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Abstract: A series of deoxygenated uridine-d&iphosphogalactose (UDP-Gal) derivatives are evaluated as
donors for three different retaining galactosyltransferases using capillary electrophoresis with laser-induced
fluorescence detection. The enzymes investigated were calf thyr(lis3) galactosyltransferase (E.C.
2.4.1.151), blood group B(1—3) galactosyltransferase (E.C. 2.4.1.37) &wsseria meningitidis(1—4)
galactosyltransferase. UDP-2-deoxy-Gal and UDP-6-deoxy-Gal were found to be active as donors for all three
enzymes. Preparative syntheses utilizing these UDP-Gal derivatives were performed on mg scales, affording
deoxygenated trisaccharide analogues-160% yields.

Introduction There are two principle reasons why the use of enzymes in
oligosaccharide synthesis has recently gained a high level of
- . . interest in the chemistry community: the enzymatic synthesis
frequen_tly act as recognition molecules in _crumal cgllular of a glycosidic linkage is always stereospecific, and no pro-
interactions. Such molecules are kr)own to be involved in cell- tecting groups are required. Both glycosidases (running in the
signaling pathways and can act as ligands in-oedll adhesion  «eyerse” direction) and glycosyltransferases have been'iséd.
events as d|\_/erse as fertilization, cancer, and inflammation. Glycosidases are often readily available but frequently suffer
Oligosaccharides also frequently serve as receptors for thegom jow yields of product formed in equilibrium reactions and
attachment of bacteria, toxins, and viruses to human cell \he formation of multiple products due to the relaxed regio-
surfaces:™ Synthetlc |r!h|b|tors of these events have important specificity inherent to many of these enzymes. Glycosyltrans-
pharmaceutical potential. ferases, on the other hand, are enzymes of choice since they
The synthesis of complex oligosaccharide sequences containgre highly regiospecific, yielding single products in quantitative
ing two to six sugar units, both in solution and on the solid yijelds8 These enzymes are, however, difficult to isolate and
phase, represents a major challenge in organic chemigtry.  stabilize in a synthetic laboratory, but they are being cloned in

Their synthesis remains inherently much more complex than |arge numbers and are increasingly becoming commercially
that of oligonucleotides and peptides by virtue of the fact that zyailablel?

new stereochemistry (eitheror ) is introduced when coupling
two sugar residues together through a glycosidic linkage.
Mixtures are often obtained. In addition, most sugar units have
multiple hydroxyl groups necessitating complex reaction se-
quences for their selective protection prior to glycosylation. New  (9) Danishefsky, S. J.; McClure, K. E.; Randolph, J. T.; Ruggeri, R. B.
increasingly efficient glycosylation and protection strategies are Sciencel993 260, 1307.

; ; ; ; ; il (10) Nicolaou, K. C.; Watanabe, N.; Li, J.; Pastor, J.; Wissinger, N.
actively being sought out to simplify the available chemical Angew. Chem., Int. Ed. Eng1998 37, 1559,

Oligosaccharide sequences, usually two to six residues in size

The glycosyltransferases transfer sugars from the appropriate
sugar nucleotides (many of the natural ones are commercially
available) with either complete retention or complete inversion

synthetic protocol8. 4 (11) Kanie, O.; Ito, Y.: Ogawa, T. Am. Chem. S04994 116, 12073.
(12) Ito, Y.; Kanie, O.; Ogawa; TAngew. Chem., Int. Ed. Endl996

* To whom correspondence should be addressed. 35, 2510.
T University of Alberta. (13) Baeschlin, D. K.; Chaperon, A. R.; Charbonneau, V.; Green, L. G.;
* The Noguchi Institute. Ley, S. V.; Licking, U.; Walther, EAngew. Chem., Int. Ed. Engl998
8 Institute for Biological Sciences. 37, 2173.
(1) Varki, A. Glycobiology1993 3, 97. (14) Ito, Y.; Manabe, SCurrent Opin. Chem. Biol199§ 2, 701.
(2) Beachey, E. HJ. Infect. Dis.1981, 143 352. (15) Klaffke, W.; van Noortlaan, OCarbohydr. Eur.1994 10, 9.
(3) Finlay, B.; Cossart, PSciencel997, 276, 718. (16) Wong, C.-H.; Halcomb, R. L.; Ichikawa, Y.; Kajimoto, Angew.
(4) Lingwood, C. A.Current Opin. Chem. Bioll998 2, 673. Chem., Int. Ed. Engl1995 34, 412.
(5) Toshima, K,; Tatsuta, KChem. Re. 1993 93, 1603. (17) Wong, C.-H.; Halcomb, R. L.; Ichikawa, Y.; Kajimoto, Angew.
(6) Khan, S. H.; Hindsgaul, O. IMolecular GlycobiologyFukuda, M., Chem., Int. Ed. Engl1995 34, 521.

Hindsgaul, O., Eds.; Oxford: New York, NY, 1994; pp 20829. (18) (a) T. A. Beyer, J. E. Sadler, J. |. Rearick, J. C. Paulson, R. L. Hill,
(7) Barresi, F.; Hindsgaul, Ql. Carbohydr. Chem1995 14, 1043. Adv. Enzymol1982 52,23. (b) Kleene, R.; Berger, E. ®iochim. Biophys.
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Figure 1. Hypothetical reaction pathways for enzymatic glycosyl-transfer proceeding with either inversion or retention at the anomeric center of
the sugar being transferred.

at the anomeric center of the sugar being transferred (Figure Galp-(1—4)-3-b-Glcp(NAc)-OR; (2) blood group Ba(1—3)

1). Any naturally occurring oligosaccharide sequence can in galactosyltransferase (blood group &1—3) GalT, E.C.
principle be prepared using the glycosyltransferase, the acceptor2.4.1.3722 which catalyzes the transfer ofgalactopyranose
oligosaccharide, and the sugar nucleotide involved in its from UDP-Gal to the 3-hydroxyl group a@f-L-Fug-(1—2)-3-
biosynthesis. As noted above, the cloned enzymes can bep-Galp-OR; and (3)Neisseria meningitidis((1—4) galactosyl-
produced in large quantity and the sugar nucleotides can betransferase((1—4) GalT)Z% which catalyzes the transfer of
purchased on a gram scale. For very large scale reactionsp-galactopyranose from UDP-Gal to thehydroxyl group of
elegant enzyme recycling systems have been developed thap-p-Galp(1—4)-5-p-Glcp-OR.

produce the required sugar nucleotides in situ from the free  The twoa(1—3) GalTs have 30% sequence homology despite
monosaccharides, allowing the production of kilogram amounts acting on different acceptors. This might reflect similarities in

of oligosaccharides in an economically viable marifiet’ their sugar nucleotide combining sites. The bactexid—4)
Glycosyltransferases are also being assessed as synthetic toofgalT is unrelated. These enzymes thus represent a good study
for the preparation of oligosaccharidmalogueg® Both un- system for evaluating similarities and differences in glycosyl-

natural acceptors and unnatural donors have been reported tdransferases for utility in analogue synthesis. We chose to
act as substrates for some g|ycosy|transferagesl Many Successflﬂxamine whether these enzymes could transfer galaCtose residues
syntheses using modified acceptor structures and the naturawhere sterically conservative structural changes were made on
sugar nucleotides have been repoA®Har fewer examples of ~ €ach of the carbon atoms (either deoxygenation or hydroxy-
the use of unnatural sugar nucleotides exist, and these reportgnethyl group removal). Five analogues were evaluated. The
consist solely of examples where the glycosyltransferasesrequired UDP-Gal analogues were prepared chemically as
transfer the sugar with inversion of configuration at the anomeric ahomeric mixtures using a very convenient coupling between
center, presumably via a direct displacement mechanismUDP and the per-trimethylisilylated glycosyl iodide of the
proceeding by way of an oxocarbenium ion intermediate (Figure commercially available unprotected galactose analgue.

