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AbstractÐBy the use of cyclodextrins, we have enhanced the solubility of the protected amino acid glycan Fmoc-Thr(GalNAca1)-OtBu
(1b) up to 100-fold. This improvement enabled us to carry out an enzymatic glycosylation employing a b-galactosidase in combination with
an a2,3-sialyltransferase without the aid of organic cosolvents. After optimization of the one-pot reaction, the sialylated core 1 structure
Fmoc-Thr[Neu5Ac(a2-3)Gal(b1-3)GalNAca1]-OtBu (3b) could be obtained with 50% yield. q 2000 Elsevier Science Ltd. All rights
reserved.

Introduction

Due to the important role of glycoproteins in cell recogni-
tion processes,1,2 there is an increasing need for the synthe-
sis of biologically active glycopeptides. They can be
obtained either by enzymatic glycosylation of the synthetic
peptides or by chemical synthesis using glycosylated amino
acids as building blocks.3 Enzymatic synthesis using glyco-
syltransferases,4,5 the in vivo catalysts, are very ef®cient, but
certain key glycosyltransferase activities are still not avail-
able in abundancy from recombinant systems. Alternatively,
glycosidases, which catalyze hydrolysis in vivo, can be used
for the formation of glycans in vitro. In order to improve
poor yields resulting from product hydrolysis, combined use
of glycosidases and transferases in multi-enzyme systems
has been developed.6,7 Recently, we reported the synthesis
of an O-glycan core structure linked to a benzylic residue
catalyzed by a galactosidase and a GlcNAc-transferase in a
one-pot reaction with 90% yield.8

Enzymatic formation of glycosylated amino acid building
blocks for solid-phase synthesis is dif®cult, because the
protected amino acids are poorly soluble in aqueous
systems. A non-protected threonin derivative of the sialyl-
T containing building block 3b was synthesized by Gambert
and Thiem.9 Organic cosolvents might be used for glycosyl-
ation of genuine building blocks, but in many cases they are

not tolerated by the enzymes. Therefore, enzymatic glyco-
sylations of protected amino acids gave yields of 15% or
lower depending on the solubility of the substrate.10 By a
galactosidase-catalyzed transglycosylation with DMF as a
cosolvent, Ajisaka and coworkers achieved a yield of 23%
with regard to the amino acid substrate.11

Results and Discussion

The aim of this study was to combine enzymatic and chemi-
cal methods to ef®ciently obtain the sialyl-T containing
building block 3b from the glycosyl amino acid 1b.

As the galactosyltransferase for the synthesis of the core 1
structure 2b is only available from natural sources in small
amounts,12±14 the glycan chain of the protected O-glycosyl
amino acid 1b, which was obtained by chemical synthe-
sis,15,16 was extended using a commercially available
galactosidase from bovine testes [E.C. 3.2.1.23] in combi-
nation with the core 1-speci®c human a2,3-sialyltransfer-
ase, ST3GalI [E.C. 2.4.99.4]17,18 (Fig. 1).

A soluble form of ST3GalI was expressed in Sf9 cells grown
in serum-free medium and partially puri®ed by consecutive
chromatography on Amberlite IRA-95, DEAE- and SP-
Sepharose as described previously.19 In an alternative
approach, puri®cation by chromatography was avoided.
Sialyltransferase containing medium was dia®ltrated
against MES buffer using an ultra®ltration membrane.
Thus, a crude enzyme preparation was obtained.
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Transgalactosylation from lactose as a donor to Fmoc-
Thr(GalNAca1)-OtBu (1b) catalyzed by the galacto-
sidase resulted in the formation of the T antigen derivative
Fmoc-Thr[Gal(b1-3)GalNAca1]-OtBu (2b). As the galac-
tosidase also catalyzes the cleavage of the formed core 1
structure, the intermediate compound 2b is capped in situ by
subsequent sialylation yielding Fmoc-Thr[Neu5Ac(a2-
3)Gal(b1-3)GalNAca1]-OtBu (Sialyl-T-core 1-Thr, 3b).
In contrast to 2b, the conjugate 3b is not affected by the
galactosidase.

For economic reasons, ®rst experiments towards an optimi-
zation of the one-pot reaction described above were carried
out using benzyl-a-N-acetylgalactosamine (GalNAc[a1-
OBn], 1a) as a model compound. As a ®rst step, pH depen-
dencies of activity and stability of both enzyme preparations
were determined. Whereas the sialyltransferase activity
optimum at pH 6.5 differs considerably from the activity
optimum of the galactosidase (pH 4.3), stabilities of both
enzymes are highest close to neutral conditions. Sialyltrans-
ferase is far less stable than the galactosidase: half-lives of

Figure 1. Simpli®ed reaction scheme of the galactosidase/sialyltransferase catalyzed synthesis of the sialyl-T core 1 structures 3a and 3b.

