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Abstract—Membrane-bound B-Gal-3’-sulfotransferase (GP3ST) was expressed and used for in vitro sulfation of Tamm-Horsfall
glycoprotein. Further, the regioselective transfer of sulfate to an N-acetyllactosamine derivative could be realised with soluble
chimeric GP3ST, also in combination with Lac transglycosylation by means of B-galactosidase. Two alternative straightforward

chemical syntheses for the target compound could be elaborated.
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Sulfation of glycans by Golgi-resident sulfotransferases
is a widespread modification of glycosaminoglycans,
glycoproteins and glycolipids regulating their functional
activities such as hormone pharmacokinetics, growth
factor action, leukocyte rolling or bacterial adhesion.' ™
All sulfotransferases utilise the sulfate donor 5’-phos-
phoadenosin-3’-phosphosulfate (PAPS, 5) for transfer
to an acceptor molecule thereby releasing 5’-phosphoa-
denosine-3'-phosphate (PAP, 6).>¢ Recently, a novel
B-Gal-3’-sulfotransferase (GP3ST) has been cloned and
characterised transferring a sulfate group to C3 of a
non-reducing terminal B-galactose unit in oligosaccha-
rides that were not associated with lipids.’

In the present study the capability of recombinant
membrane-bound GP3ST for sulfation of the Tamm-
Horsfall protein (THP) was examined. THP is the most
abundant urinary proteins in mammals and can bind to
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type 1 fimbriated E. coli implying a protective role for
THP in urinary tract infections.®? THP is equipped with
N-linked glycans of di-, tri- and tetra-antennary-type
and one high mannose-type oligosaccharide.'® Variable
sulfate groups on terminal galactose residues in the gly-
cans of THP have been reported.!! Furthermore, to
establish conditions for large-scale generation of sul-
fated oligosaccharides in vitro, the usage of a soluble
GP3ST fusion protein was studied.

In a previous analytical study, the membrane-bound
GP3ST has been reported to catalyse the transfer of sul-
fate to LacNAc, lactose and lacto-N-tetraose.” It was
uncertain whether GP3ST would act on N- or O-gly-
cans. Here two GP3ST proteins, the C-terminally myc-
tagged GP3ST and a soluble, secreted chimeric ProtA-
GP3ST (Fig. 1) were transiently and stably expressed,
respectively, in baby hamster kidney (BHK) cells.
pcDNA3.1 vector transfected BHK cells were used as
controls.

Western blot analysis using anti-myc antibodies
revealed a single prominent immunoreactive band of
60 kDa in cell extracts of GP3STmyc expressing cells
(Fig. 2A). No specific cross-reacting material was found
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Figure 1. Schematic representation of B-Gal-3'-sulfotransferase (GP3ST) constructs. The numbering of the type 2 membrane protein starts at the first
methionine of the GP3ST coding sequence. The transmembrane domain (TM), PAPS binding sites (black area) and the six potential N-glycosylation
sites are indicated. The C-terminal location of the myc-tag in the GP3STmyc construct is given. In the soluble secretory ProtA-GP3ST chimera the N-
terminal cytoplasmatic and transmembrane domain of GP3ST are substituted by a protein A-tag containing signal peptide sequence.
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Figure 2. Expression analysis of GP3Stmyc and ProtA-GP3ST. (A)
Cell extracts of vector-transfected and GP3STmyc overexpressing
BHK cells were incubated in the presence (+) or absence (—) of
PNGase F for 16 h at 37 °C. The samples were separated by SDS-
PAGE and analysed by Western blotting using anti-myc antibodies
(1:1000). (B) The positions of the molecular mass marker proteins (in
kDa) are indicated.

in cells transfected with the vector only. After deglycosyl-
ation with PNGase F the apparent molecular mass of
GP3STmyc was reduced to approximately 46 kDa
(Fig. 2A). Due to the reported masses of a single
N-linked oligosaccharide chain varying between 2 to
5kDa'*' it remains uncertain whether all of the six
potential N-glycosylation sites of GP3ST are used. The
chimeric ProtA-GP3ST was purified from overexpress-
ing BHK cell media by IgG-affinity chromatography.
Eluted fractions containing the GP3ST fusion protein
(Fig. 2B) were combined, dialysed and wused for
in vitro sulfation of oligosaccharides.