1). The mechanism for the transfer of retaining glycosyltrans-  (20) Palcic, M. M.; Hindsgaul, OTrends GlycosciGlycotechnol1996
ferases is presumably more complex, proceeding via a double8, 37.

; ; ; ; ; - (21) (a) Blanken, W. M.; Van den Eijnden, D. H. Biol. Chem1985
inversion mechanism involving a covalent glycosyl-enzyme 260, 12927, (b) Joziasse, D. H.. Shaper. N. L.; Saiyer, L. S.. van den Eijnden,

intermediate (Figure 1). D. H.; van der Spoel, A. C.; Shaper, J. Bur. J. Biochem199Q 191,
In the present work, we extend previous studies on the 75z28233-( } Seto, N. O. L; Palcic, M. M. Hindsgaul, O.; Bundie, D. R
_ H : . _ a eto, N. . L.; Palcic, . ., Alnasgaul, ., bundie, D. R.;
glycosyltrgnsferase catalyzed synthesis of oligosaccharide arjaNarang’ S. AEUr. J. Biochem1995 234, 323. (b) Seto, N, O. L.; Palcic,
logues to include glycosyltransferases that transfer sugars withm, M., Compston, C. A.; Li, H.; Bundle, D. R.; Narang, S. A. Biol.
netretentionof configuration. The enzymes selected were as Chem.1997 272 14133. (c) Seto, N. O. L.; Compston, C. A.; Evans, S.
follows: (1) a(1—3) galactosyltransferase (calf thymug—3) Y. Bundle, D. R Narang, S. A.; Palcic, M. Meur. J. Biochem1999
P 259, 770.
GalT, E.C. 2.4.1.151% which catalyzes the transfer af- (23) Wakarchuk, W. W.; Cunningham, A.; Watson, D. C.; Young, N.

galactopyranose from UDP-Gal to thiet8/droxyl group of5-p- M. Protein Eng.1998 11, 295.
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A rapid assay was required to determine whether the enzymespreparative syntheses were performed and the structures of the

could transfer the modified galactosyl residues from their sugar
nucleotides. Several methods to determine the activity of
glycosyltransferases have been developed, including radio-
chemical assay¥, ELISA assay$® and coupled enzyme as-

says?%2”For comparing the rates of transfer of modified sugars
from sugar nucleotides, which are not commercially available
in radiolabeled form, the use of coupled enzyme assays with

isolated products were confirmed By NMR spectroscopy and
mass spectrometry.

Results and Discussion

Enzymatic assays utilizing capillary electrophoresisUDP-
Gal analogues3—8) were synthesized as descriBt(B5cheme

spectroscopic analysis has been favored. This method, however), and the resulting mixture f/f anomers was screened for

requires a relatively large amount of substrate and the addition
of two or more coupling enzymé8.We therefore employed
capillary electrophoresis (CE), which is capable of detecting
100 molecules of oligosaccharide product by laser-induced
fluorescenceé® to quantify the relative rates of transfer of the

activity as donors for the galactosyltransferases. To obtain the
relative rate of transfer for each donor, tetramethylrhodamine
(TMR)-labeled acceptorg{C for calf thymuso(1—3) GalT and
o(1—4) GalT,20% for blood group Bo(1—3) GalT) were used
to enable laser-induced fluorescence detection. As shown in

Gal-analogues. When a reasonable rate of transfer was observedchemes 1, 4, and 5, these acceptors were incubated with the

(24) (a) Sadler, J. E.; Beyer, T. A.; Oppenheimer, C. L.; Paulson, J. C.;
Prieels, J.-P.; Rearick, J. I.; Hill, R. IMethods Enzymoll982 83, 458.

(b) Palcic, M. M.; Heerze, L. D.; Pierce, M.; Hindsgaul, Glycoconjugate
J. 1988 5, 49.

(25) Keshvara, L. M.; Gosselin, S.; Palcic, M. [@lycobiology1993
3, 416.

(26) (a) Gosselin, S.; Alhussaini, M.; Streiff, M. B.; Takabayashi, K.;
Palcic, M. M.Anal. Biochem1994 220, 92. (b) Murray, B. W.; Wittmann,

V.; Burkart, M. D.; Hung, S.-C.; Wong, C.-HBiochemistryl997, 36, 823.

(27) (a) Palcic, M. M.; Hindsgaul, OGlycobiology1991, 1, 205. (b)
Fitzgerald, D. K.; Colvin, B.; Mawal, R.; Ebner, K..Bnal. Biochem197Q
36, 43.

(28) (a) Le, X. C.; Zhang, Y.; Dovichi, N. J.; Compston, C. A.; Palcic,
M. M.; Beever, R. J.; Hindsgaul, Q. Chromatogr. AL997, 781,515. (b)
Zhang, Y.; Le, X.; Dovichi, N. J.; Compston, C. A.; Palcic, M. M.; Diedrich,
P.; Hindsgaul, OAnal. Biochem1995 227, 368. (c) Zhao, J. Y.; Dovichi,
N. J.; Hindsgaul, O.; Gosselin, S.; Palcic, M. Klycobiology1994 4,
239. (d) There is a paper reportmg an assay for sialyltransferases usmg
fluorescein-labeled acceptor with HPLC: Limberg, G.; Slim, G.
Compston, C. A.; Stangier, P.; Palcic, M. M.; Furneaux, RLIdblgs Ann.
1997, 1773. (e) Morita, N.; Hase, S, Ikenaka, K.; Mikoshiba, K.; Ikenaka,
T. J. Biochem.1998 103 332. (f) Report of an assay using CMP-9-
fluoresceinyl-NeuAc donor and gel filtration: Gross, H. J.; Sticher, U.;
Brossmer, RAnal. Biochem199Q 186, 127. (g) Gross, H. J.; Brossmer,
R. Clinica Chimica. Actal991, 197, 237.