Figure 2. Enhancing the solubility of Fmoc-Thr(GalNAca1)-OtBu (1b) by the addition of cyclodextrins.
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enzyme activity were determined at 1.8 days (sialyltransfer-
ase in 50 mM MES, pH 6.5, 1 mg/mL BSA, 208C) and
11.6 days, respectively (galactosidase in 100 mM MES,
pH 6, 1 mg/mL BSA, 208C). As stability of the transferase
seems to be critical, all further reactions were carried out at
pH 6.5 and 208C. Alkaline phosphatase was added as a third
enzyme to the one-pot reactions in order to prevent product
inhibition of the sialyltransferase by CMP.20

On analytic scale, the one-pot reaction leading to
Neu5Ac(a2-3)Gal(b1-3)GalNAc(a1-OBn) (3a) as a
product was optimized to 90% yield. The intermediate
Gal(b1-3)GalNAc(a1-OBn) (2a) could not be detected at
any stage of reaction progress. For structural analysis, a
preparative synthesis was carried out under the same condi-
tions except the sialyltransferase preparation. Using the
dia®ltrate instead of the pure enzyme, the reaction still
yielded 80% of the product 3a. Its structure was con®rmed
by comparison to literature data.21

First attempts to adapt this procedure to the protected amino
acid glycan 1b suffered from its low solubility in water.
Since the use of organic cosolvents rapidly deactivates the
enzymes, cyclodextrins were added as complexing
agents.22±25

b-Cyclodextrins are suf®ciently large to enclose extended
aromatic systems like the Fmoc-residue. Methylated cyclo-
dextrins usually form more stable complexes than the
unsubstituted cyclodextrins. Therefore 2,6-di-O-methyl-b-
cyclodextrin was used.26,27 In addition, hydroxypropyl-b-
cyclodextrin and g-cyclodextrin were investigated. Fig. 2

shows the enhanced solubility of substrate 1b as a function
of cyclodextrin concentrations. The best result was actually
obtained with the dimethyl derivative. The cavity of the
g-cyclodextrin seems to be too large for ef®cient complexa-
tion, whereas hydroxypropyl-b-cyclodextrin shows poor
inclusion properties and limited solubility.

Kinetic characterization of the galactosidase catalyzed
transgalactosylation from lactose to Fmoc-Thr(Gal-
NAca1)-OtBu (1b) showed that the cyclodextrin complex
is accessible for the enzyme. Although the KM-value of
17 mM for the acceptor 1b is even lower than that for the
model compound GalNAc(a11-OBn) (1a), the enzyme
shows less activity towards 1b. In Table 1, the kinetic
parameters are presented.

In contrast to the syntheses with the model compound 1a,
another peak could be detected on HPLC during the course
of reaction in this case. Most likely, it represents a regio-
isomer of the core 1 glycan 2b, though unfortunately, we
could not isolate and characterize it. This assumed lack in
regioselectivity of the galactosidase does not affect the
Fmoc-Thr[Neu5Ac(a2-3)Gal(b1-3)GalNAca1]-OtBu (2b)
synthesis, because a regioisomer cannot be converted
further by the sialyltransferase. The core 1 intermediate
itself, which was observed during conversions with the
galactosidase as a single enzyme, could not be found at
any stage of the reaction.

The optimized reaction yielded 67% of Sialyl-T-core 1-Thr
(3b) on an analytical scale. In order to reduce enzyme
consumption, preparative batches were carried out with
lower enzyme activities yielding 50% of the trisaccharide
3b. In all reactions with Fmoc-Thr(GalNAca1)-OtBu (1b)
as a substrate, the puri®ed sialyltransferase was used instead
of the crude preparation.

The course of a representative preparative synthesis is
shown in Fig. 3. Although 20 mM of 1b were added, the
starting concentration was lower due to precipitation of the
acceptor substrate after dilution of the stock solution. After
16 h, the remaining substrate was dissolved completely.

