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Abstract  

UDP-D-galactose:fl-D-galactopyranosyl-(l ~ 4)-2-acetamido-2-deoxy-D-glucose a-(1 ~ 3)-D- 
galactopyranosyltransferase [E.C. 2.4.1.151] transfers o-galactosyl-residues from the sugar nu- 
cleotide with retention of configuration. We report here that synthetic methyl 3'-amino-3'-deoxy- 
N-acetyllactosaminide (9), where the hydroxyl group normally undergoing galactosylation has 
been replaced by amino group, is an inhibitor for this enzyme with K i = 104/xM. The mode of 
inhibition is not competitive, but appears to be specific, since other glycosyltransferases were not 
affected by 9. 

~ Trivial names include the following: methyl 3'-amino-3'-deoxy-N-acetyllactosaminide and a-(I---, 3)- 
galactosyltransferase or UDP-galactose: N-acetyllactosaminide o~-(1 ~ 3)-galactosyltransferase or a-(l ~ 3)- 
GAIT. 
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I. Introduction 

Glycosyltransferases catalyze the transfer of single sugar residues from their sugar 
nucleotides to acceptor oligosaccharides (below, B = uracil, guanine or cytosine) thereby 
controlling the biosynthesis of mammalian glycoconjugates [1-4]. Specific inhibitors of 
glycosyltransferases 

O O 

Sugar'-~O-')P--~O" L to , , ~  Glycosy'- 
-O I or 2 ~ + HO-Acceptor transferase~" Sugar-O-Acceptor + 

HO OH HO OH 

(1) 

are important targets for synthetic carbohydrate chemistry since such compounds could 
be of tremendous value in the study of both oligosaccharide biosynthesis [5,6] and 
function [7]. 

To date, only limited success has been reported in the design and synthesis of such 
inhibitors having sub-millimolar inhibition constants. Masking of the acceptor hydroxyl 
group to which an enzyme transfers, by either deoxygenation [5,8-12], O-methylation 
[6,13] or replacement by thio-groups [10,11,14] has met with some success as has 
O-methylation at an adjacent position [6,15,16]. The most potent (sub-micromolar) 
inhibitor reported to date, however, was obtained by replacing the hydroxyl group 
(OH-3) of the Gal-residue undergoing glycosylation with an amino group in the 
disaccharide, a-L-Fucp-(1 ~ 2)-/3-D-Galp-OR, a substrate for the human blood group-A 
encoded ct-(1 ~ 3)-N-acetylgalactosaminyltransferase [13]. In this glycosylation reac- 
tion, the sugar is transferred from the sugar nucleotide with retention of configuration, 
unlike in previous systematic studies [5,6] where the glycosyltransferases examined 
acted mechanistically with inversion of configuration. An amino-inhibitor with K i n e a r  

200 nM was obtained [13] for the N-acetylgalactosaminyltransferase proceeding with 
retention of configuration; however, the mode of inhibition was complex [17] and not 
purely competitive as had been expected. 

The objective of the present study was to assess whether a similar strategy, that of 
replacing the reactive hydroxyl group of the acceptor by an amino group, would produce 
an inhibitory analog for a-(1 ~ 3)-D-galactosyltransferase (GAIT), which also transfers a 
glycosyl residue with retention of configuration from the sugar nucleotide. This enzyme 
transfers galactose from UDP-D-galactose to OH-3 of the Gal residue in oligosaccharide 
sequences terminating in fl-o-Galp-(1 ~ 4)-/3-D-GlcpNAc (N-acetyllactosamine, Lac- 
NAc). Considerable interest has developed in the regulated expression of this a-(1 ~ 3)- 
GaIT since the discovery of a naturally occurring human antibody (anti-Gal) to 
glycoconjugates with a non-reducing terminal Ct-D-Galp-(1 ~ 3)-fl-D-Galp-(1 ~ 4)-]3- 
D-GIc p NAc-OR epitope [ 18,19]. It has previously been demonstrated that the expression 
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of ix-(1 ~ 3)-GAIT occurs in a species-specific manner and accounts for the evolutionar- 
ily restricted expression of a-D-Galp-(1 ~ 3)-fl-D-Galp-(1 ~4)-/3-D-GlcpNAc- 
terminated glycoconjugates [20-22]. These discoveries have had a direct impact on both 
the development of therapeutic glycoproteins by recombinant methods and the use of 
animal tissues for xenotransplantation [23,24]. Therefore, the development of a specific 
inhibitor of c~-(1 --* 3)-GalT may be of therapeutic value. 