(29) Uchiyama, T.; Hindsgaul, Q. Carbohydr. Cheml998 17, 1181.

i

synthetic donor analogues in the presence of each enzyme.
Although all synthetic donor analogues were mixtures ofathe
and f anomers, the concentration of eachanomer (the
configuration of the natural UDP-Gal) was adjusted to be
identical. At the same time, commercially available UBRP-

Gal was also incubated as a standard with the three galacto-
syltransferases. After incubation, TLC was performed on the
incubation mixture, permitting the visual observation of both
starting materials and potential new fluorescent products. Only
one product, which had a slightly lowé than that of the
starting acceptor, was observed in each case. No degradation
or side reaction of the starting acceptor was detected. Each
reaction was stopped by 300-fold dilution, and the resulting
mixture was quickly purified by adsorption onto a Sep-Pak Plus
C18 cartridge, followed by washing with water and eluting with
methanol. The sample thus obtained was analyzed by CE using

(30) This material was made according to the literature: (a) Wlasichuk,
K. B.; Kashem, M. A.; Nikrad, P. V.; Bird, P.; Jiang, C.; Venot, A. R
Biol. Chem.1993 268 13971. (b) Reference 28b.

(31) This material was made according to the literature: (a) Lowary, T
L.; Hindsgaul, O,Carbohydr. Res1993 249, 163. (b) Reference 28b.
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1. UDP (BugN) . . .
2. BuyNF The results obtained using this CE-assay are as follows: (1)

For the three galactosyltransferases examined, the synthetic

OH o] UDP-Gal @) employed, which is a mixture @f and anomers,
HO o
ée\ o o (kNH showed almost the same rate of transfer as that of the
HO _P. P N’ko commercial pureo. anomer. This means inhibition by the
HO 06_0 (')_0 0, anomer of UDP-Gal was negligible. (2) UDP-2-deoxy-Gal
BUN®  BuN* showed very high relative rates of transfer compared to pure
Y HO OH UDP-Gal in the case of the two(1— 3) GalTs. Since this donor
does not possess an electron-withdrawing hydroxyl group at C-2,
the formation of an oxocarbenium ion, which can be considered
1. Alkaline Phosphatase to be an intermediate of the reaction (Figure 1), is thought to
2. DEAE Sephacel column be much easier than with the 2-hydroxy sugar. Preliminary
2‘ ggaz: ggx ::3) kinetic evaluations employing capillary electrophoresis analysis
) of the calf thymusx(1— 3) Gal reaction indicate that thénax
for UDP-2-deoxy-Gal (1:1 anomeric mixture) is much greater
oH (10-fold) than for UDP-Gal while th&y’s are the same (65
HO o uM) for both donors. This is in contrast to previous kinetic
S o o (\NH evaluations with UDP-2-deoxy-Gal and an invertifi(l—4)
HO PP N"o GalT from bovine milk that showed no effect on eithérax or
HO O (')_O ‘\_0 O donorKy compared to UDP-G&P2(3) Hydroxyl groups at both
Na* Na* the 3 and 4 positions of Gal were found to be very important
HO OH for recognition by all three GalTs, and donors lacking these

3 hydroxyl groups were very unreactive. The invertjfd—4)
GalT enzyme also exhibits poor reactivity with 3- and 4-deoxy-

a miceller electrokinetic chromatography syst&mhough this  Gal donors< For UDP-4-deoxy-Gal, the rate reduction for
system is able to detect 100 TMR-labeled molecéf#&s]1 amol B(1—4) GalT was due solely to a reduction ¥yay to 6% of
were injected to obtain a precise integration value for each peak.ypp-Gal, while the apparetity for modified donor (78:M)
New peaks that had faster migration times than those of theyas the same as that of UDP-Gal (88).33 (4) UDP-6-deoxy-
starting disaccharides were assumed to be the enzymaticallyGal showed reduced activity that was still high enough for
produced trisaccharides (Figure 2). The ratios of the resulting practical preparative syntheses. For the blood growgB-3)
trisaccharides—14, 22—27, 30-35) to the sum of trisaccharide  GalT, preliminary kinetic evaluations suggest the rate reduction
and starting disaccharidé,(20) were calculated on the basis s due to a decrease Mnay to 5% of that of UDP-Gal, while
of the integration of each peak and corresponded to the percenthe effect orky is not as great, 56M compared to 95M for
of transfer that had occurred. For the donors showing very slow ypp-Gal. UDPt-Ara showed lower activity than UDP-6-
transfer, a large amount of enzyme and long incubation times geoxy-Gal for all three retaining galactosyltransferases. Similar
were employed, and the reaction rates were calculated assumingate reductions have been seenf6t—4) GalT with UDP+-
that initial velocity of the reaction was proportional to both the - Ara due to a reduction iWmax to 4% of UDP-Gal with only a
amount of enzyme and the incubation time. The relative rates minor effect onky.33 While relative rate data in two substrate

obtained for the donor analogues as well as for the standard,systems at subsaturating substrate concentrations should be
which was set at 100, are summarized in Table 1.

(33) (a)Srivastava, G.; Hindsgaul, O.; Palcic, M. Marbohydr. Res.

(32) Mazzeo, J. RMicellar Electrokinetic Chromatography Handbook 1993 245,137. (b) Hindsgaul, O.; Kaur, K. J.; Gokhale, U. B.; Srivastava,
of Capillary Electrophoresi2nd ed.; Landers, J. P., Ed.; CRC Press: Boca G.; Alton, G.; Palcic, M. M.AACS Symp. Sefl991, 466, 38. (c) Berliner,
Raton, 1997; pp 4973. L. J.; Robinson, R. DBiochemistry1982 21, 6340.
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cautiously interpreted in the absence of detailed kinetic evalu- purification employing affinity chromatography on UDP sup-
ations, the preliminary data on our retaining and on an in- ports.

verting f(1—4) GalT suggest that deoxygenation effects are  Correlation of Donor Specificity with Sequence Recently,
more pronounced o¥max Further support for this comes from  Breton et aP“ reviewed sequence-function relationships of
the observations that UDP is a competitive inhibitor of all prokaryotic and eukaryotic galactosyltransferases. Galactosyl-
galactosyltransferases witk; values generally in the range transferases were grouped into five families based on a
of Ku's for UDP-Gal donors, indicating strong recognition of computer-assisted systematic search for local homology in amino
the nucleotide moiety. This is routinely exploited in enzyme acid sequence. As a result of the study, calf thyroa(s—3)
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Figure 2. Electropherogram obtained from capillary electrophoresis with laser induced fluorescence detection analysis of a blood(dreGp B
galactosyltransferase reaction. The incubation mixture containing enzyme ap//3&ch of UDP-Gal donor and Fuc-Gal-TMR acce®@a@was

partially purified after reaction on a reversed-phase cartridge and diluted with CE running buffer to 204 nM TMR as described in the text. For
analysis, sample was injected in a volume of 15 pL (1 kV for 5 s) containing 3.1 amol total TMR-labeled molecules. The peaks in the electropherogram
are the trisaccharide produ2® (A) and disaccharide accept?0 (B).

Table 1. Relative Rates of Transfer of UDP-deoxy-Gal Analogues  with UDP-2-deoxy-Gal compared to UDP-Gal. In contrast,

calfthymus blood group B Neisseria (1—4) GalT has a relative transfer rate of 28% with UDP-2-
a(1—3) a(1—3) meningitides deoxy-Gal compared to UDP-Gal. For UDP-3-deoxy-Gal, the

GalT GalT a(l—4) Galt two o(1—3) GalTs show weak activity with this donor while
acceptor: acceptor: acceptor: a(1—4) GalT has no detectable activity. In addition, the activity

@p oy MR FucBRsTMR factoss TMR — with UDP-6-deoxy-Gal and UDB-Ara are considerably higher

for a(1—4) GalT than the twax-(1—3) GalTs. These differ-

ggﬁ:gg: S'gma) (1?% 11%% 122 123 ences are attributed to differences in the three-dimensional
UDP-2-deoxy-  (3:1) 342 173 28 structures of the twa(1—3) GalTs ando(1—4) GalT.