The sulfotransferase activity was first determined in
extracts of vector transfected and GP3STmyc over-
expressing cells using the 100 kDa THP purified from
human urine (Fig. 3A) as acceptor. Carbohydrates
account for approximately 30% of the mass of human
THP and consist mainly of N-linked glycans of di-,
tri- and tetra-antennary type modified by sulfation.'!
As shown in Figure 3B, *°SO,4 was incorporated into
the 100 kDa THP depending on the concentration of
the protein extract from GP3STmyc overexpressing
cells. In the presence of an excess of unlabelled PAPS,
no **SO, incorporation into THP was detectable. When
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Figure 3. Purification and sulfation of THP by GP3STmyc. (A) THP
was purified from human urine, separated by SDS-PAGE and
analysed by Western blotting using anti-THP antibodies (1:250). (B)
THP (1 pg) was incubated with cell extracts vector (—) and GP3STmyc
overexpressing BHK cells (+) and [*°S}-PAPS as described in the
Experimental section. In this experiment 4 (=0.5) or 8 pug (=1) cell
extract protein was used for the assay. The reaction mixtures were
subjected to SDS-PAGE and fluorography.

extracts from vector transfected cells were used as
enzyme source, no ~>S-labelled THP was observed.

For formation of methyl N-acetyllactosaminide
(4),'>1° the transgalactosylation of the acceptor methyl
N-acetyl-glucosaminide (3) with p-nitrophenyl B-D-
galactopyranoside (2) as donor and P-galactosidase
(Bacillus circulans) was advantageous'’ and proceeded
with 61% yield. The subsequent enzymatic sulfation of
4 was performed in phosphate buffer with PAPS (5) as
donor substrate and the soluble chimeric ProtA-GP3ST
for 6 h at 37 °C. After termination by lyophilisation
HPLC revealed the 3’-sulfated derivative 1 in about
14% vyield. Under comparable conditions, both enzy-
matic processes could be coupled efficiently. HPLC cali-
brated with synthetic 3SLacNAcOMc (1) showed yields
of 9% at 20 °C and 37% at 37 °C (Scheme 1).

In parallel, the synthesis of the sulfated disaccharide 1
following classical glycosylation pathways with a termi-
nal sulfation step was approached. Peracetylated phenyl
thiogalactopyranoside 7'® was deacetylated,'® then
transferred into the dibutyltin derivative and in situ benz-
ylated to give regiospecifically the 3-O-benzyl compo-
nent,'>?® which in turn was peracetylated to give 8'°
which served as donor structure for the glycosylation.
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Scheme 1. Reagents and conditions: (i) B-galactosidase (B. circulans); (ii) B-Gal-3’-sulfotransferase, MnCl,, phosphate buffer.

As acceptor component the 3,6-dipivoylated glycoside
9! could be obtained from 3. NIS-promoted galactosyl-
ation with donor 8 resulted in formation of the desired
disaccharide 10. By hydrogenolysis in ethanol, a 45:55
mixture as evident from 'H NMR of both the regioiso-
meric tri-O-acetates was obtained. Their reaction with
the sulfor trioxide pyridinium complex in DMF and
chromatographic purification gave a single monosulf-
ated derivative which by treatment with an excess of
sodium methoxide in methanol led to the title com-
pound 1 (Scheme 2).

A superior pathway did not require the regiospecific
protection of the 3’-position. Starting with the simple
peracetylated phenyl thiogalactopyranoside 7 as donor
and again the acceptor 9, the NIS-promoted glycosyl-
ation gave straightforwardly the disaccharide 11. With
excess of sodium methoxide in methanol, the fully
deprotected disaccharide 4 (MeLacNAc) was obtai-
ned.'>!® Again, the regiospecific oxygen activation at
position 3’ could be achieved via intermediate 3’,4'-
dibutylstannylation.? Further treatment with the sulfur
trioxide—triethylamine complex directly resulted in for-
mation of the 3’-sulfated compound 1.

For structural assignment of the target compound 1
comparison with the literature data with its precursor
4 is useful. The "H NMR reveal a significant downfield
shift for H-3’ (4: 6 3.51—1: 6 4.30) and noticeable shifts
(A0 0.2 and 0.4) for H-2" and H-4', respectively. In the
13C NMR this reflects in a large downfield shift for
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Scheme 2. Reagents and conditions: (i) NIS, TfOH; (ii) H,/Pd-C, then
NaOMe, then SO;-Py, DMF; (iii) NaOMe then Bn,SnO, DMF, SO;—
Et;N.

