tetrasaccharide, while 20 mM sodium cacodylate (PH 6.9) buffer containing 10 mM 
M&l, was used for all other acceptors. The total volume of the reaction mixture 
was - 600 pL. It was incubated at 37°C with mild agitation for 7 h. This length of 
time was found to be sufficient for the completion of the reaction, as observed 
spectrophotometrically from a coupled reaction system with pyruvate kinase and 
lactate dehydrogenase (M. Palcic, unpublished observation). All acceptors were 
chemically synthesized, lo-carbon spacer-linked carbohydrate products represent- 
ing various H-type substances (see Table I), obtained from Chembiomed Ltd. 

Isolation, purification, and characterization of oligosacchande products. -The 
oligosaccharide product of the enzymatic synthesis was isolated and purified as 
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described by Palcic et al. . l8 The reaction mixture was passed through a new C,, 
Sep-Pak cartridge which had been equilibrated and washed with MeOH and water. 
The product was eluted with 15 mL of abs MeOH, and the sample was reduced to 
dryness on a rotary evaporator. This was resuspended in 0.5 mL of MeOH and 
applied to a 12 cm X 8 cm regular analytical thin-layer chromatography plate 
(Merck Kieselgel60 F2.+,, 0.25 mm) using a Hamilton syringe. The plate was dried 
under vacuum and eluted with 1: 2 MeOH-CH,CI, for the A trisaccharide and A 
type II tetrasaccharide, or with 1: 1 EtOAc-MeOH for all other products. The 
plate was observed under ultraviolet light for a fluorescing band of Triton X-100 
which was visible just below the solvent front line. For the A trisaccharide and A 
type II tetrasaccharide products, all of the surface of the plate below this area was 
removed to the application line. The area at the application line was removed for 
all other products. The collected material was stirred with 10 mL of 1: 1 abs 
MeOH-water for 30 min at room temperature. The resultant suspension was 
passed through a Buchner funnel containing a Whatman No. 1 filter paper and 
evaporated to dryness. 

The dried sample was dissolved in 5 mL water and passed through a washed C,, 
Sep-Pak cartridge, and the flask was rinsed with another 10 mL of water. The 
cartridge was washed with 20 mL of water, and the product was eluted with 15 mL 
of MeOH, then passed through a 0.22~pm Millipore filter and evaporated to 
dryness. Finally, the sample was evaporated in D,O, redissolved in D,O and 
analysed by ‘H NMR spectroscopy. All samples were re-exchanged with pure 
water before lyophilization and analysis by mass spectroscopy. 

‘H NMR spectra were recorded on a Bruker AM 300 instrument operating at 
297K. The sharp methyl peak of the methoxy group in the lo-carbon spacer-arm of 
product oligosaccharides was chosen as the reference standard and assigned a 
chemical shift of 3.687 ppm 19. Fast-atom bombardment mass spectrometry was 
performed on an AEI MS-9 spectrometer using Xe as the bombarding gas and 
mixtures of dithiothreitol-dithioerythritol as the matrix and positive-ion detection. 

RESULTS AND DISCUSSION 

The preparation of (1 + 3)_cu-N-acetyl-n-galactosaminyltransferase used in this 
study had a modest specific activity in the range of 6-7 mU/mg of protein. This 
was easily obtained by a simple detergent solubilization of porcine gastric mucosal 
microsomal pellets with Triton X-100. The enzyme was found to have a rather 
broad acceptor-substrate specificity, as determined from initial studies with 14C- 
labeled UDP-GaINAc and various precursor acceptor-substrates (data not shown). 

The chemical structure of the various H-type precursors and the related blood 
group A-type oligosaccharide products are provided in Table I. The required 
H-type precursors, containing a glycosidically linked bridging arm, used for the 
enzymatic synthesis were obtained from chemical synthesis alone as described, for 
example, by Lemieux et a15-’ and Hindsgaul et a1.20. In this work the precursor 
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6.0 5.0 4.0 ppm 3.0 2.0 1.0 0.0 

Fig. 1. ‘H NMR spectrum of A-trisaccharide (product 1, Table 1) obtained by the enzymic synthesis 
using porcine Cl--) 3)-wN-acetylgalactosaminyltransferase. 

acceptors used, and therefore the products formed enzymatically, were all attached 
to a lo-carbon hydrophobic spacer arm. This greatly simplified the product 
isolation from a rather crude incubation mixture, and the purity for the product 
obtained exceeded 90% in all cases as judged on the basis of NMR data. 
Furthermore, the conversion of the donor (UDP-GalNAc) as well as the acceptor 
substrate to product also appeared to be complete (> 90%) in all the cases, as 
determined earlier from a coupled reaction CM. Palcic, unpublished observation). 
It should be noted that traces of Triton X-100, which was used in the enzyme 
preparation, could be observed in some of the NMR spectra since the detergent 
was not separated by hdyrophobic chromatography on a Sep-Pak column. The 
method would still be useful, however, for other oligosaccharide substrates though 
additional chromatographic steps would have to be included in the product 
isolation protocols. 