Gal @) _ Enzymatic Synthesis of Trisaccharide AnaloguesTrisac-
”ngg)e“y' (&:1) 0-20 0.12 0.0 charides15—19 were synthesized using/# mixtures of the
UDP-4-deoxy-  (1:3) 0.61 0.21 1.8 UDP-Gal analogue? Since only limited quantities of these

Gal ©) donors and enzymes were available, the reactions could not be
UDgé?i%eoxy' (1) 1.53 18 42 driven to completion except for the synthesis 18, which
UDP-+.-Ara (8) (4:7) 0.77 0.11 6.9 utilizes the very reactive UDP-2-deoxy-Gal. Though the materi-

als obtained were mixtures of starting accep®)rgnd trisac-

. charides, we could confirm by4 NMR spectroscopy and mass
GalT and blood group B(1—3) GalT, together wittB(1—~4) gpectrometry that the new linkages formed wertl—3)
GalT, were in the same family, which comprises the eukaryotic |inkages and that the products were trisaccharide analogues.
o(1—3) andi(1—4) galactosyltransferases. All of these en- Next, the syntheses @b and18 were repeated utilizing par-

zymes have three conserved motifs that are called regions I, 11, . e : .
and IIl. We have already suggested that segments around amin(ya"y purified donors4 and?. The synthesis of sugar nucleotides

acid residues 266 and 268 in blood group@—3) GalT could is kno_wn to be time_consuming, involving sever_al chromato-
be critical for binding UDP-Gai2>These residues correspond graphic steps to purify the final products. For this reason, we

to two of the four amino acids that are different in the blood at_tempted_ to utilize crude or partially pu_rified donors for the
group B and A enzymes. Indeed, these two residues were intrlsacchande synthese_s. For the synthes&k‘ot_he (_jonor was
region Il as defined by Breton et al. This suggests that not only prepared by the coupling of 2-deoxy-3,4,6-tris(trimethylsityl)-
blood group Bo(1—3) GalT but also calf thymus(1—3) GalT a-D-galactopyranosyl iodide and UDPBU,N salt foIIovzved by
and B(1—4) GalT utilize region Il for binding UDP-Gal. On the deprotection witm-Bus;NF as shown in Scheme?.The

L - - crude mixture, containing the desired UDP-2-deaxal
the other handg(1—4) GalT is in another family along with o L
other bacterial and plant galactoslytransferases, and thesetogether with UD_P-2-deoxpf—Ga|, remaining unreacted UDP,
nd BuNI was first passed through an ion-exchange column

enzymes likely possess different amino acid residues that interac 4 .

with UDP-Gal. The data in[TabIe L shows some interesting \I/Cac;rld%r trcl)iIiez)((a%hZr;l%etr?g-iiﬁtinlonf)\}\?dglrdwgsn tsﬁt;rnht(areeall?:(ﬁ/vith
differences between the twe(l -3) GalTs andx(14) GalT. alkali)rqepphospr’latase to degradger'zhe remaining UDP, which is
For example, botu(1~3) GalTs show higher transfer rates an inhibitor of calf thymusx(1—3) GalT. The resulting solution

(34) Breton, C.; Bettler, E.; Joziasse, D. H.; Geremia, R. A.; Imberty, Was used directly in enzymatic synthesis where the desired
A. J. Biochem1998 123 1000. trisaccharide was obtained in quantitative yield. For the synthesis
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of 18, UDP-6-deoxy-Gal was also prepared by the coupling of
6-deoxy-2,3,4-tris(trimethylsilylx-p-galactopyranosy! iodide
and UDPn-BuN salt followed by removal of the silyl groups
with n-BusNF. The resulting crude mixture was lyophilized and
mixed with acceptor?) in the presence of calf thymuwg1—3)

J. Am. Chem. Soc., Vol. 122, No. 7126D0

Gals studied, UDP-2- and 6-deoxy-Gal were effectively utilized
by all three retaining-galactosyltransferases. On the other hand,
UDP-3-deoxy- and 4-deoxy-Gals showed relatively low rates
of transfer, indicating that both the 3- and 4-hydroxyl groups
of galactose in UDP-Gal are important for recognition by the

GalT and alkaline phosphatase. After incubation for 20 days at enzymes. Differences in the protein sequences between the two

room temperature, trisaccharid8 was obtained in 86% yield.
Compound45—19are analogues ef-b-Galp-(1—3)-3-p-Galp-
(1—4)-p-p-GlcpNAc-OR, which are potential inhibitors of both
the antie-Gal antibody® and toxin A ofClostridium difficile3®

o(1—3) GalTs ando(1—4) GalT could account for the

differences in the rates of transfer of the deoxy-Gal analogues.
Chemically synthesized UDP-deoxy-Gal analogues are very
useful for enzymatic synthesis of oligosaccharides. In addition,

The chemically prepared UDP-deoxy-Gal analogues were alsodeoxygenated analogues of theGal antigen, blood group B

used to synthesize deoxygenated blood group B trisaccharideantigens, and globotriose were easily synthesized. We have also
analogue®8 and29.3” For the synthesis @8, UDP-2-deoxy- demonstrated that complete purification of chemically synthe-
Gal was made by coupling of the glycosyl iodide and UDP as sized donors is not always necessary for the enzymatic reaction
shown in Scheme 2. The resulting donor was then directly usedto proceed, and even crude donors were useful enough for the
in the enzymatic reaction without any purification. After 12 days preparation of the desired oligosaccharides.

of incubation at room temperature, the desired product was

obtained in 65% yield. In this case, there was irreversible loss
of enzyme activity after 8 days by some component in the
reaction that could not be restored by the addition of more
enzyme. Since UDP-2-deoxy-Gal is less stable than UDP-Gal

Experimental Section

Materials. Calf thymuso(1—3) GalT was isolated according to
literature procedure®. Recombinant blood group B(1—3) GalT?

' and recombinantleisseria meningitidis(1—4) GalT>® were prepared

and enzymes are generally more stable in the presence of theiks previously described. Lactose-TMB énd Fuc-Gal-TMRZ0) were

substrates, we speculate that the blood group(B—3) GalT
had lost its activity in the absence of intact donor. It was also

synthesized fron2 and 8-methoxycarbonyloctyd-L-fucopyranosyl-
(1—2)-B-p-galactopyranoside, respectively, as descrit§eddDP-Gall

found that this enzymatic reaction was complete in 2 days when (Na* salt) from Sigma was used as a standard in assays. TLC was

then-BuyN™ ion in the synthesized donor was exchanged with
Na’ ion prior to mixing with enzyme and accept@f. In a
similar manner, utilization of UDP-6-deoxy-Gal after ion
exchange gave a better result for the synthesB9afompared

to the reaction with the donor directly from the organic synthesis
without purification.