C-3' (4: 6 73.7—1: 6 80.6) and obvious upfield shifts
for C-2" and C-4' (Ad —1.7 and —1.9). The NMR and
MALDI-TOF data could also be related to data of com-
pounds containing comparable functional groups.’***
Thus, both the sulfation of N-linked oligosaccharides
of Tamm-—Horsfall glycoprotein and of disaccharides by
membrane-bound and soluble recombinant GP3ST
could be demonstrated. Therefore, GP3ST can be used
to produce substantial amounts of sulfated glyco-
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proteins allowing more detailed studies of the biological
role of this modification. The regiospecific sulfation of a
LacNAc derivative by a combination of a transglycosy-
lating hydrolase and GP3ST requires four to five steps
whereas twelve to nine steps were necessary for chemical
synthesis depending on the precursor used. The experi-
mental approach via stannylene activation for sulfation
proved to be of considerable advantage.

1. Experimental
1.1. Biochemical procedures

1.1.1. Materials. [*>S] 3’-Phosphoadenosine-5’-phos-
phosulfate ([>°S]-PAPS) was obtained from Perkin—EI-
mer Life Sciences. OptiMEM, Lipofectamine 2000 and
antibiotics (penicillin/streptomycin) and molecular biol-
ogy reagents are purchased from Invitrogen. Bradford
reagent and Trans-Blot nitrocellulose membranes were
from BioRad.

1.1.2. Antibodies. Polyclonal antibodies against human
Tamm-Horsfall Protein (THP) and the anti-myc anti-
body were obtained from Harbor Bioproducts and
SantaCruz Biotechnology, respectively. Peroxidase-
conjugated goat anti-rabbit and rabbit IgG were from
Jackson ImmunoResearch Laboratories.

1.1.2.1. GP3ST cDNA constructs. Two GP3ST
expression constructs were generated (Fig. 1). First,
the B-Gal-3'-sulfotransferase (GP3ST; Accession-No.:
AB040610) cDNA was subcloned in frame with the C-
terminal myc-his tag of the pcDNA3.1/myc-his (—) A
expression vector (Invitrogen). Second, the cDNA cod-
ing for the luminal, catalytically active domain of
GP3ST and 80 base pairs of the 3’ untranslated cDNA
were amplified by PCR using Pfu Turbo polymerase, a
set of primers GP3-ST-For: G GAA TTC G CAC
TCG GAC TTA GAG CTG GAC and GP3-ST-Rev:
GC TCT AGA GGA TCT ACT AGT CAT ATG,
and the construct pSV-GP3ST as a template. After sep-
aration on an agarose gel the 1193 bp PCR product was
extracted and sequentially cleaved by Eco Rl and Xbal.
The product was cloned in frame with the N-terminally
placed transin signal sequence and the protein A-tag
into the corresponding restriction sites of vector pPro-
tA-EK-IRES (kindly provided by Dr. Gieselmann, Uni-
versity of Bonn). The corresponding expression
construct was verified by sequencing and named Pro-
tA-GP3ST.

1.1.3. Cell culture and transfection. Baby hamster kid-
ney (BHK) cells were cultured in DMEM containing
5% FCS and antibiotics at 37 °C and 5% CO,. Cells
were transiently transfected with the GP3STmyc cDNA

and Lipofectamine 2000 in Opti-MEM medium accord-
ing to the manufacturer’s instructions. Control cells
were transfected with the pcDNA3.1/myc-his (—) A vec-
tor alone. For stable transfections, 1.2 x 10° BHK-21
cells were grown on 60 mm plates and transfected with
5 ug of ProtA-GP3ST ¢cDNA and 10 uL Lipofectamine
2000. Twenty four hours after start of transfection, cells
were trypsinised and diluted 1:10 in DMEM, 5% FCS
containing antibiotics. The next day the medium was
supplemented with puromycin. Cell clones stably secret-
ing ProtA-GP3ST fusion proteins were detected by
affinity purification of the media over IgG-Sepharose 6
Fast Flow (Amersham Biosciences). Cell clones express-
ing highest levels of protein A fusion proteins were
chosen for further analyses.

1.1.4. Preparation of cell extracts. Twenty-four hours
after transfection each three 10 cm dishes of vector or
GP3STmyc overexpressing BHK cells were washed, har-
vested with 10 mL of phosphate-buffered saline using a
rubber scraper, centrifuged at 1000 rpm for 5 min, and
resuspended in 1 mL ice-cold 0.1 M MES buffer, pH
6.2 containing 0.1% Triton X-100. After sonification
the cell extracts were incubated for 10 min on ice fol-
lowed by ultracentifugation for 15 min at 100,000g
(Sorvall, Discovery M120). The supernatant was used
for sulfation assays using THP as substrate.

