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Direct and Efficient Monitoring of Glycosyltransferase Reactions on Gold
Colloidal Nanoparticles by Using Mass Spectrometry
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Abstract: A simple and efficient assay
for glycosyltransferase activity on gold
colloidal nanoparticles (GCNPs) by
using laser desorption/ionization time-
of-flight mass spectrometry (LDI-TOF
MS) is demonstrated by the enzymatic
synthesis of the Lewis X trisaccharide
on GCNPs containing GIcNAc resi-
dues. GCNPs containing multivalent
sugars were well dispersed in aqueous
solution and proved to be excellent ac-
ceptor substrates for the glycosyltrans-
ferase reaction. Direct LDI-TOF MS
analysis of these GCNPs provided the
ion peaks of the sugar derivatives,
chemisorbed through S—Au linkages
onto the GCNPs, even in the presence
of contaminants such as proteins and
salts. Thus, it enabled the rapid and
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tion on the GCNPs by subjecting a
small amount (0.15 pL) of the reaction
mixture to MS analysis without purifi-
cation. Subsequent MS/MS analyses
(LDI-LIFT-TOF/TOF method) of the
product-carrying GCNPs enabled the
structures of the sugar derivatives that
had been constructed on the GCNPs
by enzymatic glycosylation to be deter-
mined. A quantitative inhibition assay
for glycosyltransferase by using LDI-
TOF MS analysis on the GCNPs was
demonstrated by using uridine 5'-di-
phosphate (UDP) as the inhibitor. This
simple assay was then applied to the
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detection of the enzymatic activity of a
crude cell extract of Escherichia coli,
which produces Neisseria meningitidis
[-1,4-galactosyltransferase (B-1.,4-
GalT). In this case, the GCNPs were
roughly purified by means of ultrafil-
tration to remove the buffer and deter-
gents before MS analysis. That the
GCNPs are dissolved in solution in the
reaction medium but are solid in the
purification process is greatly advanta-
geous for the simple and efficient de-
tection of enzymatic activity in crude
biological samples. Thus, GCNPs con-
taining a variety of biomolecules may
become a versatile and efficient tool
for the rapid and direct monitoring of
metabolism (metabolomics) in living
cells when combined with LDI-TOF

direct detection of the enzymatic reac-

Introduction

Glycosyltransferases are important enzymes that catalyze
glycoside bond formation to construct a variety of glycocon-
jugates, such as glycoproteins, glycolipids, and proteoglycans.
Glycosylation reactions catalyzed by glycosyltransferases are
crucial for the post-translational modifications of proteins
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MS analysis.

and lipids that greatly influence various molecular-recogni-
tion processes such as bacterial/viral infections, cell adhe-
sion, immune response, cellular differentiation, develop-
ment, and regulation, and many other intercellular commu-
nication and signal transductions.!! Glycosyltransferases are
indispensable in the chemical and enzymatic synthesis of
glycoconjugates.”) Therefore, facile and rapid methods for
monitoring glycosyltransferase reactions are of great signifi-
cance for the development of automated glycosynthesis as
well as novel diagnostic methods. To date, however, there
are only a few methods commonly used for analyzing enzy-
matic sugar-elongation reactions. These methods use syn-
thetic substrates with photosensitive or radioactive probes in
combination with high-performance liquid chromatography
(HPLC) analysis, and therefore require special labeling of
the analyte and extensive sample purification.”! Metal nano-
particles, including gold colloidal nanoparticles (GCNPs),
have been conjugated with various biomolecules™ and ap-
plied in the fields of biochemistry and chemical biology for
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molecular-recognition assays,” fluorescence nanocrystal la-
beling, surface-enhanced Raman spectrometry,”) and ana-
lyte concentrations for mass spectrometric analysis.”! These
nanoparticles conjugated with biomolecules are soluble in
aqueous solution and stable under physiological conditions.
Thus, we thought that small GCNPs with a diameter of ap-
proximately 10 nm would be a
suitable model for general glob-
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Results and Discussion