The next targets of our chemi-enzymatic oligosaccharide
synthesis were analogues of globotrias®-Galp(1—4)-3-b-
Galp(1—4)-3-p-Glcp-OR 28 the known receptor for Shiga and
Shiga-like toxins® In the case of the synthesis of the 2"-deoxy
analogue36, reaction with purified UDP-2-deoxy-Gal gave a
low (11%) yield of the desired product. TLC showed that a

conducted on glass plates precoated with 280layers of Silica Gel
60-F254 (Merck, Darmstadt). Sep-Pak Plus C18 cartridges were from
Waters, and each cartridge was preequilibrated with MeOH (10 mL)
and then water (10 mL) before use. Millex-GV filters (02&) were
from MILLIPORE. *H NMR spectroscopy was performed on a Varian
UNITY 500 (500 MHz) or an INOVA 600 (600 MHz) instrument. Only
partial NMR data are reported; the remaining data were in accordance
with the proposed structures. Mass spectra were recorded on a
Micromass ZabSpec Hybrid Sector-TOF by positive mode electrospray
ionization using a 1% solution of acetic acid in methanol/water 1:1 as
the liquid carrier.

The activity of the enzymes was estimated by radiochemical assay
with product isolation on Sep-Pak reversed-phase cartritf&ne

large amount of the UDP-2-deoxy-Gal had decomposed after 1mU of enzyme activity is defined as the amount producing 1 nmol of

day of reaction verifying that the donor is not stable under these

enzymatic incubation conditions. However, crude UDP-6-deoxy-
Gal could be used in an enzymatic reaction to give the 6”-deoxy
analogue37 in 95% yield after 13 days of incubation.

product/min. For calf thymus(1—3) GalT, 8-methoxycarbonyloctyl
p-p-galactopyranosyl-(+4)-2-acetamido-2-deoxg-p-glucopyrano-

side was employed as the standard acceptor substrate; the activity of
lactose derivative? is 30% of this standartf. For assayingx(1—4)

GalT and blood group B(1—3) GalT, lactose derivativé and Fuc-

In summary, we have developed a sensitive method for the Gal derivative20 were used as acceptors, respectively. Buffer A (30

determination of glycosyltransferase activity with donor sub-

mM sodium cacodylate, 20 mM Mng10.1% Triton X-100, 0.8 mg/

strate analogues. Utilizing CE with laser induced fluorescence mL BSA, pH 6.5), B (50 mM sodium cacodylate, 20 mM MnCl

detection, the rates of transfer from modified donors was
obtained with an injection of amol of TMR-labeled oligosac-

charide reaction product. The rates of transfer of deoxy sugar

from UDP-deoxy-Gal analogues were variable depending on
the position of deoxygenation. Among all of the UDP-deoxy-

(35) Galili, U.; Rachmilewitz, E. A.; Peleg, A.; FlechnerJI.Exp. Med.
1984 160, 1519.

(36) Teneberg, S.; Lmnroth, 1.; Lgez, J. F. T.; Galili, U.; Halvarsson,
M. O.; Angstram, J.; Karsson, K.-A.Glycobiology 1996 6, 599 and
references therein.

(37) Biological properties of these derivatives were reported: Lemieux,
R. U.; Venot, A. P.; Spohr, U.; Bird, P.; Mandal, G.; Morishima, N.;
Hindsgaul, O.; Bundle, D. RCan. J. Chem1985 63, 2664.

(38) Zhiyuan, Z.; Magnusson, @arbohydr. Res1994 262, 79.

(39) (a) Jacewicz, M.; Clausen, H.; Nudelman, E.; Donohue-Rolfe, A.;
Keusch, G. TJ. Exp. Med1986 163 1391. (b) Lindberg, A. A.; Brown,

J. E.; Stianberg, N.; Westling-Ryd, M.; Schultz, J. E.; Karlsson, KJA
Biol. Chem.1987, 262, 1779. (c) Lingwood, C. A.; Law, H.; Richardson,
S.; Petric, M.; Brunton, J. L.; De Grandis, S.; Karmali, 81.Biol. Chem.
1987 262 8834. (d) Waddell, T.; Head, S.; Petric, M.; Cohen, A
Lingwood, C.Biochem. Biophys. Res. Commi88 152, 674. (e) Samuel,
J. E.; Perera, L. P.; Ward, S.; O'Brien, A. D.; Ginsburg, V.; Krivan, H. C.
Infect. Immun199Q 58, 611.

mg/mL BSA, pH 6.8), and C (50 mM Hepes, 0.1 mg/mL BSA, pH
7.5) were used for calf thymus(1—3) GalT, blood group Bx(1—3)
GalT, anda(1—4) Gal T, respectively.

Calf Thymus o(1—3) GalT CE Assay.UDP-Gal analogues3(-8,
20 nmol ofa-anomer, UDP-Gal from Sigma was used as a standard)
and lactose-TMR 4, 10 nmol) were incubated with calf thymus
o(1—3) GalT (54-280xU) in buffer A (20uL) at 37°C. The progress
of the reactions was monitored by TLC (65:35:7 CEHleOH/H,0).
Incubations were stopped after-815 min by 300-fold dilution of a
10uL aliquot of the assay mixtures. The resulting solutions were loaded
onto Sep-Pak Plus C18 cartridges. The cartridges were washed with
water (20 mL), and then TMR-labeled sugars were eluted with MeOH
(5 mL). These MeOH eluates were concentrated to dryness, and the
resulting residues were dissolved in water (3 mL). These solutions were
passed through a Millex-GV filter (0.22m), and the filtrate was
lyophilized. The residues were dissolved in water to a concentration
of 1 uM TMR. Sample (5uL) was mixed with CE running buffer (10
mM phosphate, 2.5 mM sodium borate, 10 mM sodium dodecy! sulfate,
and 10 mM phenyl boronic acid, pH 9, 4&) for injection in CE.

(40) Sujino, K.; Malet, C.; Hindsgaul, O.; Palcic, M. I@arbohydr. Res.
1997 305, 483.
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Blood Group B a(1—3) GalT CE Assays.UDP-Gal analogues3(-

Sujino et al.

was concentrated and dissolved in water (5 mL). This solution was

8, 13 nmol ofa-anomer, UDP-Gal from Sigma was used as a standard) passed through a Millex-GV filter (0.22m), and the filtrate was

and Fuc-Gal-TMR 20, 13 nmol) were incubated with blood group B
o(1—3) GalT (1771446 xU) in buffer B (33 uL) at 37 °C. The
progress of the reactions was monitored by TLC (65:35:5 GHCI
MeOH/H;0). Incubations were stopped after-1215 min by 300-fold
dilution of 10 4L aliquots of the assay mixtures. Samples for CE
analysis were prepared as described for the calf thymilrs>3) GalT
CE assay.