1.1.5. SDS-gelelectrophoresis and westernblotting. Solu-
bilised proteins from transfected cells or eluated frac-
tions from IgG-Sepharose columns were separated by
SDS-polyacrylamide gel electrophoresis (SDS-PAGE),
transferred to nitrocellulose membranes and examined
for myc-immunoreactivity as described previously® or
for peroxidase coupled IgG-binding ability followed by
enhanced chemiluminescence detection (Pierce).

1.1.6. Affinity purification of ProtA-GP3ST fusion pro-
teins. For production of ProtA-GP3ST fusion pro-
teins, stably transfected BHK cells were cultivated in
DMEM, 0.05% BSA at 37 °C, 5% CO, and media con-
ditioned for 48-72h were collected. The media were
centrifuged for 5 min at 1000g to remove cells and the
supernatants were adjusted to 0.05% Tween 20. I1gG
sepharose (2 mL) equilibrated with 50 mM Tris—HCI,
pH 7.4, 150 mM NaCl, 0.05% Tween 20 (TST buffer)
incubated with the media for 4 h at 4 °C under constant
rotation. The flow through was collected and the col-
umn was washed with 20 mL of TST buffer followed
by 4 mL of 5mM ammonium acetate buffer, pH 5.5.
Bound proteins were eluted with 10 mL of 0.5 M acetic
acid, pH 3.4 and collected in 0.5 mL fractions. The opti-
cal density of each fraction was measured and aliquots
of the peak fractions were separated by SDS-PAGE
and tested for the presence of protein A-fusion protein
as described above.
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1.1.7. GP3ST activity assay using THP. The standard
incubation mixture contained the following components
in a total volume of 50 uL: 0.1 M MES (pH 6.2), 10 mM
MnCl,, 40 mM mercaptoethanol, 1% Triton X-100,
10 mM NaF, 10% glycerol, 1 mM ATP, protease inhi-
bitor cocktail, 1.3 nmol [*>S}-PAPS (8 x 10° cpm), 0.5-
1 pg THP and 12 pL cell extract. The reaction mixtures
were incubated at 28 °C for 3 h, terminated by boiling
for 5min in SDS sample buffer, separated by SDS-
PAGE (10% acrylamide) and visualised by fluoro-
graphy.?¢

1.1.8. Other methods. Protein concentrations were
determined using the Bradford protein assay with
bovine serum albumin as standard. Deglycosylation
experiments with total BHK cell extracts using peptide
N-glycosidase F (PNGase F) were carried out as
described.”’” THP was isolated from human urine as
reported previously.?®

1.1.9. Methyl N-acetamido-2-deoxy-4-O-(p-p-galacto-
pyranosyl)-o. D-glucopyranoside (4). para-Nitrophenyl
B-p-galactopyranoside (2, 31 mg, 0.103 mmol, 1.0 equiv)
and methyl N-acetamido-2-deoxy-a-D-glucopyranoside
(3, 235 mg, 1.00 mmol, 10.0 equiv) were dissolved in a
mixture of CH3CN (1.5 mL) and potassium phosphate
buffer (1.5 mL, 50 mM in Milli-Q water, pH 7.0). B-
Galactosidase (B. circulans, 150 pL, 8.0 U; in potassium
phosphate buffer, 50 mM in Milli-Q water at pH 7.0)
was added and the mixture stirred for 1.5d at room
temperature. Subsequently, the reaction mixture was
lyophilised and the residue was subjected to a silica gel
chromatography to give compound 4 (25mg,
0.063 mmol, 61% yield) as a white amorphous solid.
Physical data were identical to synthesised (4).%>

1.1.10. Sulfation of disaccharide 4 with ProtA-GP3ST to
give 1. The standard incubation mixture contained the
following components in a total volume of 50 pL:
25 mM potassium phosphate buffer (pH 7.0), 0.5 mM
MnCl,, 1.6 mM mercaptoethanol, 11 uL. CH3CN,
3mM PAPS, 0.04 mM LacNAcOMe 4 10 pL ProtA-
GP3ST. After incubation for 6 h at 37 °C, the reaction
was terminated by lyophilisation. The sample was resus-
pended in Milli-Q water (30 uL), injected (20 uL) to a
Polysphere CH CA column equipped Hitachi-Merck
HPLC system (eluent: water, column temperature:
90 °C) and monitored with a RI-detector. The approxi-
mate yield of 1 (0.14 pg, 14%) was calculated from
HPLC data. Calibration was carried out with synthetic
compound 1.