~-D-Galp-(1---~4)-[~-D-GlcpNAc--- 

UDP-Gal  (z-(1--->3)-GalT 

ct-D-Galp-(1--->3)-~-D-Galp-(1--->4)-l~-D-GlcpNAc-- 

Th e  r eac t ion  ca ta lyzed  b y  (z-(1--->3)-GalT 

Site of action of ] 
~ - ( I ~ 3 ) - G a l T  

HO .,OH NHAc 

~ ~ . . ~ O  H O ~ o . ( O H 2 ) s C O O M e  

Synthetic acceptor  1O (K m = 190 I~M) 

HO _..OH NHAc 

OH (""OH 

Potential inhibitor 9 
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2. Results and discussion 

The target potential inhibitor methyl 3-amino-3-deoxy-/3-D-galactopyranosyl-(1 ---) 4)- 
2-acetamido-2-deoxy-D-glucopyranoside (9) was synthesized as follows (Scheme 1). 
Reaction of known [25] methyl 3,6-di-O-benzyl-2-deoxy-2-phthalimido-/3-D-gluco- 
pyranoside (4) with the previously reported [13] 3-azido galactosyl donor 5 gave the 
expected /3-1inked protected disaccharide 6 in 82% yield. Ethylenediamine [26] was used 
for removal of the phthalimido protecting group to produce the free amine (7) that was 
N-acetylated to give 8 (2 steps, 94%). Hydrogenolysis in acetic acid gave the required 9 
as the acetate salt, which was characterized by NMR spectroscopy and mass spectrome- 
try (M + H ÷= 397). Compound 9 was further confirmed to be the acetate salt, and not 
the 3'-N-acetyl derivative, since lyophilization from an aqueous solution containing 
added CD3CO2D yielded a residue where the protons of the methyl group of the acetate 
counter ion had disappeared from the 1H NMR spectrum. 

Amino-disaccharide 9 was tested as an inhibitor of the recombinant c~-(1 --, 3)-GalT 
[27] in the transfer of galactose to /3-o-Galp-(1 ---, 4)-/3-D-GlcpNAc-O(CH2)sCOOMe 
(10) [5], which, for this acceptor, was found to have g m --  190 -t- 6/~M and Vma x = 0.92 
nmol /h  under standard conditions (see Experimental section). The hydrophobic aglycon 
present in acceptor 10 allowed the use of the so-called [28] "Sep-Pak assays" to 
determine the kinetic parameters for the transfer of tracer-[3H]-labeled galactose from 
UDP-galactose to OH-3' of the Galp-residue in 10. The effect of added amino-di- 
saccharide (9) on the rate of transfer is shown in Fig. 1. Clearly, the mode of inhibition 
of 9 is not competitive. Within experimental error, the apparent K m for acceptor was 
unchanged by the addition of 9. Vma x, however, decreased with increasing inhibitor 
concentration; a pattern that is consistent with non-competitive inhibition. Analysis [29] 
of the data in Fig. 1 yields K i -- 104/zM, almost half that of the acceptor Km. 

It seemed surprising that 9 is not a competitive inhibitor, which would be expected if 
it bound to the enzyme purely as an acceptor analog. The /3-octyl glycoside of 
3-amino-3-deoxy-/3-D-galactopyranosyl-(1 ---, 4)-2-acetamido-2-deoxy-D-glucopyranose 
[30] was not a substrate when evaluated in the Sep-Pak assay, so it is unlikely that 9 
underwent galactosylation to complicate the kinetic analysis. Despite the non-competi- 

AcO ~OAc 

~: N3~ 
OAc Br ~ A g O T f  

4: ~ . . , . , , , j ~  09 Ac20 I 

<"o n H2/Pd,C I 

R30 ~OR 3 NR1R 2 

OR" ~ 
~OR 4 

6: RI, R2 = ph~, R3 = Ac, R4 = Bn, RS = N3 
) 1: R l, R 2 R3= [-[, R 4 = Bn, R 5 = N3 

: 8:R1 = A~, R2= R3=H, R4 = Bn, R5 = N 3 

-~ 9: R 1 = Ac, R 2-- R3=R4= H, R 5 = NH2eAcOH 

Scheme 1. 
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Fig. 1. Kinetic analysis of the inhibition of ot-(l ~ 3)-GAIT by amino-disaccharide 9. The Lineweaver-Burk 
plot of the inhibition by 9 was generated using KinetAssyst 11 from the Michaelis-Menten plot shown in the 
inset [29]. Substrate 10 concentration was varied from 6-332 /xM. Variations in the concentrations of 9 are as 
shown. 

tive behavior,  the inhibition appears to be specific, since no inhibition was observed 
when 9 was evaluated as a potential inhibitor for either bovine /3-(1---*4)- 
galactosyltransferase [5] (which utilizes UDP-Gal  as a donor, but proceeds with inver- 
sion of  configuration) or an ct-(1 ~ 4)-galactosyltransferase [31] (which utilizes UDP-Gal  
as the donor and proceeds with retention of  configuration). Also, compound 9 did not 
inhibit a-(1 ~ 3 /4) - fucosyl t ransferase  from human milk (which utilizes the acceptor 
10, but transfers fucose from GDP-fucose to OH-3 of  the GlcNAc residue). The 
inhibition therefore does not appear to depend on recognition of  the donor sugar 
nucleotide nor some non-specific property of  amino-disaccharide 9. 

