
Glycoconjugate Journal (1993) 10:26-33 

Chemoenzymatic galactosialylation with integrated 
cofactor regeneration 
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As a precursor for the chemical synthesis of sialylated oligosaccharides, the trisaccharide glycoside Neu5Ac 
a(2-8)Galfl(1-4)GlcNAcfl(1-O)-pent-4-ene was synthesized starting from GlcNAcfl(1-O)-pent-4-ene, UDP- 
glucose and N-acetylneuraminic acid in a one pot reaction employing galactosyltransferase and c~(2-6)sialyl- 
transferase in a complete cofactor regeneration system. 
Keywords: N-Acetylneuraminic acid, galactosyltransferase, a(2-6)sialyltransferase, cofactor regeneration. 

Abbreviations: Neu5Ac, N-acetylneuraminic acid; CMP-Neu5Ac, cytidine 5'-monophosphosialate; CMP, cytidine 
5'-monophosphate; CDP, cytidine 5'-diphosphate; CTP, cytidine 5'-triphosphate; Gal, galactose; GlcNAc, 
N-acetylglucosamine; UDP, uridine 5'-diphosphate; UDP-GIc, uridine-5'-diphosphoglucose; UDP-Gal, uridine- 
5'-diphosphogalactose; PEP, phosphoenolpyruvate. 

Introduction 

a-Sialooligosaccharides are located on the periphery of the 
glycocalix, and thus they are involved in biological processes 
such as cell-cell recognition, interaction and differentiation 
[1]. The use of activated derivatives of N-acetylneuraminic 
acid (Neu5Ac, 3) as glycosyl donors in classical glyco- 
sylation chemistry often gives poor stereoselectivity, and 
anomeric mixtures of sialosides are obtained [2]. More 
complex derivatives of Neu5Ac were used in the chemical 
synthesis of sialooligosaccharides in order to promote the 
formation of natural c~-sialosides and to increase the yields 
in glycosylation of secondary alcohols [3]. Generally, 
by enzyme catalyzed syntheses high stereo- and regio- 
selectivities can be achieved. In particular, by use of 
galactosyl- and sialyltransferases, the syntheses of a number 
of complex oligosaccharides were reported [4]. Techniques 
for detection, isolation and characterization of reaction 
products exist, but the amount of product formed is limited 
by the availability of the glycosyltransferases. Therefore it 
is essential to realize a high transfer rate of the activated 
glycosyl donor in order to obtain larger quantities of 
complex carbohydrates. 

Recently Wong et al. published the enzymatic preparation 
of sialylated lactosamine derivatives [5, 6]. Previously we 
had reported our preliminary corresponding efforts [7, 8]. 
Here we wish to disclose our approach to an efficient 
enzymatic synthesis of the nonphysiological trisaccharide 
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Neu5Ac~(2-6)Gal#(1-4)GlcNAc#(1-O)pent-4-ene (17) in a 
'one pot' reaction as mentioned previously. 

Results and discussion 

Isolation of the sialate cytidyltransferase 

A solution of crude sialate eytidyltransferase was prepared 
by homogenization and ultracentrifugation of calf brain. 
The enzyme activity in all approaches could be determined 
by the method of Kean et al. [93. As a standard method for 
semipurification, ammonium sulfate precipitation [103 was 
applied followed by an affinity chromatography [11] which 
gave the pure enzyme. The stationary phase consisted of 
CNBr-activated Sepharose 4B coupled with [3-[3-(2-amino- 
ethylthio)propyl]-N-acetylneuraminic acid (1). 

,°,H° I 
HO O~s~NH-C-O I 

H0 
1 

This affinity ligand ~-[3-(2-aminoethylthio)propyl]-N- 
acetylneuraminic acid was characterized by 1H NMR- 
spectroscopy. In contrast to the possible e-anomer it shows 
a remarkable downfield shift regarding the resonance signal 
assigned to its 3e-H proton, and thus proves the #- 
configuration at the anomeric center [12]. 
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Figure 1. Fractionation of sialate cytidyltransferase on a ~-[3-(2-aminoethylthio)propyl-N-acetylneuraminic acid column. The column 
was eluted with a KC1 gradient (0.0-1.0 M) in aqueous ammonia (pH 9.0, 10 ml h 1, 0.5 ml per fraction). Active fractions were detected 
by a thiobarbituric acid assay. 