o(1—4) GalT CE Assays.UDP-Gal analogues3(8, 20 nmol of

o-anomer, UDP-Gal from Sigma was used as a standard) and lactose-

TMR (1, 20 nmol) were incubated witti(1—4) GalT (184-1470uU)

in buffer C (20uL) at 37 °C. The progress of the reactions was
monitored by TLC (65:35:7 CHG@MeOH/H;0). Incubations were
stopped after 206320 min by 300-fold dilution of 1QiL aliquots of

lyophilized to yield a fluffy white powder (4.0 mg, 6mol, 100%):
R 0.19 (75:25:2 CHCIl,/MeOH/H,0); NMR (D;0) 6 5.25 (d, 1H,J1 24
= 3.2 Hz, H-1 @-2-deoxy-Gal)), 4.51 (d, 1HJ),>, = 7.8 Hz, H-1),
4.48 (d, 1H,J;, = 7.9 Hz, H-1), 3.68 (s, 3H, CfMe), 3.32-3.28 (m,
1H), 2.39 (t, 2H,J = 7.5 Hz), 1.98 (ddd, 1HJzaop= 12.5 Hz,Jza3=
12.5 Hz, H-2a @-2-deoxy-Gal)), 1.91 (dd, 1H], 3= 5.7 Hz, H-2b
(0-2-deoxy-Gal)), 1.651.57 (m, 4H), 1.371.28 (m, 8H); HRMS calcd
for [M + NaJ* CagHs001/Na 681.2946, found 681.2940.
8-Methoxycarbonyloctyl 3-Deoxye-D-galactopyranosyl-(1—3)-
p-D-galactopyranosyl-(3—~4)-#-b-glucopyranoside (16)A mixture of
lactose derivativ@ (0.2 mg, 0.4Q:mol), UDP-3-deoxy-galg, 1.7umol
of the activeo-anomer), calf thymus(1—3) GalT (3.3 mU) in buffer
A (containing 25% glycerol), and alkaline phosphatase (ALU2 L)

the assay mixtures. Samples for CE analysis were prepared as describedias incubated at room temperature for 17 days, rotating gently. NMR

for the calf thymusa(1—3) GalT CE assay.

Analysis of Relative Rate by Capillary Electrophoresis with
Laser-Induced Fluorescence Detection (CE-LIF).A locally con-
structed capillary electrophoresis system was used for the an#lysis.
A 5 mW helium—neon laser beani, = 543.5 nm, was focused into a

showed 5% of disaccharid®)(was converted to trisaccharidEd] after
purification as described for the synthesisléf R 0.31 (75:25:2 Cht
Cl,/MeOH/H,0O); NMR (D;0) 6 5.08-5.06 (br, 1H, H-1¢-3-deoxy-
Gal)); LRMS calcd for [M+ Na]t CpgHs0O17/Na 681.3, found 681.3.
8-Methoxycarbonyloctyl 4-Deoxye-p-galactopyranosyl-(1—3)-

postcolumn sheath flow cuvette. Separation was carried out in a 57 f-p-galactopyranosyl-(+~4)--p-glucopyranoside (17)A mixture of

cm long, 10um i.d. fused silica capillary with an electric field of 400

lactose derivative (0.2 mg, 0.40umol), UDP-4-deoxy-gal &, 0.72

V/cm. The aqueous electrophoresis buffer contained 10 mM phosphate xmol of the activeo-anomer), calf thymus(1—3) GalT (4.3 mU) in

2.5 mM borate, 10 mM sodium dodecyl sulfate, and 10 mM phenyl
boronic acid (pH 9). Electrokinetic injection was performed by applying
a 1 kV potential fo 5 s to thesample. After injection, the sample was

buffer A (containing 25% glycerol), and alkaline phosphatase (1J/
2 ul) was incubated at room temperature for 17 days, rotating gently.
NMR showed 50% of disaccharid)(was converted to trisaccharide

replaced with fresh running buffer. Separation was performed at room (17) after purification as described for the synthesisléf R: 0.27
temperature. Data were processed with IGOR PRO. The ratios of (77:25:2 CHCl,/MeOH/H,0); NMR (D;0) ¢ 5.14 (d, 1H,J,, = 3.7
product trisaccharide to starting disaccharide were determined by Hz, H-1 (a-4-deoxy-Gal)), 4.51 (d, 1H),», = 7.8 Hz, H-1), 4.48 (d,

integration of each peak.

Preparative Synthesis, 8-Methoxycarbonyloctyl 2-DeoxyD-
galactopyranosyl-(+=3)-f-p-galactopyronosyl-(+~4)-f-p-glucopy-
ranoside (15). Procedure A.A mixture of lactose derivativ@ (0.2
mg, 0.40umol), UDP-2-deoxy-Gad (0.66umol of the activex-anomer
in 4 uL H,0), calf thymuso(1—3) GalT (7.1 mU/mL in buffer A, 100
uL, 0.71 mU), and alkaline phosphatase (kU/1 uL) was incubated
at room temperature, rotating gently. After 7 h, additional calf thymus
o(1—3) GalT (100uL, 0.71 mU) and UDP-2-deoxy-Gd!(0.66umol
of the activea-anomer in 4uL of H,O) were added to the reaction
mixture, and it was incubated for an additional 22 h until TLC showed
complete conversion to product (40:10:1 EtOAc/MeOKMH The

1H, Ji; = 7.9 Hz, H-1); LRMS calcd for [M+ Na]* CagHsoO1/Na
681.3, found 681.3.

8-Methoxycarbonyloctyl 6-Deoxye-p-galactopyranosyl-(1—3)-
p-p-galactopyranosyl-(+~4)-#-p-glucopyranoside (18). Procedure A.
A mixture of lactose derivative2( 0.2 mg, 0.4Qumol), UDP-6-deoxy-
gal (7, 1.2 umol of the activea-anomer),0(1—3) GalT (9.3 mU) in
buffer A, and alkaline phosphatase (Lul/ 2 uL) was incubated at
room temperature, rotating gently at 3C for 10 days. By NMR
analysis 34% of disaccharid@)(was converted to trisaccharid&g
after purification as described for the synthesisléf Procedure B.
UDP-6-deoxy-Gal ) was synthesized by coupling 6-deoxy-2,3,4-tris-
(trimethylsilyl)-o-p-galactopyranosyl iodide (1Q@mol) and UDP (100

reaction mixture was loaded onto a Sep-Pak Plus C18 cartridge. Theumol) followed by deprotection with tetrabutylammonium fluori@e.
cartridge was washed with 100 mL water, and the product was eluted The resulting crude material was lyophilized to yield a white powder
with 30% MeOH (100 mL). This eluate was concentrated, and the (15umol of the activen-anomer). This powder was mixed with lactose
product was dissolved in water (5 mL). This solution was passed derivative @, 2.0 mg, 3.9umol), alkaline phosphatase (1 &/, 50

through a Millex-GV filter, and the filtrate was lyophilized to yield a
fluffy white powder. NMR showed conversion was compld®eoce-
dure B. UDP-2-deoxy-Gal 4) was synthesized by coupling 2-deoxy-
3,4,6-tris(trimethylsilyl)e--p-galactopyranosyl iodide (30@mol) and
UDP (300 umol)?® After deprotection with tetrabutylammonium

uL), and calf thymusx(1—3) GalT (41 mU) in buffer A and incubated

at room temperature, rotating gently. After 19 h, the reaction mixture
was filtered through a Millex-GV filter (0.22m), and an additional