Table 1. Kinetic data of the transgalactosylation reaction employing lactose
as a donor

Substrate KM (mM) Relative vmax (±)

GalNAc(a1-Obn) (1a) 50^14 1
Fmoc-Thr(GalNAca1)-OtBu (1b) 17^5 0.25
Lactose 78^26

Figure 3. Course of reaction of the one-pot synthesis yielding sialyl-core 1-Thr 3b.
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The product 3b was puri®ed by preparative HPLC. Its struc-
ture was con®rmed by NMR and mass spectroscopy. In total
100 mg of the trisaccharide 3b were isolated.

Conclusion

In summary, we have enhanced the solubility of a protected
amino acid glycan up to 100-fold by the use of cyclo-
dextrins. This improvement enabled us to carry out an
enzymatic glycosylation without the aid of organic
cosolvents. The optimized one-pot reaction employing a
b-galactosidase in combination with an a2,3-sialyltransfer-
ase opens up a way to readily synthesize sialylated core 1
amino acid conjugates that are potentially interesting as
building blocks for the synthesis of complex glycopeptides.

Experimental

Materials

2,6-Di-O-methyl-b-cyclodextrin was kindly donated by
Wacker AG, Germany. Alkaline phosphatase, bovine
serum albumin, galactosidase, Gal(b1-3)GalNAc(a1-OBn)
(2a) and GalNAc(a1-OBn) (1a) were obtained by Sigma,
Germany. CMP-Neu5Ac was prepared at the Forschungs-
zentrum JuÈlich according to previously published proce-
dures.28±30 YM ultra®ltration membranes were purchased
from Amicon, Germany.

Standard enzyme assays

In order to determine galactosidase activity, hydrolysis of
pnp-galactose was measured. (Assay conditions: 5 mM pnp-
Gal in 0.1 mL citrate buffer, 100 mM, pH 4.3, 378C.) The
reaction is stopped by adding 0.9 mL glycine buffer
(250 mM, pH 10). Sialyltransferase activity was determined
with Gal(b1-3)GalNAc(a1-OBn) (2a) as an acceptor
substrate. (Assay conditions: 1 mM 2a, 1 mM CMP-
Neu5Ac, 1 mg/mL BSA, 50 mM MES buffer, pH 6.5,
378C.)

Ultra®ltration of sialyltransferase

First, baculo viruses were removed by passing 250 mL of
cell culture supernatant through an ultra®ltration membrane
(300 kDa cut off). After that, a tight ultra®ltration
membrane with a 10 kDa cut off was used for dia®ltration.
The volume was exchanged ten times with MES buffer
(100 mM, pH 6.5) and concentrated 30-fold. Finally, 3 U
of sialyltransferase activity were obtained.

Synthesis of Neu5Ac(a2-3)Gal(b1-3)GalNAc(a1-OBn)
(3a). Preparative synthesis was performed on a 2 mL scale
with the following reactant concentrations: 0.5 M lactose
(324 mg, 1 mmol), 20 mM GalNAc-(a1-OBn) (1a,
12.5 mg, 0.06 mmol), 30 mM CMP-Neu5Ac (38.2 mg,
0.06 mmol), 0.5 mg/mL bovine serum albumin, 0.5 U/mL
galactosidase, 0.1 U/mL sialyltransferase, 10 U/mL calf
intestine alkaline phosphatase, 50 mM MES buffer, pH
6.5, 208C. Reaction yield was 80%. The product was
puri®ed by preparative HPLC (RP-18 column, CS-

Chromatographieservice, Germany; water/acetonitrile 88/
12-v/v; 0.1% tri¯uoro acetic acid) with a yield of 78%.
18 mg of 3a were isolated. Analysis of reaction progress
was performed by reversed phase HPLC (Lichrosorb RP-
18, Merck, Germany; 258C; same conditions as preparative
HPLC).

Synthesis of Fmoc-Thr[Neu5Ac(a2-3)Gal(b1-3)GalNAca1]-
OtBu (3b). A stock solution of 100 mM Fmoc-Thr(Gal-
NAca1)-OtBu (1b, 300 mg, 0.5 mmol) and 200 mM 2,6-
di-O-methyl-b-cyclodextrin (1330 mg, 1 mmol) in 50 mM
MES buffer, pH 6.5, was prepared by mixing for 2 h. A
representative synthesis on a 5 mL scale was carried out
with the following reactant concentrations: 0.5 M lactose
(810.7 mg, 2.5 mmol), 20 mM 1b (60.1 mg, 0.1 mmol),
40 mM dimethyl-b-cyclodextrin (266.3 mg, 0.2 mmol),
25 mM CMP-Neu5Ac (95.5 mg, 0.15 mmol), 0.5 mg/mL
bovine serum albumin, 1 U/mL galactosidase, 0.2 U/mL
sialyltransferase, 10 U/mL calf intestine alkaline phospha-
tase, 50 mM MES buffer pH 6.5, 208C. During the synthesis
on analytical scale, additional sialyltransferase (50 mU/mL)
was added after 2 days. Analysis of reaction progress was
performed by reversed phase HPLC (Lichrosorb RP-18,
Merck, Germany; 258C; 40% MeCN; 0.1% tri¯uoro acetic
acid; 0.5 mL/min). Syntheses were carried out on a 12 mL
scale in total and yielded about 50% in all cases. The
product was puri®ed by preparative HPLC with a water/
acetonitrile gradient (0 min: 10% MeCN; 120 min: 20%
MeCN; 180 min: 20% MeCN; 195 min: 40% MeCN;
210 min: 40% MeCN; 225 min: 100% MeCN). 100 mg of
3b were puri®ed in total.