Figure 1 illustrates the results of a typical analytical run 
on the N-acetylneuraminic acid affinity adsorbent with 
elution of the protein by a KC1 gradient, which gave an 
enzyme sample of about 1.5 mU total activity (25% 
recovery). Compared with the crude extract a sixfold 
purification was achieved in this step, and the final activity 
obtained on this analytical scale was 5 mU mg -1. In a 
semipreparative approach the previously used ligand gave 
670 mU mg -1 from trout liver El3]. It could be assumed 
that purification with this material may operate by an ion 
exchange mechanism. However, indirect evidence was 
acquired with the corresponding C-glycosidic material 2 
[14] which did not give any purification at all, even though 
the ion exchange should operate in a similar way. 

HO ~ /  ~ N H - C -  

HO 
2 

Preparative enzymatic synthesis of 
cytidine-5'-monophosphosialate (4) 

The first preparative synthesis of cytidine-5'-monophospho- 
sialate (CMP-Neu5Ac, 4) was reported by Kean et al. [9] 
as early as 1966. Since then a number of improvements have 
been described over the years [10, 15] and presently the 
activated neuraminic acid has been reported to be accessible 

on the gram scale [32]. The synthetic reaction uses Neu5Ac 
(3) and cytidine 5'-triphosphate (CTP) to give CMP- 
Neu5Ac (4) catalysed by the enzyme sialate cytidyltransferase. 

The pH conditions had to be correlated to the two 
maxima of activity of the enzyme regarding the ions 
involved. In the presence of manganese(II) ions (6 m~) the 
maximum of activity was observed at pH 8.0. However, in 
this range the degradation of nucleotide sugars occur, 
and thus magnesium(II) ions (25 raM) at pH 9.5 were 
preferred [10]. In order to prevent the inhibition of 
sialate cytidyltransferase by pyrophosphate, the enzyme 
inorganic pyrophosphatase was added. Thus, pyrophos- 
phate was converted irreversibly to phosphate and the 
equilibrium shifted towards the desired products. For 
determination of the content of CMP-Neu5Ac (4) the 
sialate cytidyltransferase assay as described [9] could be 
used. In the presence of a manganese(II) buffer the yield of 
4 was 27%, and with a magnesium(II) buffer 76% was 
obtained. 

Immobilization of this enzyme was achieved on silica gel 
[16] and on a synthetic copolymer of vinyl acetate and 
N,N'-divinylethylene urea (VA-epoxy) [17]. The first gave 
an activity yield of about 50% and the product 4 could be 
obtained in 70% yield. During the immobilization on 
VA-epoxy denaturation was observed, and thus the activity 
dropped to a mere 5%. Thus a preparative synthesis of 4 
with this material was not useful. 

As the next step, the coupling of the synthesis of 4 with 
regeneration of CTP by adenylate and pyruvate kinase was 
achieved. These inexpensive enzymes were added in excess 
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in order to overcome the phosphatase activity in the system 
and to guarantee a sufficient CTP concentration. Until now 
this approach has given the activated Neu5Ac 4 in 15.2~ 
yield [18], and the mediocre yield may be due to residual 
phosphatases. 

It was of interest to use the above described enzyme 
system for the synthesis of an important class of oligo- 
saccharides which contain the Neu5Aca(2-8)Neu5Ac 
sequence, such as group B meningococcal polysaccharides 
[19], brain tissues [20], and tumour-associated gangliosides 
[21]. The idea was to use Neu5Aca(2-8)Neu5Ac (5) as 
substrate and transfer it to the activated compound 6 which, 
in turn, should be tested for use in the sialyltransferase step 
to construct these structures. Starting with colominic acid, 
a polymer of Neu5Ac~(2-8)Neu5Ac residues, a modified 
acid hydrolysis according to the method of Jennings et aL 
[22] gave compound 5 in 15.2% (by weight) isolated yield 
following ion exchange chromatography. However, on the 
employment of 5 in the activation step no turnover 
was observed. On the other hand, no inhibitory effects could 
be demonstrated and thus it is assumed that sialate 
cytidyltransferase cannot recognize structure 5. 

