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Abstract

The synthesis of disaccharides by galactosylation of a glucose-containing cluster has been studied using B-galactosidases
from different sources. Galactosylation of the cluster could be detected by ESI-MS. After size-exclusion chromatography of
the reaction mixtures and subseguent cleavage of the linker, galactopyranosyl-glucose disaccharides were obtained with yield
and regioselectivity dependent on the origin of the enzyme. The possibility of using this method for the synthesis of
multivalent glycoconjugates is discussed. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Major advances in the chemical synthesis of
oligosaccharides have been made during the last
decade due to the potential of these structures and
their analogs as pharmaceutical and diagnostical
reagents [1,2]. To circumvent problems associated
with multiple reaction steps and the use of expen-
sive/hazardous heavy metals salts which are used as
catalysts, enzyme-catalyzed syntheses have emerged
as a vauable strategy choice [3]. Among the enzy-
matic methods, glycosidases have been shown to be
practical for synthesis of di- and trisaccharides since
they utilize readily available enzymes and substrates
[4]. Besides, they can accept a broad structural range
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of alcohol acceptors while retaining the capacity to
create stereospecifically glycosidic bonds. However,
this method can sometimes lead to complex reaction
mixtures, making the purification step a difficult
task. In many cases, acetylation and deacetylation
steps are required for the purification of the products.
In order to overcome this problem, we have recently
reported a new strategy based on the use of a poly-
mer-supported sugar acceptor, which alows an easy
purification of the desired products by precipitation
[5]. Although the enzyme was able to recognize the
sugar attached to the polymer as an acceptor, the
yields of disaccharides were low. This was ascribed
to the low loading capacity of the polymer (0.2 mmoal
of sugar acceptor per gram of MPEG) precluding the
use of high concentration of acceptor, as required in
these glycosylations.

The aim of the present work is to evauate the
ability of these enzymes to glycosylate a multivalent
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glycoconjugate and the possibility of obtaining clus-
ters with disaccharide ligands. If so, the larger
molecular size of the glycocluster with respect to
other byproducts would facilitate the purification by
size-exclusion chromatography. In addition, the pos-
sibility of obtaining multivalent glycoclusters may be
of great utility in studies of biologica processes
where cooperative interactions between carbo-
hydrate-biomolecule lead to an amplification of the
affinity [6—8].

2. Experimental
2.1. General

B-Galactosidases and o-nitrophenyl B-bp-galacto-
pyranoside were purchased from Sigma. All other
chemicals were from Aldrich. TLC was performed
on silica-gel plates (GF,;, Merck) with detection by
charring with H,SO,. Column chromatography was
performed on silica gel (70-230 mesh, Merck). 'H
NMR spectra were measured at 200, 300, 400 and
500 MHz. Mass spectra were recorded in a MS 1100
Hewlett-Packard instrument. GC analysis was carried
out on a chromatograph Hewlett-Packard 5890 Se-
ries |1, with FID detector, using a ultra 2 column
(12m, 0.2mm id, and 0.33wm film); temperature
program: initial temperature 195°C; rate 5°C/min;
final temperature 250°C. Benzyl B-b-xylopyranoside
was used as interna standard. HPLC analysis was
carried out on a chromatograph Waters 600 E, with
UV detector (254 nm), using a reverse phase column
LiChrospher 100 RP-18 (5u.m) from Merck; mobile
phase: (A) water containing TFA (1%o); (B) CH,CN;
gradient program: time 0 %A = 90, time 2min %A
= 90; time 15min %A = 60; flow 1ml/min. Opti-
ca rotations were determined on a Perkin-Elmer
polarimeter (10cm cells, Na-D-ling; 589 nm).