18 mU of calf thymusx(1—3) GalT was added. This reaction mixture
was incubated at room temperature, rotating gently for 20 days, with

fluoride, the reaction mixture was passed through an ion-exchange the addition of 8.1 mU aliquots af(1—3) GalT after 1 and 3 days.

column (BIO-RAD AG50W-X8, 100-200 mesh, Ngorm, 85 mL)
and lyophilized to yield 337 mg of white powder. This resulting crude
material (75 mg, 2Qumol of the activea-anomer) was treated with
alkaline phosphatase (1 AL, 300 uL) in buffer (1.1 mL, 136 mM
sodium cacodylate, 68 mM Mng&11.1% Triton X-100, 1.4 mg/mL
BSA, pH 6.1) for 24 h until all remaining UDP was converted to uridine.
To this solution were added lactose derivati2e Z.9 mg, 6.0umol)

The reaction mixture was passed through an ion-exchange column (BIO-
RAD AG50W-X8, 100-200 mesh, Naform, 20 mL) and then loaded
onto two Sep-Pak Plus C18 cartridges. The cartridges were washed
with 100 mL of water and then 10% MeOH (20 mL). The product was
eluted with MeOH (50 mL). This eluate was concentrated and loaded
on a column of latrobeads (5 g) prepared with CH/MeOH 9:1.
Product was eluted with Gi€l,/MeOH 4:1. Fractions containing

and calf thymusy(1—3) GalT (3 mL, 9.3 mU), and the mixture was  product were collected and concentrated. The residue was dissolved in
incubated at room temperature, rotating gently for 12 days. The reactionwater (10 mL) and loaded onto a Sep-Pak Plus C18 cartridge. The
mixture was loaded onto a Sep-Pak Plus C18 cartridge. The cartridgecartridge was washed with 50 mL of water, and then product was eluted
was washed with 100 mL of water, and the product was eluted with with MeOH (50 mL). This eluate was concentrated, and the resulting
MeOH (20 mL). This eluate was concentrated and again mixed with residue was dissolved in water (5 mL). This solution was passed through
additional UDP-2-deoxy-Gal (20mol of the activex-anomer, prepared a Millex-GV filter (0.22 um), and the filtrate was lyophilized to yield

as described above) and calf thynu@—3) GalT (7.9 mU) in buffer a fluffy white powder (2.2 mg, 3.4mol, 86%): R; 0.25 (75:25:2 Cht

(5 mL, 100 mM sodium cacodylate, 50 mM Mn£0.8% Triton X-100, Cl,/MeOH/H0); NMR (D;0O) ¢ 5.05 (d, 1H,J:>, = 4.0 Hz, H-1 (-

1 mg/mL BSA, pH 6.1) and incubated at room temperature for 19 h. 6-deoxy-Gal)), 4.51 (d, 1HL .= 7.6 Hz, H-1), 4.48 (d, 1H},,= 8.1

The reaction mixture was loaded onto two Sep-Pak Plus C18 cartridges.Hz, H-1), 4.31 (dd, 1HJss= 13.4 Hz,Js 6= 6.7 Hz, H-5 (-6-deoxy-

The cartridges were washed with 100 mL water then 10% MeOH (20 Gal)), 4.14 (d, 1H,J = 3.1 Hz), 3.69 (s, 3H, C&Me), 3.33-3.27 (m,

mL). The product was eluted with 40% MeOH (100 mL). The eluate 1H), 2.38 (t, 2HJ = 7.0 Hz), 1.64-1.56 (m, 4H), 1.371.28 (m, 8H),
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1.20 (d, 3H, H-6 ¢-6-deoxy-Gal)); HRMS calcd for [M+ Na]*
CusHs0017Na 681.2946, found 681.2940.

8-Methoxycarbonyloctyl f-L-Arabinopyranosyl-(1—3)-#-p-galac-
topyranosyl(1—4)-f-p-glucopyranoside (19).A mixture of lactose
derivative2 (0.2 mg, 0.4Qumol), UDP-Ara8 (2.3 umol of the active
o-anomer), calf thymusx(1—3) GalT (9.3 mU) in buffer A, and
alkaline phosphatase (1 &/, 2 uL) was incubated at 37C, rotating
gently for 10 days. NMR analysis showed that 8% of the disaccharide
(2) was converted to trisaccharid&d after purification as described
in the synthesis of5 (procedure A):R0.13 (75:25:2 CHCl,/MeOH/
H20); NMR (D;0) 6 5.11 (d, 1HJ1 > = 3.9 Hz, H-1 (3-L.-Ara)); LRMS
calcd for [M + Na]t Cy/Ha9017 645.3, found 645.3.

Octyl a-L-Fucopyranosyl-(1—2)-[2-deoxy-a-D-galactopyranosyl-
(1—3)]-p-p-galactopyranoside (28). Procedure AUDP-2-deoxy-Gal
4 was synthesized by coupling 2-deoxy-3,4,6-tris(trimethylsiiyy-
galactopyranosyl iodide (10@mol) and UDP (100umol). After
deprotection with tetrabutylammonium fluoride, the reaction mixture
was filtered and lyophilized (3@mol of the activea-anomer). This
crude material was mixed with Fuc-Gal accepi, 3.1 mg, 7.Jumol),
blood group Bo(1—3) GalT (195 mU), and alkaline phosphatase (1
UluL, 50 uL) in buffer B (1.6 mL). This reaction was incubated at
room temperature for 12 days. During incubation, additional blood
group Bo(1—3) GalT (117 mU) was added to the reaction mixture
after 8 days. Pure trisacchari®6 (2.7 mg, 4.6umol, 65%) was
obtained by the procedure as described for the synthesid8of
(procedure B)Procedure B. UDP-2-deoxy-Gal 4) was prepared as
described for the synthesis @b (procedure B), and 75 mg of crude
material (20umol of the activea-anomer) was treated with alkaline
phosphatase (1 WL, 200xL) in buffer B (2 mL) at room temperature
for 5 h, turning gently. To this mixture were added Fuc-Gal acceptor
(21, 3.2 mg, 7.3umol) and blood group By(1—3) GalT (320 mU) in
buffer B (2.5 mL), and the reaction mixture was incubated at room
temperature for 46 h. Pure trisacchari(4.1 mg, 7.0umol, 96%)
was obtained as described for the synthesid&{procedure B): R
0.29 (40:10:2 EtOAc/MeOH/pD); NMR (D,0) 6 5.32 (d, 1H,J1 2=
3.8 Hz, H-1 (-2-deoxy-Gal)), 5.30 (dJ1» = 2.8 Hz, H-1¢-Fuc)),
4.52 (d,J12= 7.8 Hz, H-1(-Gal)), 4.46 (dd, 1HJ56= 6.6 Hz,Js 5=
13.1 Hz, H-56-Fuc)), 4.24 (d, 1H) = 3.1 Hz), 4.14 (dd, 1H) = 4.9,
7.6 Hz), 4.08 (ddd, 1H);4= 3.1 Hz,Jp3= 6.1 Hz,J253= 11.1 Hz,
H-3 (o-2-deoxy-Gal)), 1.95 (dt 1H, H-2ax{2-deoxy-Gal)), 1.91 (dd,
H-2b(o-2-deoxy-Gal)) 1.641.55 (m, 2H), 1.36-1.24 (m, 10H), 1.21
(d, 3H, H-6@-Fuc)), 0.86 (t, 3HJ = 6.7 Hz, Me); HRMS calcd for
[M + Na]* Cst4gO]_4Na 6072942, found 607.2944.