The preparation of the GCNPs involved the stabilization of
the metal nanoparticles by providing a monolayer of glycoli-
pid mimetics to generate monodispersed metal nanoparti-
cles. As shown in Scheme 1, stabilizer molecule 1 was syn-

ular proteins. It is likely that
GCNPs bearing multivalent
sugars will behave like oligosac-
charide chains of native glyco-

proteins. Furthermore, owing to
the “glycoside cluster effect””

they should display a highly en-
hanced affinity for enzymes,
and are thus expected to be
good glycosyl-acceptor  sub-
strates.
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Metal nanoparticles have
been used as a matrix for laser
desorption/ionization  time-of-
flight mass spectrometry (LDI-
TOF MS) analyses, in which
the metal particles serve as a
reservoir for photon-energy
deposition.'”!  In  particular,
GCNPs (<10 nm) were found
to exhibit greater ionization efficiencies than organic matri-
ces owing to the quantum confinement effect."! Recently, it
was shown that the self-assembled monolayer (SAM) of a
thiol compound chemisorbed onto an Au surface could be
ionized directly to cleave the Au—S bond by laser irradiation
during the matrix-assisted LDI process.”? Therefore,
GCNPs covered with carbohydrates connected through Au—
S linkages are expected to be optimal substances for LDI-
TOF MS analyses in which the ionization efficiency is highly
enhanced. Our attention has been directed toward the use
of small GCNPs as a scaffold for immobilizing carbohy-
drates. It is expected that analyte ionization on the GCNP
surface will be highly enhanced by the laser irradiation
under LDI-MS conditions. In addition, the surface should
become a good scaffold for containing acceptor substrates
for glycosyltransferases.

It has also been demonstrated that conjugating small mol-
ecules onto a colloidal Au surface makes it possible to se-
quester and transfer small quantities of analytes with high
efficiency.”! In addition, analytes adsorbed on Au colloids
can be easily transferred between instruments and manipu-
lative biological experiments without loss.

In the present paper, we report a novel, simple, and effi-
cient assay for glycosyltransferase activity by demonstrating
the direct detection and characterization of Lewis X (Le*)
trisaccharide synthesis on GCNPs, which provide a conven-
ient scaffold that accelerates ionization of the adsorbed mol-
ecules.

6:R=0H, m=6, n=8

Chem. Eur. J. 2006, 12, 6478 - 6485

‘R= OH OH
> | : /&/O
O 0 ~
%v-\/"\ o °

o NHAc
m=6, n=8

4:R=HO _OH
0
0
HO H
OH

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

thesized by connecting a GlcNAc residue to a long alkane-
thiol chain with a hydrophilic oligomeric ethylene glycol
linker. Synthetic procedures and conditions are described in
the Experimental Section. Reduction of tetrachloroauric
acid (HAuCl,) with NaBH, in methanol was performed in
the presence of stabilizer 1 and 2a under similar conditions
to those given in a previous report!™! in which compound 2a
was employed for controlling the sugar density on the
GCNPs in biological assays. In this paper, a molar ratio of
1:9 for 1/2a was employed, which seemed to be favorable
for the enzymatic glycosylation according to a previous
study using glycopolymers as acceptor substrates.””! Trans-
mission electron microscopy (TEM) of the gold nanoparti-
cles (Figure 1a) showed that the majority were well-separat-
ed single particles with diameters ranging from 3.0 to
8.0nm. LDI-TOF MS analyses of the GCNPs prepared
from 1 and 2a (Figure 1b) clearly indicated the generation
of molecular ions due to these stabilizer molecules, and ions
at m/z 781 and m/z 1058 were found to correspond to the
sodium adducts of homo-disulfide 2a and hetero-disulfide 3
(composed of 1 and 2a). The GCNPs were treated with I, to
cleave the Au—S linkages between the gold surface and the
stabilizers prior to the LDI analyses. An MS analysis of this
material showed no significant peaks (Figure 1c); this sug-
gests that the laser desorption/ionization shown in Figure 1b
had occurred directly on the surface of the GCNPs through
the bond rearrangement from Au—S to S—S under laser irra-
diation. Taking into account the ratio of the two stabilizers
employed for synthesizing the GCNPs, it is reasonable that
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Scheme 1. Synthetic scheme of compound 1.

A

o pound 1 (data not shown).

When the ionization efficien-
cy of the LDI-TOF MS of 2a
adsorbed on the GCNPs was
compared with that of 2a adsor-
bed on a gold-coated plate, we
observed drastically amplified
spectrometric signatures in the
results from the GCNPs
(Figure 2). GCNPs were spread
homogeneously on the TOF
MS plate, and they did not
cause spot-to-spot variation in
signal intensity as often ob-
served in MS analysis using or-
ganic matrices, demonstrating
that the GCNPs allow highly
sensitive LDI analyses of the
analyte by single-laser irradia-
tion without any error. LDI
analysis by repetitive laser irra-
diation at the same position on