Synthesis of the acceptor Gatfl(1-4)GlcNAcfl(1-O)- 
pent-4-ene (10) 

The galactosylation to form Galfl(l-4)GlcNAcfl(1-O)- 
pent-4-ene (10) was accomplished by a standard procedure 
[23-28]. The activated form of galactose required for 
the transferase reaction, uridine 5'-diphosphate galactose 
(UDP-Gal, 8), is very expensive and was therefore generated 
in situ from UDP-glucose (7) in a reaction catalyzed by 
UDP-galactose 4-epimerase. The galactose transfer from 
UDP-Gal (8) to the respective acceptor thus occurred with 
release of UDP. Galactosylation of chemically synthesized 
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GlcNAcfl(l-O)pent-4-ene (9) according to the 
procedure afforded 10 in 31% yield. 

above 

Isolation of the c~(2-6)sialyltransferase 
As described previously, cytidine-5'-diphospho-hexanol- 
amine Sepharose was used as an affinity adsorbent to purify 
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an ~(2-6)sialyltransferase from bovine colostrum [29]. 
Upon binding of the enzyme to the adsorbent, elution was 
achieved nonspecifically with 0.5-1.0 M sodium chloride. 
The activity was assayed by measurement of the sialylated 
product in the enzyme reaction mixture that contains 
CMP-sialic acid and an acceptor. Usually assays are 
performed with radioactively labelled CMP-sialic acid, and 
sialylated products are separated by precipitation, gel 
filtration or ion exchange chromatography and then 
measured by scintillation. An alternative was shown by Sato 
et al. [30] using a fluorogenic acceptor for sialyltransferase, 
and its use in a simple and sensitive assay by HPLC. 
We now report an easily synthesized new fluorogenic 
compound and its use in a sialyltransferase assay. 
Starting from heptaacetyllactosylbromide (12), the fluoro- 
genic spacer was added under Koenigs-Knorr conditions 
to yield after deacetylation [6"-O-(2"-aminobenzoyl)hexyl]- 
4-O-(fl-D-galactopyranosyl)-fl-D-glucopyranoside (14) in 
76%. We expected from the above results that 14 could be 
used as acceptor for the assay of sialyltransferase in bovine 
colostrum. The amount of sialylated 14 formed with respect 
to reaction time and enzyme concentration was examined 
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and the transfer rate remained constant for 4 h. Thus, the 
assay could be reliably employed for monitoring sialyl- 
transferase reactions. 

GalactosialyIation reaction including an integrated cofactor 
regeneration 
It has been shown previously that N-acetyllactosamine (15) 
could be converted to sialyllactosamine (16) by the use of 
an ~(2-6)sialyltransferase from bovine colostrum. This 
single step is handicapped by the inhibitor cytidine 
5'-monophosphate (CMP) formed in the transferase step, 
so the trisaccharide 16 could be obtained in only 52% yield 
[15]. In order to avoid this problem, the activation was 
coupled with the sialyltransfer. In this enzymatic system, 
CMP was converted to cytidine 5'-diphosphate (CDP) 
catalysed by adenylate kinase in the presence of CTP. CDP 
was further converted to CTP with phosphoenol pyruvate 
(PEP) catalyzed by pyruvate kinase. CTP was then reacted 
with Neu5Ac (3) catalyzed by sialate cytidyltransferase to 
give the product 4. The byproduct inorganic pyrophosphate 
was decomposed by pyrophosphatase. Sialylation of 
Galfl(1-4)GlcNAcfl(1-O)pent-4-ene (10) was accomplished 
by CMP-Neu5Ac (4) and a(2-6)sialyltransferase. The 
released CMP was again converted to CDP, to CTP, 
and to CMP-Neu5Ac. By this sialylation with intrinsic 
regeneration of the cofactor which only needs catalytic 
amounts of CMP the trisaccharide 17 was isolated in 76% 
yield. 