Octyl a-L-Fucopyranosyl-(1—2)-[6-deoxy-o-p-galactopyranosyl-
(1—3)]-p-p-galactopyranoside (29). Procedure AUDP-6-deoxy-Gal
7 was synthesized by coupling 6-deoxy-2,3,4-tris(trimethylsity)-
galactopyranosyl iodide (1Q@mol) and UDP (10Qtmol) followed by
deprotection with tetrabutylammonium fluoriéfeThe reaction mixture
was lyophilized to give a white powder, which was mixed with Fuc-
Gal acceptorZ0, 2.6 mg, 6.Qumol), alkaline phosphatase (14, 50
uL), and blood group Bx(1—3) GalT (390 mU) in buffer B (1.8 mL).
After incubation for 1 day, the reaction mixture was filtered, and
additional blood group Bx(1—3) GalT (180 mU) in buffer B (1.5
mL) was added. The reaction mixture was incubated at room temper-
ature for 15 days. Pure trisaccharigieé (2.0 mg, 3.4umol, 56%) was
obtained by the procedure described for the synthesi8 ¢brocedure
B). Procedure B. UDP-6-deoxy-Gal7 was synthesized by coupling
of 6-deoxy-2,3,4-tris(trimethylsilyljx-D-galactopyranosyl iodide (100
umol) and UDP (10Q:mol) followed by deprotection with tetrabuty-
lammonium fluoride?® This reaction mixture was passed through an
ion-exchange column (BIO-RAD AG50W-X8, 16@00 mesh, Na
form, 26 mL) and lyophilized to yield 325 mg of white powder. This
resulting crude material (86 mg,:8nol of the activeo-anomer) was
mixed with Fuc-Gal acceptoR(, 2.6 mg, 6.0umol), blood group B
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o(1—3) GalT (400 mU), and alkaline phosphatase (&IU/50 uL) in
buffer B (1.0 mL). The reaction mixture was incubated at room
temperature for 18 days. Pure trisacchall@¢3.4 mg, 5.9«mol, 98%)
was obtained by the procedure as described for the synthediS of
(procedure A):Rs 0.28 (40:10:2 EtOAc/MeOH/KD); NMR (D20) 6
5.29 (d, 1H,;, = 3.8 Hz, H-1), 5.17 (d, 1HJ,, = 3.8 Hz, H-1), 4.53
(d, 1H,J;, = 7.8 Hz, H-1f-Gal)), 4.48 (dd, 1HJs5 = 13.3 Hz,Js¢
= 6.6 Hz, H-5), 4.33 (dd, 1HJs5 = 13.1 Hz,Js = 6.4 Hz, H-5), 4.22
(d, 1H,J = 3.1 Hz), 1.64-1.56 (m, 2H), 1.241.36 (m, 10H), 1.21
(d, 3H, H-6), 1.19 (d, 3H, H-6), 0.86 (t, 3H,= 7.0 Hz, Me); HRMS
calcd for [M + Na]t CyeHagO14Na 607.2942, found 607.2948.

8-Methoxycarbonyloctyl 2-Deoxye-D-galactopyranosyl-(1—4)-
f-D-galactopyranosyl-(1—4)-f-p-glucopyranoside (36)o(1—4) GalT
solution (100xL, 50 mM ammonium acetate, pH 7.5), Hepes buffer
(125 uL, 400 mM, pH 7.5), 100 mM DTT solution (2&L), BSA
solution (100 mg/mL, 5iL), and water (245:L) were combined and
left to stand at room temperaturer fb h to activate the enzyme (569
muU/mL, 500uL, 285 mU). To this enzyme solution were added lactose
derivative @, 2.2 mg, 4.3umol), alkaline phosphatase (1, 5 uL),
and UDP-2-deoxy-Ga# (12 umol of the activea-anomer). This
reaction mixture was incubated at room temperature for 90 h. During
this incubation, additional(1—4) GalT (140 mU) and UDP-2-deoxy-
Gal 4 (12 umol of the activea-anomer) were added to the reaction
mixture after 46 h. Pure trisacchari@ (0.3 mg, 0.46umol, 11%)
was obtained as described for the synthesid®{procedure B): Rs
0.18 (40:10:2 EtOAc/MeOH/KD); NMR (D0) 6 5.04 (t, 1H,J1 24,
J120= 2.5 Hz, H-1 (-2-deoxy-Gal)), 4.49 (d, 1Hl, , = 3.1 Hz, H-1),
4.48 (d, 1H,J,,=3.1 Hz, H-1), 3.69 (s, 3H, CfMe), 2.39 (tJ= 7.7
Hz), 1.97-1.94 (m, 2H, H-2a, 2b), 1.661.58 (m, 4H), 1.36-1.38 (m,
8H); HRMS calcd for [M + Na]" CygHsoO17Na 681.2946, found
681.2953.

8-Methoxycarbonyloctyl 6-Deoxye-p-galactopyranosyl-(1—4)-
p-galactopyranosyl-(1—4)-#-p-glucopyranoside (37).a(1—4) GalT
(800 uL, 50 mM ammonium acetate, pH 7.5), Hepes (5009 400
mM, pH 7.5), 100 mM DTT solution (20@L), and water (2.5 mL)
were combined and left to stand at room temperaturé fotoactivate
the enzyme (18 mU/mL, 4 mL, 72 mU). To this enzyme solution were
added BSA solution (4@L, 100 mg/mL), lactose derivative2( 2.1
mg, 4.0umol), alkaline phosphatase (2Q, 1 U/uL), and the crude
UDP-6-deoxy-Gal8 (15 umol of the activea-anomer), which was
prepared as described for the synthesisl®f(procedure B). This
reaction mixture was gently turned at room temperature for 13 days.
During this incubation, additional(1—4) GalT (36 mU after 5 h, 18
muU after 4 days, and 18 mU after 9 days) was added to the reaction
mixture. Pure trisaccharid&7 (2.5 mg, 3.8zmol, 95%) was obtained
as described for the synthesis I8 (procedure A): R 0.22 (40:10:2
EtOACc/MeOH/H0); NMR (D;0) 6 4.86 (d, 1H,J;, = 4.1 Hz, H-1
(o-6-deoxy-Gal)), 4.51 (d, 1 H},, = 7.8 Hz, H-1), 4.48 (d, 1 HJ1»
= 7.9 Hz, H-1), 4.46 (dd, 1H)s5 = 12.2,J56 = 7.5 Hz, H-5 (-6-
deoxy-Gal)), 3.69 (s, 3H, CMe), 3.32-3.26 (m, 1H), 2.39 (tJ =
6.7 Hz), 1.56-1.66 (m, 4H), 1.381.28 (m, 8 H), 1.18 (d, 3H, H-6
(o-6-deoxy-Gal)); HRMS calcd for [M- Na]t CogHs0O17Na 681.2946,
found 681.2961.
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