2.2. 4-(Hydroxymethyl)-phenylmethyl 2,3,4,6-tetra-
O-benzoyl- B-b-glucopyranoside (5)

To a solution of 3 (0.5¢g, 0.67 mmol) and 1,4-be-
nzenedimethanol (4) (0.375g, 2.71mmol) in CH,CI,
(125ml), TMSOTf (40pl, 1% in CH,Cl,) was
added, stirring at r.t. for 90min. Then, pyridine

(150 .| was added and the reaction mixture concen-
trated in vacuo. Purification of the residue by silica
gel chromatography (Hex:AcEt, 2:1) yielded 5 (0.3 g,
64%) as a white solid: mp 61-63°C; [« ]®¥ = +0.05
(c 1, CHCI); R; 0.35 (hexaneﬁ-ethyl acetate, 1:1
v/v); *"H NMR (CDCl,, 300MHz) & 8.14-7.86 (m,
8H, aromatic), 7.3-7.65 (m, 16H, aromatic), 5.90
(dd, 1H, J,;=9.6Hz, J;,=9.0Hz, H-3), 5.74 (t,
1H, J,5=1J,5=9.0Hz, H-4), 566 (m, 1H, J,,=
9.6Hz, J,, = 7.9Hz, H-2), 495 (d 1H, J = 12.0Hz,
PhCH), 4.9 (d, 1H, J,,=79Hz, H- 1), 4.76 (d, 1H,
J=120Hz, PhCH), 4.73-4.66 (m, 3H, Jas =
3.3Hz, PhCH,, H-6a), 458 (dd, 1H, Js.qp=
12.2Hz, Js,5 = 5.3Hz, H-6b), 4.16 (M, 1H, J5¢, =
33Hz, Jiq,=53Hz, J;,=9.0Hz, H-5. And.
Calcd. for C4,H30,,: C, 70.38; H, 5.06. Found: C,
70.19; H, 5.01.

2.3. Coupling of 6 with 2

Compound 6 was prepared by treatment of 5
(120mg, 0.17mmol) with 1,1-carbonyldiimidazole
(83mg, 0.2mmol) in dry dioxane (200 w.1) with stir-
ring at room temperature until the disappearance
(TLO) of 5. The reaction mixture was concentrated
to give a residue (135mg) which was added in
aliquots (3 X 45mg) to a solution of 2 [9] (20mg,
0.028 mmol) in a mixture of nitromethane (0.875ml)
and triethylamine (0.375ml). The mixture was heated
at reflux under argon for 24h. After concentration
and purification by silica gel chromatography
(tolueneethyl acetate, 2:1 to 1:2) 7 (50mg, 44%)
was obtained as a white solid: mp 105-107°C; [« |2
= +0.1 (c 1, CHCI3) R; 0.23 (hexanes-ethyl ac-
etate, 1:3 v/v); 'H NMR (CDCl,, 400MHz) &
7.98-7.7 (m, 20H, Bz aromatic), 7.14-7.48 (m,
100H, Bn aromatic), 578 (t, 5H, Jy, =Jy,=
9.6Hz, 5H-3), 561 (t, 5H, J, 3 =J,5=9.6Hz
5H-4), 552 (dd, 5H, J,,=8Hz, J,y=9.6Hz
5H-2'), 5.3 (bs, 5H, 5SNHCO), 5.0-4.4 (m, 36H,
H-1, 5H-6d, 5H-6b/, 5H-1, 10PhCH,), 4.04 (m, 5H,
5H-5'), 3.7-3.1 (m, 26H, 5CH,CH,NH,,
5CH,CH,NH,, H-2, H-4, H-3, H-5, H-6a, H-6b);
3C NMR (CDCl,;, 50MHz) §165.9, 165.6, 165.0,
164.8, 156.2, 136.4, 136.0, 133.2, 133.0, 129.6,
1295, 129.1, 128.7, 128.2, 128.1, 127.7, 99.4, 72.8,
721, 71.7, 70.1, 69.6, 66.1, 62.9. Anal. Calcd. for
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C,3:H,07N5046: C, 67.52; H, 5.08; N, 1.71. Found:
C, 67.23; H, 5.15; N, 1.39.