Finally we could show that all previously described steps 
can be combined in a 'single pot' reaction which gave 
compound 17 in an overall yield of 24%. The reason for the 
reduced yield in comparison with the single sialylation cycle 
could be the formation of uridine 5'-diphosphate (UDP) 
during the galactosylation, which inhibits this transferase. 
In order to prevent this, a separate regeneration system for 
UDP into UDP-Glc will have to be incorporated. 
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Materials and methods 

Materials 
Adenylate kinase (EC 2.7.4.3), pyruvate kinase (EC 2.7.1.40), 
UDP-glucose-4'-epimerase (EC 5.1.3.2), and inorganic 
pyrophosphatase (EC 3.6.1.1) were from Sigma, Germany, 
bovine galactosyltransferase (EC 2.4.1.22) was from 
Boehringer Mannheim, Germany. Solutions of enzymes 
were concentrated by ultrafiltration using Amicon concen- 
trators with PM-10 Diaflo membranes at 50-701bin -2. 
1H-NMR spectra were recorded with a Bruker AMX-400 
(400 MHz) instrument. All reactions were monitored by 
TLC on silica gel FG254 (Merck) with detection by UV 
light or charring with sulfuric acid. The ~(2-6)sialyl- 
transferase was isolated from bovine colostrum as described 
previously [29]. The glycosides were separated by gel 
chromatography on Sephadex G-10 (Pharmacia). 

Purification of sialate cytidyhransferase 
The sialate cytidyltransferase (EC 2.7.7.43) was first 
semi-purified from fresh calf brain by ammonium sulfate 

precipitation [9]. For the subsequent affinity chromatog- 
raphy, a column of [3-[3-(2-aminoethylthio)propyl]-N- 
acetylneuraminic acid coupled to CNBr-activated Sepharose 
4B (1) (3 ml wet gel) was pre-equilibrated with 1 mM 
aqueous ammonia, pH 9.0, containing 1 mM 2-mercapto- 
ethanol and NaN3 (0.02%). The column was loaded with a 
solution of the semi-purified enzyme (1 ml, l0 ml h-  1) and 
washed with the aqueous ammonia mentioned above. When 
the UV absorbance at 280 nm was about zero the enzyme 
was eluted with a KC1 gradient (0.0-1.0 M) in the aqueous 
ammonia (10 ml, 10 ml h -1, 0.5 ml per fraction). Active 
fractions were detected by a thiobarbituric acid assay [9] 
and combined. 

Enzymatic synthesis of cytidine 5'-monophosphosiaIate (4) 

N-Acetylneuraminic acid (3, 40 mg, 130 gmol) and eytidine 
5'-triphosphate (100mg, 0.22retool) were dissolved in 
incubation buffer. Then sialate cytidyltransferase (4 U) and 
inorganic pyrophosphatase (10 U) were added, the reaction 
incubated at 37 °C and regularly monitored by TLC 
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on cellulose plates. Further amounts of CTP (100 mg, 
0.22 mmol, each) were added in three individual portions 
every 60 rain. After 4 h the enzymes were removed by 
ultrafiltration and the product purified by gel filtration 
(Sephadex G-10, 150 c m x  2.5 cm column) and eluting with 
aqueous ammonia, pH 8.5. 

Application of incubation buffer A, 62 mM tris(hydroxy- 
methyl)aminomethane and 6 mM manganese(II) chloride, at 
pH 8.0, yield: 10 mg (27~ based on Neu5Ac). Application 
of incubation buffer B, 62 mM tris(hydroxymethyl)amino- 
methane and 25 m~ magnesium(II) chloride, at pH 9.5, 
yield: 31 mg (76~, based on Neu5Ac), literature [9]: 79~. 