It should be noted that, while non-competi t ive inhibition is often interpreted as the 
result o f  an inhibitor binding to a site independent of  the substrate site, this mode of  
inhibition is commonly  observed in multisubstrate enzyme reactions where dead-end 
inhibitor complexes can be formed [32,33]. If  a rate-determining step occurs after the 
formation of  the ES complex,  a non-competi t ive inhibitory pattern will be observed. 
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This has been clearly demonstrated for aldose reductase where crystallographic studies 
show non-competitive and uncompetitive inhibitors in substrate binding sites [34-36]. 
The absence of detailed mechanistic characterizations of the a-galactosyltransferase 
reaction, which are beyond the scope of the current study, precludes a clear interpreta- 
tion of the inhibitor results. What should be emphasized, however, is that this is the first 
inhibitor reported for this enzyme, the inhibition is specific, and the K i is significantly 
lower than the K m for the corresponding acceptor. 

3. Experimental 

General methods.--Optical  rotations were measured with a Perkin-Elmer 241 
polarimeter at 22 + 2°C. Analytical TLC was performed on Silica Gel 60-F254 (E. 
Merck, Darmstadt) with detection by quenching of fluorescence and/or  by charring with 
sulfuric acid. All commercial reagents were used as supplied, and chromatography 
solvents were distilled prior to use. Column chromatography was performed on Silica 
Gel 60 (40-60/zM, E. Merck, Darmstadt). I H NMR spectra were recorded at 360 MHz 
(Bruker WM-360) with either internal (CH3)4Si (6 0, CDC13, CD3OD) or DOH (6 
4.80, D20). 13C NMR spectra were recorded at 75.5 MHz (Bruker AM-300) with 
intemal (CH3)4Si (8 0, CDCI 3, CD3OD) or external 1,4-dioxane (6 67.4, D20). IH 
NMR data are reported as though they were first order. Unless otherwise stated, all 
reactions were carried out at room temperature, and, in the processing of reaction 
mixtures, solutions of organic solvents were washed with equal amounts of aqueous 
solutions. Organic solutions were dried (magnesium sulfate) prior to concentration under 
vacuum at < 40°C (bath). Microanalyses were carried out by the analytical services at 
this department, and all samples submitted for elemental analyses were dried overnight 
under vacuum with phosphorous pentoxide at 56°C (refluxing acetone). Mass spectra 
were recorded on samples suspended in a Cleland's matrix (1:5 1,4-dithiothreitol-l,4-di- 
thioerythritol) using a Kratos AEIMS9 instrument with xenon as the bombarding gas. 

Methyl 2,4,6-tri-O-acetyl-3-azido-3-deoxy-fl-D-galactopyranosyl-(1 ~ 4)-3,6-di-O- 
benzyl-2-deoxy-2-phthalimido-fl-o-glucopyranoside (6).--Silver triflate (350 mg, 1.4 
mmol) was added at -40°C to a stirred mixture of methyl 3,6-di-O-benzyl-2-deoxy-2- 
phthalimido-/3-o-glucopyranoside [25] (4) (294 mg, 0.58 mmol), and 2,4,6-tri-O-acetyl- 
3-azido-3-deoxy-fl-o-galactopyranosyl bromide [13] (5) (390 m~, 0.9 mmol) in 
dichloromethane (20 mL) containing ground molecular sieves (4 A) and maintained 
under nitrogen. After l h, TLC (l : l  hexane-ethyl acetate) indicated the reaction to be 
complete, and 10% sodium thiosulfate was added. The mixture was allowed to attain 
room temperature, and then it was filtered through Celite. The organic layer was 
separated, washed with water, dried, filtered, and concentrated. Column chromatography 
(2:1 hexane-ethyl acetate) gave 6 (389 mg, 0.48 mmol, 82%): [c~] o + 27 ° (c 0.77, 
CHC13); IH NMR (CDC13): 8 3.20 (dd, 1 H, J2',3' 10.6, J3',4' 3.4 Hz, H-3'), 3.53 (1 H, 
H-5), 3.60 (1 H, n-5'), 3.82 (2 H, n-6), 3.92 (2 H, H-6'), 4.05 (1 H, H-4), 4.13 (dd, 1 H, 
Jl,2 8.4, J2,3 10.7 Hz, H-2), 4.23 (dd, 1 H, J3,4 8.5 Hz, H-3), 4.52 (d, 1 H, Jl,l. ~, 8.0 Hz, 
H-I'), 5.02 (d, 1 H, J1,2 8.4 Hz, H-l), 5.07 (dd, 1 H, H-2'), 5.27 (1 H, H-4'); ~C NMR: 
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6 20.5, 20.7, 20.8 (Ac CH3), 55.5, 56.7 (OCH 3, C-2), 60.9-79.2 (C-3,4,5,6, C- 
2',3',4',5',6', PhCH2), 99.3, 100.5 (C-l, C-I'), 123.2-138.5 (ARC), 169.0, 169.9, 170.3 
(Ac C = O). Anal. Calcd for C41H44N4OI4: C, 60.29; H, 5.43; N, 6.86. Found: C, 
60.34; H, 5.41; N, 6.89. 