1.1.11. One-pot transglycosylation with p-galactosidase
from B. circulans and enzymatic sulfation of LacNA-
cOMe to give 1. The standard incubation mixture for
the initial step contained the following components in a

total volume of 0.91 mL: potassium phosphate buffer
(0.45mL, 50 mM, pH 7.0), CH3CN (0.45mL), para-
nitrophenyl B-p-galactopyranoside (2, 0 mg, 0.033 mmol,
1.0 equiv), methyl N-acetamido-2-deoxy-o-D-glucopyr-
anoside (3, 78 mg, 0.330 mmol, 10.0 equiv), B-galacto-
sidase from B. circulans (10 uL, 3.0 U; in potassium
phosphate buffer, 50 mM at pH 7.0). The reaction
mixture was incubated for 1d at 20 °C. Subsequently,
the standard incubation mixture for the second step
contained the following components in a total volume
of 79.8 uL: a 2 uL aliquot of the initial step, 7.5 puL
CH;CN 0.29 mM MnCl,, 0.25 mM mercaptoethanol,
31 mM PAPS (5), 13 uL ProtA-GP3ST. The reaction
mixture was incubated at 20 °C, or 37 °C, respectively.
Subsequently, an aliquot (25 puL) was removed from
the reaction mixture after 2h and 25 h, respectively.
The reactions were terminated by lyophilisation. The
samples were resuspended in Milli-Q water (30 pL),
injected (20 pL) onto a Polysphere CH CA column
equipped Hitachi-Merck HPLC system (eluent: water,
column temperature: 90 °C) and monitored with a
RI-detector. Yield of 3SLacNAcOMe (1) calculated as
above: 6.2 ug (37%) at 37 °C and 1.6 ng (9%) at 20 °C.

1.2. Synthetic procedures

1.2.1. General methods. All reactions requiring anhy-
drous conditions were carried out under argon. All other
solvents were purified and dried by standard procedures.
Analytic thin-layer chromatography was performed
using silica gel 60 F,s4 precoated plates (E. Merck
5554). Compounds were detected by quenching of UV
fluorescence and by spraying with ethanol/sulfuric acid
(95:5, vv) and subsequent heating. Flash chromato-
graphy was performed with the indicated solvent system
on Silica Gel 60, 230-400 mesh (E. Merck 9385). Melt-
ing points were determined either with a Reichert Hei-
ztischmikroskop or an ST-apotec and are uncorrected.
Optical rotations were determined at room temperature
with a Perkin—Elmer 341 polarimeter. Mass spectra were
recorded on a Bruker Biflex-IIl MALDI-TOF, using
positive reflector mode and 2,5-dihydroxybenzoic acid
(DHB) as matrix. '"H and '*C NMR spectra were
recorded on a Bruker AMX 400 MHz spectrometer at
400.14 MHz and 100.04 MHz, respectively, and on a
Bruker DRX 500 MHz spectrometer at 500.13 MHz
and 125.03 MHz, respectively.