ﬂ - - - b
) ‘e v :.’ . : " Ly “.‘ ) [2a + NaJ* the gold-coated MALDI plate
P *"o] .5 S did not show significant ioniza-
2 sa "o 0% ~ g 5 <> . .
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.y .... Lt e B E o 5 performed' .ten t%mes at the
b A » 2 .. <« same position still generated
¢ e & . .
ok T " 5 § @ the satisfactory ion peak at m/z
b y ':‘ BN §’l'9 781 signifying the homo-disul-
o aMte® i e i fide compound 2a (Figure 2b).
O e OuiD LY This indicated that the size of
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tion process. On an extremely
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Figure 1. Data for the GCNPs bearing stabilizers 1 and 2: a) TEM image; LDI-TOF mass spectra of b) the

GCNPs (20 pmol) and c) L-treated GCNPs (20 pmol).

hetero-disulfide 3 (m/z 1058) was generated as the major
product ion by the bond rearrangement with the counterpart
derived from 2a (m/z 781) rather than the original homo-di-
sulfide 1. In addition, peaks for ions in which sulfur had
been eliminated at m/z 1027 and 995 that could be assigned
to R-S-R’- and R-R’-type derivatives, respectively, were also
produced during laser irradiation. The intensity of these
ions can be reduced by controlling the laser power as shown
in the following data. Although the mechanism for the for-
mation of the ions containing unusual C—S—C and C—C link-
ages is not clear,'® deletion of sulfur atoms from the chemi-
sorbed substances under LDI conditions seems to make the
GCNPs a specific catalyst for the development of new reac-
tions. A similar ionization profile was observed in single al-
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surface area, specific laser scat-
tering or diffused reflection can
occur, which may greatly accel-
erate the LDI of chemisorbed
small molecules from GCNPs. In addition, it should be
noted that the present LDI MS using GCNPs avoided any
overlapping with peaks due to matrix observed with
common matrix-assisted LDI conditions, as demonstrated in
Figure 3b and c.

Next, our attention was focused on the feasibility of
GCNP-based LDI-TOF MS for directly monitoring sugar-
elongation reactions catalyzed by recombinant glycosyltrans-
ferases. Figure 4 shows the results of the sequential enzy-
matic glycosylation reaction by recombinant human f-1,4-
galactosyltransferase (f3-1,4-GalT) and recombinant human
a-1,3-fucosyltransferase (a-1,3-FucT) on GCNPs bearing 1
as the glycosyl-acceptor substrate. After each defined period
of time, a small amount of the reaction mixture (0.5 pL.) was
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a) tions and they did not affect the
[2a + NaJ* L .
1001 selective ionization of chemisor-
- N, laser M bed oligosaccharide products
from the surface of the GCNPs.
501 A / LDI-TOF/TOF MS analysis of
251 : .M@(ﬁur the precursor ion peak at m/z
0] s B vaset gold plate 1367 produced fragment ion
760 765770 775780 785 790 795 800 805”7:'21 Q\\?mvg.e‘.(\g“ peaks at mlz 1221’ 955’ 808,
b) e 534, 388, and 372, which are
100 evidence of the production of
hetero-disulfide 5, the appropri-
L ate Le* trisaccharide structure.
50 The formation of a product ion
257 ; peak at m/z 855 suggested de-
0l===mm 5 6 d\z\ase‘ glycosylation under LIFT-TOF/
760 765 770 775 780 785 790 795 800 805 /1 D(\\)‘“‘Qea‘{\o\" TOF! fragmentation condi-
e tions. In addition, these enzy-

Figure 2. LDI-TOF mass spectra of a) 2a deposited on the surface of the gold-coated MALDI plate and b) 2a

on the GCNPs.
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matic sugar-elongation reac-
tions can easily be monitored as
exhibited in Figure5. It was
clearly demonstrated that both
the GalT and FucT reactions
proceeded smoothly and afford-
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predominantly from compound
1 (Figure 1). Therefore, it was
suggested that the reactions cat-
alyzed by glycosyltransferases
could be successfully monitored
and evaluated by means of the

dack

958
I~ 974

ratio of peak intensity of prod-
uct 4 or 5 relative to that of
compound 3 as a control.®! Fig-
ure Sc shows the simple inhibi-
tion assay using uridine 5'-di-
phosphate (UDP) as a model

300 400 800

500

Figure 3. Mass spectra of 2b on the GCNPs: a) LDI-TOF MS, b) MALDI-TOF MS in the presence of DHB
(2,5-dihyroxybenzoic acid), and ¢) MALDI-TOF MS in the presence of CHCA (a-cyano-4-hydroxycinnamic
acid). All experiments were carried out by using 12.5 pg of the GCNPs containing 2b. 0.5 pL of each matrix

solution (10 mgmL™") was added to the mixture.