Fig. 1 shows the lH NMR spectrum of A-trisaccharide product obtained by the 
preparative-scale enzymatic synthesis from the H-disaccharide precursor and using 
the porcine A-transferase. A similar spectrum of the typical A-type VI tetrasaccha- 
ride product superimposed on the corresponding H-type VI trisaccharide precur- 
sor is given in Fig. 2. All other spectra are essentially similar to those shown except 
for minor differences in the position of anomeric protons and for two Wacetyl 
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6.0 5.0 4.0 ppm 3.0 2.0 1.0 0.0 

Fig. 2. ‘H NMR spectrum of A-type VI tetrasaccharide (product 6) superimposed on the H-typk VI 
trisaccharide (precursor 61, obtained by the enzymic synthesis using porcine A-transferase. 

signals of the products 2, 3, and 4 (see structures in Table 1). Table II summarizes 
some of the characteristic ‘H NMR as well as mass spectral data obtained for all 
the products. 

The ‘H NMR spectrum shown in Fig. 1 indicates the anomeric protons as well 
as some other characteristic signals for the A-trisaccharide (product 1, Table I) 
obtained enzymatically. These assignments are consistent and completely in agree- 
ment with those reported earlier by Lemiew et al. 7~21 for the same oligosaccharide 
prepared by chemical synthesis alone. The additional H-l (GalNAc) signal for the 
A-type VI oligosaccharide (product B), also present in the other products, is shown 
clearly in Fig. 2. In the anomeric region, this doublet at 5.18 ppm (J 3.7 Hz) can be 
assigned to the a-anomeric proton of N-acetyl-o-galactosamine, while the doublet 
at 5.35 ppm (J 4.0 Hz) belongs to that of L-fucose. These assignments are in 
agreement with those given to the a-anomeric protons of these two sugars in 
related compounds reported by Lemieux et al.‘i and Kannagi et al.22, and for the 
similar but reduced tetrasaccharide products synthesized with the A and B 
gene-specified transferases as described and characterized by Yates et a1.16. The 
third doublet in the anomeric region at 4.65 ppm (J 7.7 Hz) was assigned by Yates 
et al.” to the P-anomeric proton of D-galactose. This is consistent with our results 
of 4.58 ppm (J 7.4 Hz); however, this signal assignment may be reversed with that 
of the fourth anomeric doublet at 4.30-4.49 ppm (J 7.4-8.5 Hz). This additional 
signal arises from the H-l (P-R) where R is GlcNAc, GlcNAc, GalNAc, Gal, or 
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Glc for oligosaccharide products 2, 3, 4, 5, and 6, respectively (see Table I>. 
Outside the anomeric region, the distinctive signals of CH,COO from the 

&(methoxycarbonyl) octyl spacer-arm (2.39 ppm), the signals at 2.03-2.05 ppm 
given by the CH, protons of the acetyl group of N-ace@-b-galactosamine and 
N-ace@-D-glucosamine, and the doublet given by the CH,-5 of L-fucose (1.22-1.25 
ppm, 6.5-6.6 Hz) were readily distinguishable. It is notable that two distinct 
N-acetyl signals could be clearly observed in the ‘H NMR spectra of products 2,3, 
and 4. Also, the spectrum of each product obtained enzymatically compared very 
well with that of the authentic product synthesized in the laboratory by purely 
chemical means. The ‘H NMR spectral data (Table II) therefore confirm that the 
blood group A-specific oligosaccharide products obtained from the chemoenzy- 
matic approach in this study are identical to those obtained by chemical synthesis 
alone. This is further corroborated by the mass spectral data which are included in 
Table II. The mass-spectrometric analysis of a naturally occurring A-active tetra- 
saccharide, c~-D-GalNAc-(1 + 3)-[a-L-Fuc-(1 + 2%/3-D-Gal-(1 + 4)-D-Glc, isolated 
from urine has been reported earlier Z. Our results for the A type VI tetrasaccha- 
ride (product 6, Table I) is in accord with the assignment of this structure and also 
with the lH NMR spectrum of the tetrasaccharide reported by Yates et a1.i6. 

CONCLUSIONS 

This work clearly demonstrates the usefulness of a combined chemoenzymatic 
approach for the rapid preparation of small quantities of biologically active 
oligosaccharides. The partially purified, albeit crude, A-transferase used in this 
study can be easily prepared in about three days from a readily accessible source in 
a form useful for synthesis with only modest effort and no specialized equipment 
or resins. Furthermore, the enzyme has sufficiently broad specificity to accept all 
of the H structures which were tested. The H-type III structure, however, cuFuc(l 
+ 2)pGal(l --) 3)cuGalNAcOR, was not available and could, therefore, not be 
used for the synthesis of the corresponding A-type III tetrasaccharide product. 

It may be noted that the blood group A transferase from a human stomach 
endothelial cell line has recently been cloned 24 but no report of its overexpression , 

or use in synthesis has yet appeared. The use of a cloned enzyme, especially in an 
immobilized form, would be attractive or desirable for the eventual large-scale 
commercial production of oligosaccharides such as the blood group A-active 
substances. In the meantime, however, the enzyme from porcine stomach can be 
easily prepared, and it is calculated that one porcine stomach contains sufficient 
activity to produce, for example, about one mg of A-trisaccharide (product 1) per 
min at 37°C from the H-disaccharide precursor. 

A recent review” on oligosaccharide synthesis by enzymatic transglycosylation 
gives a promising outlook “in our ability to develop enzymatic systems for the 
custom synthesis of a wide variety of useful and biologically active oligosaccha- 
rides”. This study shares the same outlook and reconfirms the approach reported 
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previously for the synthesis of tumor-associated sialyl Lewis-a determinant l9 and 
other complex oligosaccharides26*27 or carbohydrates in generala. 
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