2.4. Glycocluster 1

A solution of 2 (0.24 g, 0.058 mmol) in dry MeOH
(7ml) and THF (1ml) was treated with NaOMe
(Iml, 0.5M in MeOH) at room temperature for
0.5h. Then, water (2ml) was added and the solution
was neutralized with Amberlite IR 120 (H*). The
mixture was filtered and the filtrate concentrated in
vacuo. The residue was dissolved in water (109 ml)
and the solution extracted with ethyl ether (5 X
10ml). Lyophilization of the water solution gave 1
(0.12g, 99%) as a white solid: mp 111-114°C;
[«]? = —0.03 (¢ 0.6, CH,CN-H,0, 9:1 v/V); R;
0.24 (isopropanol-NH ;-H,0, 7.5:0.5:2.5 v/v) ESI-
MS (M + 2Cl~ 12~ /2) 10480 m/z; 'H NMR
(D,0-CD,CN, 2:1 v/v, 500MHz) & 5.48 (m, 10H,
50COC H2Ar), 5.32 (m, 6H, 50CHHAr, H-1), 5.1
(m, 5H, 50CH HAr), 4.86 (d, 5H, J, , = 8Hz, H-1),

4.28 (dd, 5H, J, 6y = 12Hz, 5H-6d), 4.2-3.6 (m,
51H, 5H-6b, H-6b, H-6a, H-5, H-4, H-3, H-2,
5CH, CH NH, 5CH,CH,NH, 5H-2, 5H-3, 5H-4,
5H- 5') H 138G HSQC 5 5.34 (H- 1) 4.84 (H-1),
4.28 (H-6d), 4.15 (OCH,CH,), 4.1 (H-6b), 4.1
(H-6a), 3.98 (H-3), 3.96 (H-5), 3.9 (H-6b), 3.82
(H-2), 3.76 (H-5), 3.76 (H-3), 3.72 (H-2), 3.7
(H-4), 3.68 (H-4).

2.5. Solubility of 1 in different water-organic solvent
mixtures

A solution of 10mM of 1 was dissolved in water
or water containing 10 or 20% of DMF, THF, DM SO,
acetone, dioxane or DGDEE. The mixtures were
gtirred at room temperature for 5min and, then,
centrifuged for 1 min. Ten microliter of the super-
natant were dissolved in 90 | of H,O:CH,CN (1:1,
v/V) to determine the concentration of cluster by
HPLC.

HoN INHz
o I HO OH I o)
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2
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Scheme 1. Structure of glycocluster 1 and of the carbohydrate derived pentamine 2.
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2.6. Activity and stability of B-galactosidases in
different water-organic solvent mixtures

The stability of p-galctosidases from Escherichia
coli, Aspergillus oryzae and bovine liver was mea
sured as the haf-life of the enzymes at 37°C in
presence of 10 or 20% of DMF, THF, DMSO,
acetone, dioxane or DGDEE. A solution of 120U /ml
of the enzyme (25ul) was incubated at 37°C in
buffer (175! of K,HPO, 50mM buffer, pH 7.0
containing, MgCl, 1mM, B-mercaptoethanol 5mM,
for the enzyme from E. coli and K,PO, 50mM, pH
7.3 for the enzymes from A. oryzae and bovine
liver) in the presence or in the absence of organic
solvent. The residual activity was evaluated as fol-
lows: at different times, aliquots of 5l were taken
and added to 50 mM solution of B-p-galactopyrano-
side in buffer (95u1), and the mixture was incubated
at 37°C for 30min. After quenching by addition of
700 ul Na,CO; (1M), the enzymatic activity was
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measured by the absorbance at 420nm of the o-
nitrophenol released.

The activity of the B-galactosidases in solutions
containing the organic solvent, was measured by the
same procedure.

2.7. Enzymatic tranglycosylation of 1

2.7.1. Using B-galactosidase from E. coli

A solution of 1 (10mM) and o-nitrophenyl B3-b-
galactopyranoside (8, 25mM) in a mixture of buffer
(225ul, K,HPO,/KH,PO, 50mM, MgCl, 1mM,
B-mercaptoethanol 5mM, pH 7.0) and dioxane
(25u.1) was incubated in the presence of B-galacto-
sidase from E. coli (2 units) at 37°C. Three addi-
tional aliquots of 8 were added during the reaction.
After 8h the incubation was stopped by heating at
100°C during 10 min. The mixture was concentrated
and the residue fractionated on a Biogel P2 column

0
OBz NH OH  TmsoOTH OE(‘)Z NN
1" —_— B = =
P50 éﬂfﬂo 0-C-CCk * Ho ZB?O%/O\% —
OBz OBz OH
3 4 5
o

S R o o
= EtaN RO. HN N o J
6 3 o
)OL / ~"\H” SoR
RO” “HN
OBz
BzO 0
OH OBz
HO O
Ho/éﬁ/ O@ NaOMe
OH

OH
HO O
1, R= H&/OLO—/
OH

Scheme 2. Synthesis of glycocluster 1 and structure of glucopyranoside 9.
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Table 1

Study of the effect of different co-solvents on glycocluster 1 solubility and on E. coli B-galactosidase activity

Co-solvent (%)

Conditions Acetone

DGDEE?