subjected to MS analysis directly without any separation
step to remove enzymes, excess donor substrates (sugar nu-
cleotides), and impurities in the buffer solution. As the reac-
tion proceeded, new ion peaks at m/z 1221 and 1367 due to
reaction products 4 and 5, respectively, were generated. It is
noteworthy that the enzymes, donor substrates, and impuri-
ties were not ionized under the present LDI-TOF MS condi-
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inhibitor. Reactions were per-
formed under the same condi-
tions as described above in the
presence of UDP (0, 20, 50, 80,
100, 200, 300, 400, and 500 um).
The reaction mixture was incu-
bated for 60 min at 25°C and
the degree of inhibition was di-
rectly determined by the intensities of the ion peaks corre-
sponding to 3 and 4 in the LDI-TOF MS analysis performed
under the conditions described in the Experimental Section.
The ICs, (50% inhibitory concentration) was estimated to
be 300 um, which is consistent with previous reports.') It
should be emphasized that this assay using recombinant gly-
cosyltransferases did not require any purification of the
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Figure 4. Direct detection of glycosyltransferase reactions by LDI MS
using GCNPs with GIcNAc residues. a) Stepwise sugar-elongation reac-
tions on GCNPs by glycosyltransferases. GCNPs carrying compound 3
(m/z 1058 [3+Na]*) were first employed for the treatment with GalT in
the presence of UDP-Gal and the reaction mixture was directly subjected
to MS analysis. Crude GCNPs carrying product 4 (m/z 1221 [4+Na]™*)
were subsequently employed for further fucosylation by a-1,3-FucT in
the presence of GDP-Fuc and the GCNPs were directly used for LDI-
TOF MS analysis without any purification. The precursor ion peak at
mlz 1368 ([5+Na]™) was employed for the fragmentation based on the
LIFT-TOF/TOF mode according to a previous publication.'” b) Struc-
tural characterization by the LDI-TOF/TOF MS method of Le* deriva-
tive 5 synthesized on the GCNPs by recombinant glycosyltransferases.

GCNPs before analysis because the matrix-free LDI-TOF
MS analysis allows selective ionization of the oligosacchar-
ide products chemisorbed on the surface of the GCNPs.
Next, GCNPs containing compound 1 (120 um) and UDP-
Gal (50 um) were directly added to a cell-free extract (final
volume 80 uL) of Escherichia coli, which produces Neisseria
meningitidis [-1,4-GalT, and the mixture was incubated for
20 h at 25°C (Figure 6a). After the GCNPs had been collect-
ed from the cell-free extract by means of ultrafiltration to
remove the detergent (Triton X-100), they were washed
thoroughly with water because we found that some deter-
gent molecules can affect the ionization of the chemisorbed
compounds on the GCNPs under the general conditions of
the direct LDI process. For this reason, low-molecular-
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Figure 5. Characterization of glycosyltransferase reactions by means of
GCNPs in HEPES buffer (10 mm: pH 7.4, 10 mm MnCl, and 150 mm
NacCl). a) Reaction of glycosylation, monitored by direct LDI-TOF MS
on GCNPs carrying 3 (50 pm), by p-1,4-GalT (4 mU) in the presence of
UDP-Gal (400 um). b) Reaction of glycosylation, monitored by direct
LDI-TOF MS on GCNPs carrying 4 (50 um), by a-1,3-FucT (5 mU) in
the presence of GDP-Fuc (400 pum). c) Inhibition assay of p-1,4-GalT
(4 mU) in the presence of UDP-Gal (400 um) with UDP (0, 20, 50, 100,
200, 300, 400, and 500 pm).

weight impurities such as salts and detergent should be re-
moved by ultrafiltration. However, it should be noted that
the GCNPs were still contaminated with significant amounts
of other biomacromolecules in the cell extract. The GCNPs
were then re-suspended in a small amount of water and sub-
jected to MS analysis. Direct LDI-TOF MS analysis of the
GCNPs revealed a precursor ion at m/z 1221 ([4+Na]*, Fig-
ure 6b), indicating that the crude extract of E. coli contained
N. meningitidis B-1,4-GalT. This result clearly suggests that
the present method does not require tedious purification of
the GCNPs because the salts and impurities of the buffer

Chem. Eur. J. 2006, 12, 6478 — 6485
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a) glycosyltransferase gene b)
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glycosyl acceptor
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crude cell extract

Figure 6. Direct monitoring of bacterial (3-1,4-GalT activity in a cell-free extract with GCNPs carrying GlcNAc
residues as the acceptor substrate. a) Experimental configuration for the direct detection of N. meningitidis [3-
1,4-GalT expressed in E. coli: i) Incubation of the GCNPs with cell-free extract at 25°C for 20 h (pH 7.4,
HEPES buffer containing 0.1 % Triton X-100); ii) Purification of the GCNPs by ultrafiltration using Microcon
YM-50 and washed thoroughly with water to remove Triton X-100 before being subjected to the subsequent
LDI-TOF MS analysis. b) LDI-TOF mass spectra of 4 at m/z 1221.6 ([4+Na]*) generated from GCNPs col-

lected from crude cell extract.

solution, except detergent, did not affect the ionization of
the chemisorbed compounds on the GCNPs. This character-
istic will also greatly facilitate high-throughput assays of un-
known glycosyltransferases for evaluation of their kinetics
and the potency of their inhibitors.