1H-NMR (2H20): 6 = 8.00 (d, H-6"), 6.15 (d, H-5"), 5.98 
(d, H-I'), 4.20-4.30 (m, H-2' to H-5'), 1.67 (dd, H-3a), 2,48 
(dd, H-3e), 4.07 (ddd, H-4), 3.90 (me, 3H, H-5, H-8, H-9a), 
4.10 (dd, H-6), 3.45 (dd, H-7), 3.62 (dd, H-9b), 2.04 (s, NAc); 
J5",6" = 7.6, J1',2" = 4.3, Jaa,3, = 13.2, J3a,a = 6.1, J3a,4 = 4.7, 
J3~,4 = 11.3, J3e,P < 0.5, J4,5 = 10.4, J5,6 = 10.3, J6,v = 0.8, 
J7,8 = 9.5,  J8,9b = 6.3, J9a,9b = 11.7 Hz. 

In situ enzymatic synthesis of cytidine 5'-triphosphate 
(CTP) and cytidine 5'-monophosphosialate (4) 

A solution of Neu5Ac (3, 20 mg, 65 gmol), CMP (200 rag, 
0.48 mmol), and potassium phosphoenol pyruvate (300 rag, 
1.3 retool) in degassed incubation buffer (20 ml) ]-100 mM 
tris(hydroxymethyl)aminomethane, 25 mM MgC12, 1 mM 
2-mercaptoethanol, 0.1~o sodium azide at pH 8.0] was 
treated with sialate cytidyltransferase (1 U), inorganic 
pyrophosphatase (10 U), pyruvate kinase (1000 U), and 
adenylate kinase (2500 U). After 3 d shaking at room 
temperature the reaction was quenched by ultrafiltration 
and worked up as described above. The yield was 3 mg 
(15.2~o based on Neu5Ac). 

Acid hydrolysis of colominie acid 

A solution of colominic acid (240 mg, 14 gmol) and water 
(75 ml) was adjusted with 2 N HC1 to pH 3.8. The mixture 
was stirred at 79 °C for 1.5 h, cooled with ice and neutralized 
with 2 N  NaOH. After lyophilization, products were 
separated by ion exchange chromatography using a linear 
gradient of 1N NaCI:0.01N tris-buffer, pH 7.6, and 
subsequent desalting on Sephadex G-10. The yields 
were Neu5Ac (3), 8.0 mg (260.0 gmol), 3.3~ (per weight): 
(Neu5Ac)2 (5); 36.4 mg (58.8 ~tmol), 15.2~ (per weight). 

1H-NMR (400 MHz, 2H20): 3:0 = 2.29 (dd, 1H, H-3eq), 
1.87 (dd, 1H, H-3,x), 4.10 (ddd, 1H, H-4), 3.94 (dd, IH, H-5), 
4.05 (dd, 1H, H-6), 3.55 (dd, 1H, H-7), 3.77 (ddd, 1H, H-8), 
3.63 (dd, 1H, H-9a), 3.85 (dd, 1H, H-9b), 2.07 (s, 3H NAc); 
J3,x,3~q = 13.1, J3ax,4 = 11.8, J3eq,4 = 4.7, J4,5 = 10.4, 
J5,6 = 10.4, J6,7 = 0.8, JT,s = 9.2, J8,9, = 6.3, JS,gb = 2.5,  

J9~,9b = 11.7 Hz. 
1H-NMR (400 MHz, 2H20 ) 5:6 = 2.18 (dd, 1H, H-3~q), 

1.65 (dd ~ t, 1H, H-3,x), 2.73 (dd, 1H, H-3'~q), 1.54 (dd ~ t, 1H, 
H-3'a~), 4.07-3.31 (m, 14H, H-4', H-5', H-6', H-7', H-8', H-9a', 
H-9b', H-4, H-5, H-6, H-7, H-8, H-9a, H-9b), 1.89 (s, 3H, 

NAc), 1.92 (s, 3H, NAc); Ja'ax,3'eq = 12.5, J3'ax,4' = 11.9, 
J3,oq,4, = 3.5, Jaax.3eq = 13.0, J3,x,4 = 12.0, J3eq,4 = 4.5 Hz. 