Dioxane DMF DMSO THF

10 20

20 10 20 10 20 10 20 10 20

Glycocluster solubility (mM) 1.25 2.02

365 242 36 10 10 29

44 236 246 207 39

E. coli B-galactosidase stability® (t; ,, h) >24 NAS 15 NAY 005 >24 03 NAY 05 >24 NAY NAY 005

E. coli B-galactosidase activity ¢ (%) 100 N.AY 54

NAY 2 87 37

N.AY 445 100 NAS NAY 5

@ DGDEE: diethylene glycol diethyl ether.

® The stability of the enzyme is expressed as the time (h), at which the activity dropped to 50% (ty2).

© The activity is referred to the one shown in absence of co-solvent.

4N.A.: not assayed.

(water /acetonitrile 4:1). The first eluted fraction
(Img) was dissolved in a mixture of methanol
(125.1), water (125p1), and acetic acid (10 wl), and
the solution was stirred under hydrogen atmosphere
in the presence of Pd/C for 24h. According to the
mass balance the hydrogenolysis was quantitative.
The catalyst was filtered and the filtrate was ana-
lyzed by gas chromatography. An aliquot (100 wl)
was concentrated and the residue treated with pyri-
dine (5wl) containing 1mM of benzyl xylopyrano-
side as reference and trimethylsilylimidazole (5.l)
followed by heating at 60°C for 30 min. The silylated
sugars were analyzed by GC. The retention times
were compared to those of known sugars. The
amounts of disaccharides formed were determined
from previous calibration curves obtained for each
sugar.

2.7.2. Using B-galactosidase from A. oryzae

The incubation was carried out under similar con-
ditions as described above using the B-galactosidase
from A. oryzae (2 units) in buffer (K,HPO,/KH ,-
PO, 50mM, pH 5.5) at 37°C for 6h.

2.7.3. Using B-galactosidase from bovine liver

The incubation was carried out under similar con-
ditions as described above using the B-galactosidase
from bovine liver (2 units) in buffer (K,HPO,/
KH,PO, 50mM, pH 7.3) at 37°C for 6h.

2.8. Enzymatic transglycosylation of 9
A solution of 9 (50mM) and o-nitrophenyl-B-p-

galactopyranoside (50mM) in a mixture of buffer
(333, K,HPO,/KH,PO, 50mM, MgCl, 1mM,

B-mercaptoethanol 5mM, pH 7.0) and dioxane
(387wl was incubated in the presence of B-gaacto-
sidase from E. coli (2 units) at 37°C. Three addi-
tional aliquots of 8 were added during the reaction.
After 4h, the incubation was stopped by heating at
100°C during 10 min. The reaction mixture was con-
centrated and the residue dissolved in a mixture of
methanol (125u.l), water (125ul1), and acetic acid
(10 w1, and the solution was stirred under hydrogen
atmosphere in the presence of Pd/C. After 24h, the
hydrogenolysis was completed as shown by TLC.
The catalyst was filtered and the filtrate was ana-
lyzed by gas chromatography as described above.

A similar procedure was followed using the en-
zymes from A. oryzae (2 units) and bovine liver (2
units) in buffer (K ,HPO,/KH,PO, 50mM, at pH
5.5 and 7.3, respectively).

3. Results and discussion

Based on recent work [9] describing the synthesis
of the carbohydrate derived pentamine 2, the glyco-

Table 2
Stability and activity of the B-galactosidase from A. oryzae and
bovine liver, in 10% of dioxane

B-galactosidase

A. oryzae Bovine liver
Stability® (t, ,, h) >24 >24
Activity® (%) 62.5 68

#The stability of the enzyme is expressed as the time (h), at
which the activity dropped to 50% (t, ,,).