Methyl 3-azido-3-deoxy-fl-D-galactopyranosyl-(1 ~ 4)-2-acetamido-3,6-di-O-benzyl- 
2-deoxy-~-D-glucopyranoside (8).--Ethylenediamine [26] (3 mL) was added to 6 (288 
mg, 0.35 mmol) in n-butanol (15 mL). The mixture was stirred at 70°C overnight, 
concentrated and coevaporated twice with toluene. The residue (7) was dissolved in 
methanol (5 mL) and treated with acetic anhydride (1 mL) at room temperature. After 2 
h the reaction mixture was concentrated. Column chromatography (9:1 ethyl acetate- 
methanol) gave 8 (200 mg, 0.33 mmol, 94%); [c~] D - 8  ° (c 1.6, CH3OH); 1H NMR 
(CD3OD): 6 1.90 (s, 3 H, AcNH CH3), 3.15 (dd, 1 H, J2'.y 10.4, Jy.4' 3.2 Hz, H-3'), 
3.45 (s, 3 H, OCH3), 3.65 (1 H, H-3), 3.85 (1 H, H-4'),3.79 (1 H, H-2), 3.75 (1 H, 
H-2'), 4.36 (d, 1 H, Jl.2 8.4 Hz, H-I), 4.42 (d, 1 H, J1'.2' 7.6 Hz, H-I'); 13C NMR: 6 
23.0 (AcNH CH3), 56.2, 57.0 (OCH 3, C-2), 62.8-82.4 (C-3,4,5,6, C-2',3',4',5',6', 
PhCH2), 103.5, 104.4 (C-l, C-I'), 128.7-139.7 (ARC), 173.2 (AcNH C = O). 

Methyl 3-amino-3-deoxy-fl-D-galactopyranosyl-(1 ~ 4)-2-acetamido-2-deoxy-~-D- 
glucopyranoside, acetate salt (9).--Compound 8 (153 mg, 0.25 mmol) was hy- 
drogenolyzed in acetic acid (1 mL) over 10% Pd /C  at atmospheric pressure for 5 h. The 
mixture was filtered through Celite and concentrated. Column chromatography on 
Iatrobeads (6:3:3:2 ethyl acetate-methanol-acetic acid-water) gave amorphous 9 (91 
mg, 0.20 mmol, 79%) after evaporation and lyophilization. 1H NMR (D20): 6 1.90, 
2.02 (2 s, 6 H, AcNH, Ac CH3), 3.47 (dd, 1 H,J2, y 10.8, JY,4' 3.2 Hz, H-3'), 3.51 (s, 3 
H, OCH3), 4.47 (d, 1 H, Jl.e 7.8 Hz, H-l), 4.58 (d, 1 H, Jl'.2' 7.8 Hz, H-I'); 13C NMR: 
6 22.5, 23.0 (AcNH, AcCH3), 55.9-79.2 (OCH 3, C-2,3,4,5,6, C-2',3',4',5',6'), 102.7, 
103.5 (C-I, C-I'), 175.5 (AcNH C=O), 179.6 (Ac C=O). FABMS m / z  397 (M + 
H) ÷ and 419 (M + Na) ÷. 

Measurement of enzyme kinetics.--The enzyme, a-(l ~ 3)-GalT, was prepared as 
described by Henion et al. [27] using a coding sequence for the murine form of the 
enzyme [37]. Kinetic evaluations were done by varying the concentrations of acceptor 10 
from 6-332 /xM in the absence and presence of inhibitor 9 (17, 50 and 100 /zM). The 
kinetic parameters, K m and Vma x, for each set of conditions were determined using the 
Kinet Assyst program to fit the velocity vs acceptor 10 data to the Michaelis-Menten 
equation [29]. 
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