Conclusion

In conclusion, we report the successful LDI-TOF MS analy-
sis of chemisorbed materials on GCNPs by directly monitor-
ing glycosyltransferase reactions using recombinant human
B-1,4-GalT, recombinant human o-1,3-FucTVI, and crude
cell extracts of E. coli, which produces N. meningitidis 3-1,4-
GalT. The LDI-TOF/TOF MS analysis of GCNPs containing
a variety of biomolecules is an extremely versatile and effi-
cient method for directly and rapidly monitoring the metab-
olism (metabolomics) of chemisorbed small-molecule com-
pounds on GCNPs in living cells. This LDI-TOF MS ap-
proach using chemisorbed small-molecule compounds on
GCNPs displays a high tolerance to the nonspecific ioniza-
tion of contaminants and no matrix interferences because
GCNPs allow the selective desorption/ionization of the sub-
strates/ligands covalently bound onto the surface of the
GCNPs through an Au—S linkage in the absence of a con-
ventional organic matrix. The potential applications of the
LDI method using GCNPs is broad because general meth-
ods for the surface derivatization of GCNPs can easily be
tailored for immobilizing target biomolecules.

Experimental Section

General procedure: Unless indicated otherwise, all reagents and solvents
were used without further purification. NMR spectra were recorded on
an AVANCE 600 instrument (Bruker, Germany). LDI-TOF MS analyses

Chem. Eur. J. 2006, 12, 6478 - 6485
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were performed in reflector mode
with the Ultraflex instrument (Bruker,
Germany). Ions generated by a pulsed
UV laser beam (nitrogen laser, 1=
337 nm, 5 Hz) were accelerated to a
kinetic energy of 23.5kV. In LDI-
TOF/TOF mode, precursor ions were
accelerated to 8 kV and selected in a
1221 time ion gate. The fragments were fur-
ther accelerated by 19 kV in the LIFT
cell, and their masses were analyzed
after the ion-reflector passage. TEM
images were obtained with the JEM-
100S instrument (JEOL, Japan). Re-
combinant human (-1,4-galactosyl-
transferase ($-1,4-GalT) was pur-
chased from Toyobo Co., Ltd. UDP-
galactose was obtained from Yamasa
Corporation. Recombinant human ao-
1,3-fucosyltransferase VI (a-1,3-FucT)
and GDP-fucose were purchased from
Calbiochem. Compounds 2a and 2b
were prepared as described previous-
ly_[zt)]

(3 + NaJ*
1058

[4 + NaJ*

1100 1200
miz

1300

Synthesis

Compound 7: Thioglycoside 7 was prepared by using a similar procedure
to that described previously:?"! p-Glucosamine hydrochloride (10.0 g,
45.6 mmol) was added to a solution of sodium methoxide (3.0g,
55.6 mmol) in absolute methanol (60 mL). After stirring the mixture for
30 min at room temperature, phthalic anhydride (6.9 g, 46.6 mmol) was
added and the mixture was stirred for a further 20 h. The solvent was re-
moved under reduced pressure and the residue was treated with acetic
anhydride (60 mL) and pyridine (50 mL) and stirred for 48 h at room
temperature. The reaction mixture was poured into ice/water (200 mL)
and stirred for 30 min. Afterwards, the mixture was extracted with CHCl,
and the extract was washed with 3m H,SO,, water, saturated aqueous sol-
ution of NaHCO;, and water sequentially, and then concentrated to dry-
ness to give an amorphous solid. After purification by using chromatog-
raphy on silica gel (hexane/ethyl acetate 1:1), 1,3,4,6-tetra-O-acetyl-2-
deoxy-2-phthalimido-B-p-glucopyranose was obtained (6.08 g, 9.19 mmol,
20.1%).