®The activity is referred to the one shown in absence of
co-solvent.
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Scheme 3. Procedure to isolate and identify the disaccharides formed from the galactosylation of 1. Step 1: B-galactosidase catalyzed
transglycosylation of 1; step 2: Isolation of the glycocluster containing mono and disaccharides, by gel filtration; step 3: release of

disaccharides and unreacted glucose by hydrogenolysis.

cluster 1, in which the amine groups are attached to
terminal glucosides using a residue of 1,4-be-
nzenedimethanol as linker, was designed and synthe-
sized (Scheme 1). This linker is bound to the
anomeric carbon of the sugar, forming a glycosidic
bond, and to the amine groups through a carbonyl
group, forming a carbamate. In this manner, the
glucosides can be released from the cluster either by

6000 1130.1

5000

4000 —

461.2
3000

1210.9

2000 — 299.1

1000 ‘

| 1 1

hydrogenolysis of the benzylic bonds or by acid
hydrolysis of the carbamates.

The synthesis of 1 is outlined in Scheme 2.
Glycosylation of the tetra-O-benzoyl-glucopyranosyl
trichloroacetimidate (3) [10] with 1,4-benzenedi-
methanol (4) in the presence of TMSOTf afforded
the B-glucopyranoside 5 in 64% yield. Compound 5
was treated with carbonyldiimidazole to give the

2062.0

2224.2
2703.4

] | 1

o 500 1000

1500

2000 2500 3000 m/z

Fig. 1. ESI-mass spectrum of the fraction contained 1 and its glycosylated derivatives. The peaks corresponding to glycocluster 1
(M + 2C171?~ /2) = 1048.0 m/z and [M + CI~]2~ = 2062.0 m/z); glycocluster containing one galactose residue (M + 2CI 71?7 /2) =
1130.1 m/z and [M + 2Cl ~]?~ = 2224.2 m/z) and glycocluster containing two galactose residues (((M + 2C1 ]2~ /2) = 1210.9 m/z) were

present.
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imidazolyl carbonate 6 which was immediately cou-
pled with the pentamine 2 [9] to give the protected
glycocluster 7 in 44% yield. The "H NMR spectrum
of 7 was in agreement with the presence of five
benzoylated B-glucopyranosyl residues. Finally,
debenzoylation of 7 using NaOMe furnished com-
pound 1, which was fully characterized by NMR and
MS.

The solubility of glycocluster 1 in buffer was only
1.25mM. This concentration is low for the usually
required concentrations in glycosidase-catalyzed re-
actions. We, therefore, tested the solubility of 1,
expressed in mM concentration in Table 1, in mix-
tures of water with different water-miscible organic
solvents. The best results were obtained in 10-20%
dioxane. In order to know the effect of the cosol-
vents on the enzyme activity, we then checked the
stability and catalytic activity of the B-galactosidase

H_OH

o
il [N M\MU‘L%VLJ

from E. coli in the solvent mixtures (Table 1, entries
2 and 3). Taking together the results of the different
experiments, the reaction medium of choice was
10% dioxane, since the stability and catalytic activity
of the enzyme is almost as high as in buffer while
the solubility is increased five-fold. The B-galac-
tosidases from A. oryzae and bovine liver showed a
similar behavior in this solvent mixture (Table 2).
Therefore, the B-galactosidase-catalyzed glycosyla
tions of 1 were carried out in 10% dioxane.
Glycosylations were performed by incubation of 1
(10mM) and o-nitrophenyl 3-b-gaactopyranoside 8
(100mM), as a glycosyl donor, in the presence of the
B-galactosidase at 37°C. The progress of the reaction
was monitored by TLC. The procedure to isolate and
identify the disaccharides formed from the galactosy-
lation of 1 is outlined in Scheme 3. When all sub-
strate donor was consumed, the reaction was stopped

OH_OH OH

OH_-OH
Q
HO. o]
HO (o]
H
ﬁ&_m
| OH

P —————

I l I !
0 5 10 15

Time (min)