1.2.2. Methyl N-acetamido-2-deoxy-4-0-(2',4',6'-tri-O-
acetyl-3’-O-benzyl-p-p-galacto pyranosyl)-3,6-di-O-piva-
loyl-a-p-glucopyranoside (10). A solution of compound
8 (129 mg, 0.26 mmol, 1.0 equiv) and methyl N-acet-
amido-2-deoxy-3,6-di-O-pivaloyl-a-D-glucopyranoside (9,
117 mg, 0.29 mmol, 1.1 equiv) in anhydrous CH,Cl,
(20 mL) with molecular sieve (3 A) under argon atmo-
sphere was cooled to —30 °C and under stirring treated
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with  N-iodosuccinimide  (0.15 mg, 0.66 mmol,
2.5 equiv). The reaction was initiated by the addition
of trifluoromethanesulfonic acid (one drop) and allowed
to reach 0 °C slowly. After full conversion, the reaction
was quenched by the addition of anhydrous pyridine
(100 pL) and the molecular sieve was filtered off over
Celite. The filtrate was extracted once with satd aq
NaHCOs3;, once with sodium thiosulfate solution, dried
over MgSO, and the solvent was removed under re-
duced pressure. The residue was subjected to silica gel
chromatography, to give 10 (88 mg, 0.11 mmol, 43%
yield) as colourless oil. [oc]g) +69 (¢ 0.2, CHClLy); 'H
NMR (500 MHz, CDCl;): 6 7.21-7.04 (m, 5H, Bn),
5.61 (d, 1H, Jyu2=9.6 Hz, NH), 5.31 (d, 1H, Jy-y =
3.5Hz, H-4), 5.00 (dd, 1H, J3,=10.7Hz, J34=
9.4 Hz, H-3), 483 (dd, 1H, Jy.y =99Hz, Jy.y =
8.1 Hz, H-2'), 4.52 (d, 1H, Jgpab = 12.0 Hz, Bn-CH)),
4.78 (d, 1H, J1, = 3.8 Hz, H-1), 4.33 (dd, 1H, Jga.6p =
11.5Hz, Jg..s =1.8 Hz, H-6a), 4.78 (d, 1H, Jy.y =
8.1 Hz, H-1'), 4.20 (d, 1H, Jppp.o = 12.0 Hz, Bn-CHg’),
4.06 (dd, IH, J2_3 =10.7 HZ, JZ-NH =10.0 HZ, J2_1 =
3.8Hz, H-2), 4.02 (dd, 1H, Jg.¢y =11.4Hz,
J()a’-S =6.6 HZ, H-6a’), 3.94 (dd, IH, J6b_6a =11.9 HZ,
Jeb.s = 4.4 Hz, H-6b), 3.91 (dd, 1H, Jgy-¢w = 11.4 Hz,
Je-s = 6.9 Hz, H-6b’), 3.72 (dd, 1H, J4.5=9.8 Hz,
J43=94Hz, H-4), 3.64 (ddd, 1H, Js4=9.8 Hz,
Js.oo =44 Hz, Js¢,=18Hz, H-5), 3.56 (dd, 1H,
Jy-y = 6.9 Hz, Jy_¢u = 6.0 Hz, H-5"), 3.30 (dd, 1H,
Jyy =99Hz, Jy.y =35Hz, H-3"), 321 (s, 3H,
OMe), 1.94 (s, 3H, Ac), 1.92 (s, 3H, Ac), 1.85 (s, 3H,
2-0-Ac), 1.76 (s, 3H, NHAc), 1.08 (s, 9H, 6-O-Piv),
1.04 (s, 9H, 3-O-Piv); '*C NMR (100 MHz, CDCl;): 6
179.4 (C, 1C, 3-0O-Piv), 178.3 (C, 1C, 6-O-Piv), 170.6
(C=0, 2C, 4'-0-Ac, 6'-0-Ac), 170.3 (C=0, 1C, NHACc),
169.4 (C=0, 1C, 2'-Ac), 137.7 (C, 1C, Bnjp,), 128.8,
128.3, 128.1 (CH, 5C, Bn), 100.4 (CH, 1C, C-1'), 98.6
(CH, IC, C-1), 77.5 (CH, 1C, C-3), 73.8 (CH, 1C,
H-4), 71.9 (CH,, 1C, Bn), 71.7 (CH, 1C, C-5), 71.3
(CH, 1C, C-2%), 70.6 (CH, 1C, C-3), 69.6 (CH, 1C,
C-5), 66.1 (CH, 1C, C-4'), 62.3 (CH,, 2C, C-6, C-6'),
55.7 (CH;, 1C, OMe), 52.9 (CH, 1C, C-2), 27.7 (CHs;,
3C, 6-0-Piv), 27.5 (CH;, 3C, 3-0-Piv), 23.6 (CH;, 1C,
NHAc), 21.3, 21.2, 21.1 (CHj, 3C, 2'-0-Ac, 4’-0-Ac,
6’-0-Ac); MALDI-TOF (DHB, positive mode):
C3gHssNO m/z = 804.5 [M+Na]", 820.5 [M+K]".