1,3,4,6-Tetra-O-acetyl-2-deoxy-2-phthalimido-B-p-glucopyranose  (3.92 g,
5.93 mmol) was dissolved in dry dichloromethane (80 mL), and thiophe-
nol (910 pL, 8.89 mmol) and boron trifluoride-diethyl etherate (980 pL,
7.71 mmol) were added to this solution. The reaction mixture was kept
under an argon atmosphere at room temperature for 22 h. The solvent
was removed under reduced pressure and the residue was purified by
using chromatography on silica gel (hexane/ethyl acetate 1:1) to give
compound 7 (3.47 g, 4.79 mmol, 80.7%). 'HNMR (600 MHz, CDCl,):
0="7.88-7.85 (m, 2H; NPhth); 7.76-7.74 (q, 2H; NPhth); 7.41-7.39 (m,
2H; SPh); 7.31-7.25 (m, 3H; SPh); 5.79 (t, J=9.6 Hz, 1H); 5.71 (d, J=
10.8 Hz, 1H; H-1); 5.13 (t, J=9.6 Hz, 1H); 4.35 (t, J=10.2 Hz, 1H); 4.28
(dd, J=12.0, 5.1 Hz, 1H); 421 (dd, J=12.6, 2.4 Hz, 1H); 3.91-3.88 (m,
1H; H-5); 2.10, 2.02, 1.83 ppm (s, 9H; 3x OAc).

Compound 8: NaH (60 % suspended in oil, 212 mg, 5.3 mmol, 1.0 equiv)
was added to a solution of hexa(ethylene glycol) (3.0 g, 10.6 mmol) in
THF (20 mL) at 0°C and the mixture was stirred for 1 h. Then, 1,10-di-
bromodecane (1.6 g, 5.3 mmol, 1 equiv) was added to the mixture. After
stirring for 4 h, the reaction mixture was evaporated and the residue was
dissolved in chloroform. The solution was washed with water and dried
over MgSO,. The residue was concentrated and then purified by using
silica gel chromatography (eluent gradient of 0-1% methanol in chloro-
form) to give compound 8 (2.2 g, 42 mmol, 40%). 'HNMR (CDCl,,
600 MHz): 0=3.68-3.57 (m, 24H; -CH,-O-), 3.44 (t, 2H; -CH,-O-CH,-
CH,-CH,), 3.40 (t, 2H; -CH,-Br), 1.83 (q, 2H; -CH,-CH,-Br), 1.58-
1.25 ppm (m, 14H; -CH,-); MALDI-TOF MS: m/z calcd for C,,H,;sBrO;:
500.2349; found: 500.815 [M+H]™*, 522.819 [M+Na]*.
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Compound 1: N-lodosuccinimide (NIS; 50 mg, 0.222 mmol, 1.2 equiv)
was added to a solution of 7 (100 mg, 0.185 mmol, 1equiv) and 8
(140 mg, 0.277 mmol, 1.5 equiv) in dry dichloromethane (5 mL) at 0°C.
The mixture was stirred for 30 min, then triflic acid (TfOH; 19.6 mL,
0.222 mmol, 1.2 equiv) was added. When the reaction was complete
(within 1 h), the solution was neutralized with triethylamine and washed
with 5% Na,S,0; and brine, and dried over MgSO,. The residue was con-
centrated and purified by using silica gel chromatography (eluent gradi-
ent of 0-50% EtOAc in hexane) to give 9 (140 mg, 0.152 mmol, 82%).
'H NMR (CDCl;, 600 MHz): 6=7.85, 7.74 (2xm, 4H; NPh); 5.81 (t, 1 H;
H-3);5.43 (d, J=8.46 Hz, 1H; H-1); 5.17 (t, 1H; H-4); 4.32 (m, 2H; H-2,
H-6); 4.18 (d, 1H; H-6); 3.87 (m, 1H; H-5); 3.65-3.32 (m, 28 H; -CH,-O-,
-CH,-Br); 2.12, 2.03, 1.87 (3xs, Ac); 1.86 (m, 2H; -CH,-CH,-Br); 1.58—
128 ppm (m, 14H; -CH,); MALDI-TOF MS: m/z caled for
CHgBrNOq: 917.3408; found: 940.076 [M+Na]*.

Potassium thioacetate (AcSK; 41 mg, 0.26 mmol) and Bu,NI were added
to the solution of compound 9 (110 mg, 0.12 mol) in butanone (10 mL)
and the mixture was stirred for 3 h at 60°C. The mixture was extracted
with EtOAc and washed with water. The organic layer was dried and
evaporated. The crude product was purified by using silica gel chroma-
tography (eluent gradient of 0-80% EtOAc in hexane) to give 10
(110 mg, 0.112 mmol, 99%). 'HNMR (CDCl,;, 600 MHz): 6=7.85, 7.74
(NPhta); 5.81 (t, 1H; H-3); 542 (d, /=8.52 Hz, 1H; H-1); 5.17 (t, 1H;
H-4); 432 (m, 2H; H-2, H-6); 4.18 (d, 1H; H-6); 3.89 (m, 1H; H-5);
3.64-3.31 (m, 26 H; -CH,-O-); 2.85 (t, 2H; -CH,-SAc); 2.32 (s, 3H; SAc);
2.11, 2.03, 1.86 (3xs, Ac); 1.56 (m, 4H; -CH,-CH,-O-, -CH,-CH,-SAc);
126 ppm (m, 12H; -CH,); MALDI-TOF MS: m/z caled for
CyuHgNO;S: 913.4130; found: 952.056 [M+K]*.