L
i

!
20 25 30

Fig. 2. GC analysis of the fraction containing 1 and its glycosylated derivatives after hydrogenolysis. |.S.: benzyl B-b-xylopyranoside.
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by heating at 100°C, concentrated and fractionated
on a size exclusion chromatographic column (Biogel
P2). The difference in size between the glycocluster
and other byproducts allowed a rapid and efficient
separation. Thus, the first eluted fraction contained 1
and its glycosylated derivatives, as indicated by their
MS (Fig. 1). This fraction was submitted to hy-
drogenolysis to release disaccharides and unreacted
glucose, the ratio of which was determined by GC
(Fig. 2. It is worth noting that in this fraction no
other by-product (that is, galactose, unreacted donor,
galactosyl—galactose and o-nitrophenyl galactosyl—
galactopyranoside disaccharides) was present.

Table 3 summarizes the results of the transglyco-
sylations using B-galactosidases from E. coli, A.
oryzae and bovine liver. The three enzymes are able
to catalyze the glycosylation of the cluster. Thus,
galactosyl—glucose disaccharides were obtained after
cleavage of the linker. Yield and regioselectivity of
disaccharides were dependent on the origin of the
enzyme used. While the B-galactosidase from E. coli
gave Gal(1-3)Glc disaccharide as the major product,
the enzyme from bovine liver afforded mainly the
(1-6) regioisomer. The enzyme from A. oryzae gave,
however, poor yield and regioselectivity of Gal—Glc
disaccharides.

Previous studies [11,12] on glycosidase-catalyzed
synthesis of disaccharides have shown that the nature
of the aglycon structure in the monosaccharide ac-
ceptor can significantly alter the result of the glyco-
sylations. Regarding this point, it seemed interesting
to compare the results obtained with the cluster with
those of glucopyranoside 9, which contains a benzyl
group as the aglycon. Compound 9 is a good model
of the termina fragment of the cluster arms. The
glycosylations of 9 with the three enzymes were

Table 3
Transglycosylation of 1 catalyzed by B-galactosidases from dif-
ferent sources

B-Galactosidase Yield (%) Regioselectivity (%)?
Gal(1-3)Glc Gal(1-4)Glc Gal(1-6)Glc

E. coli 25 66 8 26
A. oryzae 5 32 16 52
Bovine liver 17 7 2 91

@ Regioselectivity is expressed as the percentage of each re-
gioisomer with respect to the total amount of disaccharide.

Table 4
Transglycosylation of 9, catalyzed by B-galactosidase from differ-
ent sources

B-Galactosidase Yield (%) Regioselectivity (%)?
Gal(1-3)Glc Gal(1-4)Glc Gal(1-6)GIc

E. coli 32 68 N.D.P 32
A. oryzae 7 N.D.P N.D.P 100
Bovineliver 14 N.D.P N.D. 100

# Regioselectivity is expressed as the percentage of each re-
gioisomer with respect to the total amount of disaccharide.
®N.D.: not detected.

carried out under the same conditions; the results are
shown in Table 4. The reactions with the B-galac-
tosidases from E. coli and bovine liver gave disac-
charides in yield and regioselectivity similar to those
obtained with cluster 1. This may indicate that in the
cluster there is little influence of the core and the
adjacent arms on the galactosylation of the different
benzyl glucopyranoside moieties. On the other hand,
the reaction of 9 in the presence of the enzyme from
A. oryzae led to a significant change of the regiose-
lectivity, giving in this case the (1-6) disaccharide as
the only regioisomer, although in low yield.

4. Conclusions

In this preliminary work, we showed that glycosi-
dases are able to catalyze the glycosylation of a
glycocluster with the regioselectivity modulated by
the origin of the enzyme. A size-exclusion column
chromatography of the reaction mixture alowed the
purification of the cluster efficiently, which, after
cleavage of the linker, afforded only desired disac-
charides and unreacted acceptor. One still can envis-
age an improved system using glycoclusters of larger
molecular size that can be separated from the reac-
tion mixtures by a simple ultréfiltration. For the
possibility of using the glycosylated clusters as mul-
tivalent glycoconjugates in biological studies, yields
of glycosylations must be improved. In this sense,
the synthesis of glycocluster acceptors with in-
creased water solubility would allow one to carry out
glycosylations at higher substrate concentration and,
therefore, to obtain better yields of disaccharides.
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