Pent en y l 2-ac etamido- 2-de o x y-4-O-( fl- D-gal act o p yr anos y l )- 
fl-D-glucopyranoside (10) 

The incubation buffer was 100 mM tris-(hydroxymethyl)- 
aminomethane: 5 mM MgC12: 0.02~o NAN3, pH 7.5. 

UDP-glucose (7) (260 mg, 0.40 mmol) and 9 (232 rag, 
0.80 mmol) were dissolved in incubation buffer (20 ml) and 
the solution was deoxygenized with helium. Bovine serum 
albumin (20 rag), c~-laetalbumin (10 rag), UDP-galactose-4- 
epimerase (10U) and galactosyltransferase (5 U) were 
added and the mixture was incubated at 37 °C. The reaction 
was followed by a UDP-assay [31] and stopped after 2 d 
with a monitored yield of 40~. After lyophilization, 
separation followed by gel chromatography on Sephadex 
G-10. 

Isolated yield: 58 mg (31~o), m.p. 183 °C, [~]~o + 34.3 ° 
(c 1.4, H20 ). 1H-NMR (400 MHz, 2H20): ~ = 4.53 (d, 1H, 
H-l), 4.59 (d, 1H, H-I'), 3.60 (dd, 1H, H-2'), 3.67 (dd ~t, 1H, 
H-3'), 3.96 (dt, Hpe.t,nyl-la ), 3.57 (dt, 1H, Hp~.t~nyl-lb), 
1.59-1.73 (m, 2H, Hpenteny~-2), 2.06-2.12 (m, 2H, HpentCny~-3 ), 
5.95 (m, 1H, Hpe.te,yl-4), 5.05-5.26 (m, 2H, Hp~,t~nyl-5a, 
Hpe.tenyr5b), 2.09 (s, 3H, NAc); Jr,e' = 7.5, Jz',3' = 9.5, 
J1,2 : 8 .0 ,  Jpentenyl-la, pentenyl-lb : 10.5 ,  Jpentenyl-la,2 = 6.0, 
Jpentenyl-lb,2 = 6 .5  HZ.  

For detailed characterization, 10 (10 rag) was acetylated 
by the standard procedure with pyridine:acetic anhydride 
(3:1) to give pentenyl 2-acetamido-3,6-di-O-acetyl-2-deoxy- 
4- O- (2,3,4,6- tetra- 0-  acetyl- fl-D- galactopyranosyl- fl-D- 
glucopyranoside (11). 

1H-NMR (400 MHz, C2HC13) 11:6 = 4.38 (d, 1H, H-l), 
3.96 (ddd, 1H, H-2), 5.01 (dd~t,  1H, H-3), 3.72 (dd~t,  1H, 
H-4), 3.56 (ddd, 1H, H-5), 3.98-4.11 (m, 3H, H-6a, H-6b, 
H-6'b), 4.44 (d, 1H, H-I'), 5.05 (dd, 1H, H-2'), 4.91 (dd, 1H, 
H-3'), 5.29 (dd, 1H, H-4'), 3.79-3.84 (m, 1H, H-5'), 4.43 (dd, 
1H, H-6'a), 3.76 (dt, 1H, Hp~,~t¢,y~-la ), 3.38 (dt, 1H, 
Hpentenyl-lb), 1.62-1.73 (m, 2H, Hpentenyl'2), 2.08-2.14 (m, 
2H, Hpente.yl-3 ), 5.71 (m, 1H, Hp~,t~nyl-4), 4.85-4.96 (m, 2H, 
Hp~nt~,yl-5a, Hp~.t~,yl-5b), 5.58 (d, 1H, NH), 2.03 (s, 3H, 
NAc); Ji',2" = 8.0, J2',3' = 10.5, J3',4' = 3.5, J4',s' = 8.5, 
J5',6', = 3.0, J6',,6'b = 12.0, J~,2 = 7.5, J4,5 = 8.5, Js,6a = 
2.5,  JS,6b : 5 .0,  J6a,6b = 12.0, Jpentenyl_la, pentenyl_ lb  = 9 .5 ,  
Jpentenyl-la,2 -~- 6.5,  Jpentenyl-lb,2 ~- 7 .0  H z .  