The structure of sialyl-T-core 1-Thr (3b) was analyzed by
NMR and MALDI-TOF-MS:

400-MHz-NMR (1H±1H-COSY, CD3OD), d (ppm): 7.86±
7.34 (m, 8Haromat. Fmoc), 4.86 (d, 1H, H-1, JH-1,H-2�3.8 Hz),
4.54 (d, 2H, CH2 Fmoc, JCH2 Fmoc,H-9 Fmoc�6.5 Hz), 4.51±
4.37 (m, 2H, H-2, H-1 0, JH-1 0 ,H-2 0�7.6 Hz), 4.32 (t, 1H, H-9
Fmoc, JCH2 Fmoc,H-9 Fmoc�6.5 Hz), 4.20±4.17 (m, 2H, H-4,
Ta), 4.04 (dd, 1H, H-3 0, JH-3 0 ,H-2 0�9.4 Hz, JH-3 0 ,H-4 0� 2.6 Hz),
3.96±3.84 (m, 3H, H-3, H-4 0, H-9a 00), 3.81±3.68 (m, 10H,
H-5, H-6a, H-6b, H-5 0, H-6a 0, H-6b 0, H-4 00, H-6 00, H-7 00,
H-9b 00), 3.66±3.60 (m, 1H, H-5 00), 3.59±3.50, (m, 3H,
H-2 0, H-8 00, Ta), 2.90 (d, 1H, H-3eq

00, JH-3eq 00 ,H-3ax 00�
10.9 Hz), 2.05, 2.04 (2ps, 6H, CH3CON), 1.76 (t,
1H, H-3ax

00, JH-3ax 00 ,H-3eq 00�JH-3ax 00 ,H-4 00�10.9 Hz), 1.48 (s,
9H, C(CH3)3), 1.40, 1.31 (d, 3H, Ta, JTg,Tb�6.2 Hz).

100.6-MHz-NMR (13C±1H-COSY, CD3OD), d (ppm): 175.5,
174.8, 173.9, 171.1 (CvO), 159.3 (CvO urethane), 145.3,
142.7 (Cquart. Fmoc), 128.9, 128.2, 126.1, 121.0 (Ctert.

Fmoc), 106.3 (C-1 0), 100.9 (C-1), 83.5 (C(CH3)3), 78.9
(C-3), 77.7 (C-3 0), 76.7 (Ta), 76.3 (C-8 00), 74.9 (C-5 00),
72.7 (C-4 0), 71.4, 69.4 (H-6 00, H-7 00), 70.7 (C-2 0), 70.1 (C-
4), 69.1 (C-4 00), 67.9 (CH2 Fmoc), 66.7 (C-9 00), 63.0, 62.9
(C-6, C-6 0), 61.03 (Ta), 55.9, 54.1 (C-5, C-5 0), 49.7-48.4
(C-2, C-9 Fmoc), 42.2 (C-3 00), 28.4 (C(CH3)3), 23.6, 22.6
(CH3CON), 19.8 (Tg).

MALDI-TOF-MS (cca, positive). 1093.1 (M1K1, calcd
1093.1), 1077.4 (M1Na1, calcd: 1077.1), 1026.6
(M2tBu1Na11Li1, calcd 1027.1), 1021.2 (M2tBu1
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Na11H1, calcd 1021.1) 784.7 (M2Neu5Ac1Na1, calcd
784.8), 773.8 (M12Neu5Ac22H112Li1, calcd 773.8),
735.8 (M2Neu5Ac2tBu1Na11Li11H1, calcd 735.8),
729.9 (M2Neu5Ac2tBu1Na112H1, calcd 729.8).
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