Ethylenediamine (1 mL, 15 mmol) was added to a solution of compound
10 (100 mg, 0.11 mmol) in ethanol (10 mL), and the mixture was stirred
at 80°C for 18 h. When the reaction was finished, the solvent was evapo-
rated. Methanol was added to the mixture, which was subsequently co-
evaporated with methanol three times. The mixture was dissolved in pyri-
dine (Pyr; 4 mL) at 0°C and acetic anhydride (Ac,O; 1 mL) was added.
The reaction mixture was kept at 23°C for 21 h. The solvent was evapo-
rated and the crude product was purified by using silica gel chromatogra-
phy (eluent of chloroform with a methanol gradient from 1 to 2%) to
afford 11 (155 mg, 90%). '"H NMR (CDCl,;, 600 MHz): 6=6.52 (d, 2H;
NHAc); 5.08 (2xs, 4H; H-3, H-4); 478 (d, /=84 Hz, 2H; H-1); 4.25
(dd, 2H; H-6); 4.13 (d, 2H; H-6); 4.13 (m, 2H; H-2); 3.87-3.57 (m, 50H;
H-5, -CH,-0-); 3.43 (t, 2H; -O-CH,-CH,-CH,-); 2.67 (t, 4H; -CH,-S-);
2.31 (NHAc); 2.08, 2.00, 1.96 (Ac); 1.65 (m, 4H; -CH,-); 1.55 (m, 4H;
-CHy-); 1.52-1.27 ppm (m, 24H; -CH,-); MALDI-TOF MS: m/z calcd for
CH 2sN,05S,: 1564.799; found: 1587.340 [M+Na]*.

NaOMe (200 pL, 28 % methanol) was added to a solution of compound
11 (100 mg, 64 umol) in methanol (10 mL). The reaction mixture was stir-
red at 23°C for 19 h, then neutralized by using Dowex 50W-X8 (HY).
The mixture was purified by using silica gel chromatography (eluent of
chloroform with a methanol gradient 0-50%) to afford compound 1
(74 mg, 88%). '"H NMR (CD;0D, 600 MHz): 6 =4.48 (d, J=8.5 Hz, 2H;
H-1), 3.94 (m, 2H), 3.87 (dd, 2H), 3.71-3.63 (m, 48H; -CH,-O-), 3.57 (m,
4H), 347 (t, 4H; -CH,-O-), 3.43 (t, 2H), 3.30 (m, 2H), 2.68 (t, 4H;
-CH,-S-), 1.99 (s, 6H; NHAC), 1.68 (m, 4H; -CH,-CH,-S-), 1.56 (m, 4H;
-CH,-CH,-CH,-O-), 1.42-1.29 ppm (m, 24H; -CH,-); "C NMR (CD;0D,
150 MHz): 6=171.3 (NHACc), 100.2 (C-1), 75.5, 73.8, 69.9, 69.1, 69.0, 68.7,
549 (C-2), 37.3 (-CH,-S-), 28.2, 28.1, 28.0, 27.8, 27.7, 26.9, 24.7 ppm;
MALDI-TOF MS: m/z calcd for compound 1: 1312.736; found: 1335.461
[M+Na]*, 1351.361 [M+K]*.

Preparation of the GCNPs bearing GlcNAc derivatives 1 and 2a: NaBH,
(70 mg, 1.6 mmol) dissolved in water (5 mL) was added to a solution of 1
(10 mg, 7.6 umol), 2a (52 mg, 69 umol), and HAuCl, (25.5 mg, 75 umol)
in methanol (35mL). The clear yellow solution immediately became
dark brown. After the solution had been stirred at 23°C for 12 h, the re-
action mixture was subjected to ultrafiltration (Microcon YMS50, Milli-
pore) and the collected material was washed with water and methanol
and then lyophilized.

MALDI-TOF MS: m/z caled for compound 2a: 758.503; found 781.102
[M+Na]*; m/z caled for disulfide 3: 1035.619; found: 1058.297 [M+Na]*.
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Transmission electron microscopy (TEM): The samples dissolved in de-
ionized water were put on the carbon-grid substrate. The TEM image of
the nanoparticles was obtained by using the JEOL JEM-100S instrument,
operating at 75 kV.