1.2.3. Methyl N-acetamido-2-deoxy-4-0-(2',3',4',6'-tetra-
O-acetyl-p-p-galacto-pyranosyl)-3,6-di-O-pivaloyl-a-p-gluco-
pyranoside (11). A solution of compound 7 (997 mg,
226 mmol, 1.3equiv) and 9 (690mg, 1.71 mmol,
1.0 equiv) in anhydrous CH,Cl, (50 mL) with molecular
sieve (3 A) under argon atmosphere was cooled to
—30°C and treated with N-iodosuccinimide (1.17 g,
5.25 mmol, 3.0 equiv). The reaction was initiated by
the addition of trifluoromethanesulfonic acid (one drop)
and stirred for 3 h at —30 °C. Subsequently, the reaction

was quenched by the addition of anhydrous pyridine
(1 mL), diluted with CH,Cl, (100 mL) and the mole-
cular sieve filtered off over Celite. The filtrate was
extracted once with satd aqg NaHCO3, once with sodium
thiosulfate solution, dried over MgSO,4 and the solvent
was removed under reduced pressure. The residue was
subjected to silica gel chromatography, to give 11
(905 mg, 1.23 mmol, 72% yield) as colourless oil. [oc]g)
+21 (¢ 0.5, CHCl3); 'H NMR (500 MHz, CDCly): 6
594 (d, 1H, J;-y =4.7Hz, H-1"), 547 (dd, 1H,
Jy-s =3.2Hz, Jy.y = 3.2 Hz, H-4'), 5.05 (m, 1H, H-
3), 498 (dd, 1H, Jy-y = 3.2 Hz, Jy.y = 6.6 Hz, H-3'),
4.65 (d, lH, J1_2:3.5 HZ, H-l), 4.61 (dd, Jéa_5:
1.6 Hz, Jg.6o = 10.7 Hz, 1H, H-6a), 4.57 (dd, 1H,
Jy.y =6.6Hz,Jy.y =4.7Hz, H-2), 439 (ddd, 1H,
Jy-s =28 Hz, Jgy-y = 6.6 Hz,Jgy.y = 6.6 Hz, H-5),
4.30 (dd, 1H, J;,=11.3 Hz, J,,= 3.2 Hz, H-2), 4.21
(dd, 1H, J6a’-5/ =6.6 HZ, J6a’-6b’ = 11.7 HZ, H-6a/),
421 (m, 1H, H-6b) 4.13 (dd, 1H, Jg4.y = 6.6 Hz,
Jea-gy = 11.7 Hz, H-6b"), 3.81 (m, 2H, H-4, H-5), 3.44
(s, 3H, OCHy3;), 2.15 (s, 3H, O-Ac), 2.06 (s, 3H, O-Ac),
2.04 (s, 3H, O-Ac), 1.92 (s, 3H, O-Ac), 1.65 (s, 3H,
N-Ac), 1.27 (s, 9H, O-Piv), 1.19 (s, 9H, O-Piv); °C
NMR (100 MHz, CDCly): 6 178.7 (C=0, 1C, O-Piv),
178.4 (C=0, 1C, O-Piv), 172.1 (C=0, 1C, O-Ac),
171.1 (C=0, 1C, O-Ac), 170.5 (C=0, 1C, O-Ac),
170.2 (C=0, 1C, O-Ac), 122.8 (C=0, 1C, N-Ac), 98.4
(CH, 1C, C-1), 97.3 (CH, 1C, C-1'), 76.2 (CH, 1C,
C-2%, 72.3 (CH, 1C, C-3'), 70.3 (CH, 1C, C-3), 69.8
(CH, 1C, C-5'), 69.1 (CH, 2C, C-4, C-5), 66.7 (CH,
1C, C4), 63.3 (CH,, 1C, C-6), 61.3 (CH,, 1C, C-6'),
54.5 (CHs, 1C, OCHs;), 51.5 (CH, 1C, C-2), 38.8 (C,
2C, O-Piv), 26.6 (CH;, 1C, N-Ac), 25.7 (CH;, 1C,
O-Ac), 21.4 (CH;, 1C, O-Ac), 19.6 (CH3, 1C, O-Ac),
19.3 (CH3, 1C, O-Ac); MALDI-TOF (DHB, positive
mode): C33Hs5NOy; m/z=756.5 [M+Na]", 772.4
[M+K]".

1.2.4. Methyl N-acetamido-2-deoxy-4-0-(3'-O-sulfo-p-p-
galactopyranosyl)-a-D-glucopyranoside sodium salt (1).
(A) A solution of disaccharide 10 (56 mg, 0.07 mmol,
1.0 equiv) in anhydrous EtOH (3 mL) was treated with
Pd/C (a tip of a spatula). The reaction mixture was stir-
red under hydrogen atmosphere (1 bar) for 48 h. Subse-
quently, the reaction was filtered over Celite, and the
solvent was removed under reduced pressure. The residue
was subjected to silica gel chromatography, to give an
inseparable mixture of regioisomers (43 mg, 0.06 mmol,
88% yield) as colourless oil. MALDI-TOF (DHB, posi-
tive mode): C3;HyoNO¢ m/z =T714.4 [M+Na]+, 730.3
[M+KT".