[ 6"-O-( 2"-Aminobenzo yl)hexyl]-2,3,6-tri-O-acetyl-4-O- 
( 2,3,4,6-tetra-O-acetyl-fl-D-galactopyranosyl-fl-D- 
91ucopyranoside (13) 

Heptaacetyltactosylbromide (12, 1.80 g, 2.5 retool), hexane- 
1,6-diol (308 rag, 2.6 retool) and 4 A molecular sieves were 
dissolved in anhydrous dichloromethane (60ml) under 
nitrogen. After cooling to - 4 0  °C, silver triflate (693 rag, 
2.7 retool) and collidine (442 ~tl, 3.1 retool) were added and 
stirred for 1 h. After 4 h the mixture was warmed to - 10 °C, 
molecular sieves and catalyst were separated and the 
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product isolated by chromatography on silica gel with 
toluene:acetone (7:3). Dihydroxy-2,4-dioxo-3,1-benzoxazine 
(815 nag, 5.0 mmol) in EtOH:H20 (1:1, 20 ml) were added 
at pH 10.0. After neutralization the product was separated 
as described above. 

Yield: 1.39 g (76%), [c~] 2° + 32 ° (c 1.0, CHCI3). 1H-NMR 
(400 MHz, C2HC13): 6 = 4.78 (d, 1H, H-l), 4.81 (dd, 1H, 
H-2), 5.22 (dd~t ,  1H, H-3), 3.61-3.89 (m, 4H, H-4, H-5, 
H-5', Hh~xyrl"a ), 3.92-4.19 (m, 4H, H-6a, H-6b, H-6'a, 
H-6'b), 4.61 (d, 1H, H-I'), 5.08-5.14 (m, 1H, H-2'), 5.02 (dd, 
1H, H-3'), 5.39 (dd, 1H, H-4'), 3.53 (t, 1H, Hhexyrl"b), 3.47 
(t, 2H, Hh,xyl-6"), 1.43-1.75 (m, 8H, Hh~xyr2"-7" ), 1.91-7.82 
(d, 1H, Haryl-3"), 7.17 (d, IH, Haryl-6"), 6.09-6.16 (m, 
2H, H,ry~-4"/5"), 1.88-2.09 (m, 21H, OAc); J1,,2, = 8.5, 
J2',3'  : 10.0, J3',4'  = 3.5, "11,2 = 8.0, J2,3 = 9.5 Hz. 

[ 6"-O-( 2"-Aminobenzo yl)hex yl]-4-O-(fl-D- 
galactopyranosyl)-fl-D-glucop yranoside (14) 

13 (1.39 g, 1.9 mmol) was dissolved in anhydrous methanol 
(50 ml) with a catalytic amount of NaOMe. After 24 h at 
room temperature, neutralization was effected with dry ice. 
Separation was performed by HPLC (see sialyltransferase 
assay). 

Yield: 0.98 g (93%), [e]go + 97.6 ° (c 1.5, MeOH), e28o 
14.3 cm 2 mmol - 1, ~33o 5.2 cm 2 mmol- t. 1H-NMR (400 MHz, 
ZH20): 6 = 4.69 (d, 1H, H-I), 4.63 (d, 1H, H-I'), 3.48 (t, 
2H, Hn~xyx-l"a/l"b), 1.49-1.76 (m, 8H, Hhe~yl-2"-7"), 7.82 (d, 
1H, Hary~-3"), 7.17 (d, 1H, Haryr6"), 6.09-6.16 (m, 2H, 
H,~yl-4"/5"); -/1',2' = 8.5, J1,2 = 8.0 Hz. 

fl-D-Galactoside ~( 2-6)-sialyltransferase assay 

The incubation buffer was 10 mM sodium cacodylate; 2 mu 
MnC12 pH 6.5, the solution of 14 was 5.0 mmol (1.9 mg ml- 1) 
in incubation buffer and of CMP-Neu5Ac (4) was 7.0 mmol 
(5.3 mgml -~) in aqueous ammonia, pH 7.5. The assay 
mixture was incubation buffer, 900 gl: solution of 14, 70 ~tl: 
CMP-Neu5Ac (4), 30 gl: enzyme, x gl. 