Enzymatic glycosylation on GCNPs bearing 1: The enzymatic glycosyla-
tion of the GCNPs bearing GIcNAc derivative 1 by recombinant human
-1,4-galactosyltransfease (f-1,4-GalT) and a-1,3-fucosyltransferase VI
(a-1,3-FucT) was carried out as follows. $-1,4-GalT (4 mU) was added to
a solution of GCNPs (50 um, calculated as the concentration of GIcNAc
residues conjugated according to the method reported previously®?) and
UDP-Gal (400 um) in HEPES buffer (10 mm; pH 7.4, containing 10 mm
MnCl, and 150 mm NaCl), and the mixture was incubated at 25°C. The
reaction was monitored directly by LDI-TOF MS analysis using 0.5 uL of
a sample taken at 5, 10, 15, 20, 30, 40, 50 and 60 min. The sample
(0.5 uL) was directly placed on the MALDI plate without any purifica-
tion and was employed for further mass analysis without a matrix. When
the GalT reaction was complete, the mixture was subjected to purifica-
tion by means of ultrafiltration using Microcon YM-50 (Millipore) and
the GCNPs were washed with water three times. Next, the GCNPs were
dissolved in HEPES buffer solution (50 uL) containing GDP-Fuc
(400 um), then a-1,3-FucT (5 mU) was added. The reaction was moni-
tored directly by LDI-TOF MS analysis as described above.

LDI-TOF MS: m/z caled for LacNAc 4: 1197.726; found: 1221.810
[M+Na]*, 1234.539 [M+K]*; m/z caled for Le* 5: 1343.730; found:
1367.609 [M+Na]*.

During the reactions, the yield of the product (%) was estimated by
using the ratio of the peak intensities from the starting material and the
product. For example, the yield of product 4 was calculated as shown in
Equation (1):

[compound 4]

Yield (%) = ([compound 4] + [compound 3])

x 100 (%) (1)

Inhibition assay for -1,4-GalT: The inhibitory effect of UDP on the re-
combinant human (-1,4-GalT reaction was investigated under the same
conditions as described above for the galactosylation of GCNPs contain-
ing GlcNAc derivative 1. Reaction mixtures of 3-1,4-GalT and UDP-Gal
in the presence of UDP (0, 20, 50, 80, 100, 200, 300, 400, and 500 um)
were incubated for 60 min at 25°C and the degree of inhibition by UDP
was determined by the intensities of the ion peaks of 3 and 4 observed in
the LDI-TOF MS analysis. The inhibition (%) was estimated by calculat-
ing the ratio of the ion peak intensities [Eq. (2)] due to product 4 and
hetero-disulfide ion 3, which is predominantly generated from the start-
ing material (compound 1 attached to the GCNPs):

[product 4]
([product 4] 4 [compound 3

Inhibition (%) = 1—( ])> x 100 (2)

Sugar-elongation reaction by N. meningitidis -1,4-GalT expressed in E.
coli

Step i (Figure 6a): To a cell-free extract of E. coli (8.5 mgmL™ as esti-
mated by Bradford assay™), which produces N. meningitidis p-1.4-GalT,
GCNPs containing 1 and UDP-Gal were added to make a final volume
of 80 uL. The final concentrations of the GlcNAc residues chemisorbed
on the GCNPs and UDP-Gal were adjusted to be 120 um and 500 pum in
HEPES buffer (pH 7.4 containing 0.1 % Triton X-100), respectively. The
mixture was incubated at 25°C for 20 h.

Step ii (Figure 6a): The GCNPs were simply purified by means of ultra-
filtration using the Microcon YM-50 instrument (Millipore) and washed
with water three times. The residual GCNPs were re-suspended in a
small amount of water and used for further LDI-TOF MS analyses. LDI-
TOF MS: m/z caled for LacNAc 4: 1197.726; found: 1221.656 [M+Na]*.
Comparison of the ionization efficiency of GCNPs and the gold-coated
plate: GCNPs bearing 2a were prepared as described previously. The sol-
ution of GCNPs (20 pmol) was applied to the MALDI-TOF MS plate in
a spot with a diameter of 2 mm and the plate was dried before use. For
the preparation of the monolayer of 2a, the solution of 2a (25 pmol) in
methanol was placed in a 2 mm-diameter spot on the gold-coated
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MALDI-TOF MS plate. After 1h, the plate was washed with methanol
and dried. These materials were subjected to LDI-TOF MS experiments
with a nitrogen laser (337 nm) at an intensity of 2 to 50 uJ per pulse.
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