(B) A mixture of the regioisomers (19 mg,
0.027 mmol, 1.0 equiv) in anhydrous DMF (5 mL) was
treated with sulfur trioxide—pyridine complex (60 mg,
0.380 mmol, 14 equiv) and stirred at room temperature
for 1d. Subsequently, the reaction was quenched with
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MeOH (2mL) and the solvent was removed under
reduced pressure. The residue was subjected to silica
gel chromatography, to give the monosulfated disaccha-
ride (5 mg, 0.007 mmol, 24% yield) as an amorphous
solid.

(C) Method A: This was dissolved in anhydrous
MeOH (2mL) under argon atmosphere and treated
twice with sodium methoxide (2 x4 mg, 0.148 mmol,
24.0 equiv). The mixture was stirred at room tempera-
ture for 1 d. Subsequently the reaction mixture was neu-
tralised with Amberlite IR-120 H' resin, filtered and the
solvent was removed under reduced pressure to give
crude 1 (2 mg, 0.004 mmol, 60% yield) as an amorphous
solid. Method B: A solution of compound 4 obtained by
deacylation of 11 (19 mg, 0.047 mmol, 1.0 equiv) in
anhydrous MeOH (5 mL) was treated with dibutyltin
oxide (13 mg, 0.051 mmol, 1.1 equiv) and refluxed for
1.5 h under argon atmosphere. Subsequently, the sol-
vent was removed under reduced pressure. The residue
was suspended in anhydrous THF (5 mL), treated with
sulfur trioxide-triethylamine complex (17 mg, 0.094
mmol, 2.0 equiv) and stirred for 48 h at room tempera-
ture. Afterwards, the solvent was removed under reduced
pressure and the residue subjected to silica gel chroma-
tography to give 1 (10 mg, 0.025 mmol, 53% yield), as
an amorphous solid. [oc]fjo +71 (¢ 0.2, H,0); '"H NMR
(500 MHz, MeOH-d,): ¢ 4.71 (d, 1H, J;.,=3.8 Hz,
H-1), 4.54 (d, 1H, J;-y = 7.8 Hz, H-1'), 4.30 (dd, 1H,
Jy.y =9.7Hz, Jy.y =3.4Hz, H-3'), 427 (broad d,
1H, J4-y = 3.4 Hz, H-4'), 4.00 (dd, 1H, J,.3=10.6 Hz,
J2_1 =3.8 HZ, H-2), 3.96 (dd, 1H, J6a-6b =12.0 HZ,
Joa.s = 3.2 Hz, H-6a), 3.89 (dd, 1H, Jgp.6a = 12.0 Hz,
Jev-s = 1.9 Hz, H-6b), 3.84 (dd, 1H, J3.,=10.6 Hz,
Jy.4=382Hz, H-3), 3.80 (dd, 1H, Jg¢y-qy = 11.4 Hz,
Jew-y = 7.2 Hz, H-6a’), 3.76 (dd, 1H, Jy.; =9.7 Hz,
Jy.y = 7.8 Hz, H-2"), 3.74 (m, 1H, H-6b’), 3.71-3.66
(m, 3H, H-4, H-5, H-5'), 3.41 (s, 3H, OMe), 2.02 (s,
3H, NHAc); '*C NMR (100 MHz, MeOH-dy): § 172.5
(C=0, 1C, NHAc), 103.8 (CH, 1C, C-1'), 98.5 (CH,
1C, C-1), 80.6 (CH, 1C, C-3'), 80.3 (CH, 1C, C-4), 75.6
(CH, 1C, H-%), 70.9 (CH, 1C, C-5), 70.1 (CH, 1C,
C-3), 69.8 (CH, 1C, C-2'), 67.4 (CH, 1C, C-4’), 61.3
(CH,, 1C, C-6'), 60.6 (CH,, 1C, C-6), 54.5 (CH;, 1C,
OMe), 53.7 (CH, 1C, C-2), 21.4 (CH;, 1C, NHACc); Anal.
Calcd for C;sH,sNNaO4S : C, 36.07; H, 5.25; N, 2.80.
Found: C, 35.98; H, 5.29; N, 2.72.
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