The mixture was incubated at 37 °C for 30min and 
the reaction terminated by cooling in liquid nitrogen, 
and subsequent ultrafiltration. Separation followed on a 
Lichrosorb-NH2 column (20 cm x 0.5 em, 5 ~tm, Knauer) 
with a 0.1 M NH4OAc buffer, pH = 4.5, as eluant and a flow 
rate of 1.5 mlmin -~. Elution time for 14, 10.2min; for 
sialylated 14, 11.9 min. The HPLC peaks were integrated 
by use of Merck-Hitachi software. 

P enten yl 2-acetamido- 2-deo x y-4-O-[ 6-O-( 5-acetamido- 
3,5-dideoxy-~-D-glycero-D-galacto-2- 
nonulopyranosylonate)- 
fl-D-galactop yranosyl]-fl-D-glycop yranoside (17) 

Without integrated galactosylation. The incubation buffer 
was 10 m~ sodium cacodylate: 2 mM MnCI2: 0.02% NaNa, 
pH 7.4. Neu5Ac (3, 22 rag, 70 gmol), 10 (37 mg, 66 ktmol), 
CMP-Neu5Ac (4) (10mg, 24 gmol) and PEP (300mg, 
1.3 mmol) were dissolved in degassed incubation buffer 

(10ml). Subsequently, bovine serum albumin (10mg) 
and the following enzymes were added: fl-D-galactoside- 
~(2-6)sialyltransferase (0.6U), sialate cytidyltransferase 
(1.0 U), inorganic pyrophosphatase (10 U), pyruvate kinase 
(1000 U), adenylate kinase (2500 U). The reaction mixture 
was incubated at 37 °C and monitored by TLC (Lichrosorb- 
NH2, ethanol: 1 M ammonium acetate). After 48 h, lyophil- 
ization and product separation on Sephadex G-10 with a 
0.01 M ammonium hydrogencarbonate eluent gave, after 
evaporation, 37 mg (76%) 17. 

With integrated 9alactosylation. The incubation buffer was 
10 mM sodium cacodylate: 2 mM MnC12: 0.02% NAN3, pH 
7.4. Neu5Ac (3, 12 rag, 38 gmol), pentenyl derivative 10 
(11 mg, 36 gmol), CMP-Neu5Ac (4, 10 mg, 24 gmol), PEP 
(300 mg, 1.3 mmol) and UDP-Glc (7, 52 mg, 80 gmol) were 
dissolved in degassed incubation buffer (10 ml). Bovine 
serum albumin (10mg), ~-lactalbumin (10mg) and the 
following enzymes were added: UDP-galactose-4-epimerase 
(5.0 U), galactosyltransferase (2.0 U), fi-D-galactoside- 
~(2-6)sialyltransferase (0.6U), sialate cytidyltransferase 
(1.0 U), inorganic pyrophosphatase (10 U), pyruvate kinase 
(1000U), adenylate kinase (2500U). Incubation and 
separation were performed as described above. The 
yield was 6 mg (24%) of a colourless amorphous solid, 
[c~]~ ° -  47.3 ° (e 1.7, H 2 0  ). 1H-NMR (400 MHz), 2 H 2 0 ) :  
6 = 4.48 (d, 1H, H-I'), 4.58 (d, 1H, H-l"), 2.70 (dd, 1H, 
H-3~'q), 1.76 (dd~t,  1H, H-3"x), 1.71-1.64 (m, 2H, Hpo,tenyl-2), 
2.01-2.13 (m, 8H, Hpentenyl-3 , 2NAc), 5.92 (m, 1H, 
Hp~nt~,yl-4 ), 5.01-5.12 (m, 2H, Hpent~,rl-5a/5b): J3'"ax. 3'"eq = 
12.8, Jr',2" = 8.5, Jr,z' = 8.0 Hz. 
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