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ABSTRACT: A glycosylphosphatidylinositol (GPI) derivative with
biotin linked to its mannose III 6-O-position was prepared by a
convergent strategy. This biotinylated GPI was demonstrated to bind
avidinated proteins readily through biotin−avidin interaction and,
therefore, can serve as a universal platform to access various
biologically significant GPI-anchored protein analogues.

Glycosylphosphatidylinositols (GPIs) are a class of unique
and ubiquitous glycolipids in eukaryotes. They are

typically attached to the C-terminus of proteins, which
represents one of the most common and important
posttranslational modifications.1−3 GPI-linked proteins are
anchored onto the cell surface via embedding their lipid tails
in the outer leaflet of the membrane bilayer. To date, several
hundred GPI-anchored proteins (GPI-APs), including at least
150 from humans, have been identified4,5 and demonstrated to
play a critical role in various physiological and pathological
processes.6−8 For example, GPI-APs are important receptors
on the cell surface to regulate many cellular activities from
recognition to signal transduction.9−11 It has been further
disclosed that GPI-APs would not function properly without
GPI anchors or having GPIs replaced by other anchoring
mechanisms.12−16 To investigate GPI-APs and understand
their functions, it is necessary to have appropriate GPI-AP
probes.
However, it is difficult to access GPI-APs. Isolating GPI-APs

from cells is impractical due to their low natural abundance
and their heterogeneous structure and amphiphilic property.17

There is not a practical method for the synthesis of GPI-APs
and their analogues either, although several approaches have
been explored to tackle this problem. As illustrated in Figure
1A, most GPI-APs have proteins attached to the phosphor-
ylethanolamine (PE) moiety at the 6-O-position of mannose
III (Man-III) in the conserved core structure of GPI anchors.
Thus, all the reported methods for GPI-AP synthesis are based
upon a similar strategy, i.e., preparing the proper GPI and
protein derivatives separately and finally stitching them
together by a chemo-/regioselective reaction. Native chemical
ligation (NCL) was used by Bertozzi,18 Seeberger,19 and Varoń

Silva20 groups to couple cysteine (Cys)-modified GPIs or GPI
mimics with C-terminal thioesters of proteins to afford GPI-AP
analogues with a Cys residue between the GPI and protein
(Figure 1B). Our group used a bacterial sortase to attach
glycine (Gly)-modified GPIs to proteins having a sorting signal
at the C-terminus to prepare GPI-AP analogues that have a
short peptide between the GPI and protein (Figure 1B).21−23

A significant drawback of these synthetic methodologies is that
they are difficult to achieve or have limited scopes. For
instance, protein thioesters and Cys-modified GPIs required
for NCL are not easily available, while the sortase-based
method is not readily applicable to fully lipidated GPIs because
of their poor solubility in aqueous solution where enzymatic
reactions are carried out. Our group has also investigated total
synthesis.24−26 Although this approach could afford GPI-
anchored peptides/glycopeptides, its application to full-size
proteins is limited, as it is impractical to obtain protected
proteins for regioselective coupling with GPIs. In addition, the
Mootz group combined genetic engineering with bioconjuga-
tion to generate GPI-APs on cells,27 but this method has not
been employed to prepare homogeneous GPI-APs. Clearly,
innovative methods to access GPI-APs and GPI-AP analogues
are highly desired.
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The aim of this research is to develop a new and practical
preparation method for GPI-AP analogues. Particularly, we are
interested in a versatile and universal platform that can be
utilized to access various GPI-APs by a reliable and streamlined
protocol. To this end, the biotin−avidin conjugation system is
especially attractive due to its convenience, efficiency, and
flexibility.28,29 For example, the noncovalent binding between
biotin and avidin is easily achievable under physiological
conditions. In the meantime, biotin−avidin binding is
extremely strong, similar to some covalent bonds.30,31 As a
result, the biotin−avidin conjugation system finds broad
applications in biological research.
Accordingly, we have designed GPI derivative 1 (Figure 2),

which has biotin linked to the conserved PE moiety at the
Man-III 6-O-position of GPIs, as a universal substrate for GPI-
AP analogue preparation. As illustrated in Figure 2, any
avidinated protein can be conjugated with biotinylated 1 to
generate GPI-AP analogue 2 based on the strong interactions
between biotin and avidin or streptavidin. In turn, avidinated
proteins can be readily prepared by fusion protein
technologies, while many avidinated proteins are commercially
available as well. Here, we report the synthesis of 1 and its
application to preparing GPI-AP analogues and other GPI
conjugates.
The synthesis of 1 started with the preparation of 12

(Scheme 1) by a method similar to that developed by our
group for other GPI derivatives,32 utilizing pseudopentasac-
charide 11 as the key intermediate. In turn, 11 was assembled
by a convergent [3 + 2] glycosylation strategy. After
trimannosyl imidate 9 as the glycosyl donor and lipidated
pseudodisaccharide 10 as the glycosyl acceptor were prepared

from monosaccharide and lipid building blocks 3−8 according
to reported procedures,32−37 10 was glycosylated with 9 in the
presence of trimethylsilyl triflate (TMSOTf) to provide 11 as a
mixture of epimers (due to the stereogenic phosphorus center)
in a good yield. Selective removal of the tert-butyldimethylsilyl

Figure 1. Generic structure of GPI-APs containing the conserved core structure of natural GPI anchors (A) and representative methods explored
for the synthesis of GPI-AP analogues (B).

Figure 2. Design of a biotinylated GPI anchor 1 as a universal
platform for accessing GPI-AP analogues 2 via the strong affinity
between biotin in 1 and avidin/streptavidin in fusion proteins.
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(TBS) group at the Man-III 6-O-position utilizing 3HF·Et3N
gave alcohol 1232 that was ready for the introduction of
biotinylated PE.
To assemble the synthetic target 1 (Scheme 2), we first

linked biotin to ethanolamine to obtain 13 and then converted
13 into biotinylated phosphoramidite 14 via reacting with 2-
cyanoethyl N,N,N′,N′-tetraisopropylphosphorodiamidite in
the presence of diisopropylammonium tetrazolide by a
reported procedure.38 Next, highly reactive 14 was employed
without further purification for the phosphorylation of 12 by a
one-pot−two-step approach,39,40 including coupling 12 with
14 in dichloromethane (DCM)/CH3CN (9:1) promoted by
tetrazole and then oxidation of the product with I2, to give 15
(76%). Finally, 15 was deprotected in three steps, including
removal of the O-levulinoyl (Lev) group using hydrazine
acetate, reduction of the azide with simultaneous removal of
the cyanoethyl group using 1,3-propanedithiol and diisopro-
pylethylamine (DIPEA) in aqueous pyridine, and removal of
all PMB groups with 10% TFA (trifluoroacetic acid) in DCM,
to provide biotinylated GPI anchor 1 (78%, three steps). The
progress of each reaction was monitored with MS, and 1 was
finally purified by size exclusion chromatography using a
Sephadex LH-20 column and characterized with NMR and
high-resolution (HR) MS data. The HR MS results further
revealed that a part of the product was oxidized in the

deprotection process (mainly during TFA treatment), while
this side product was inseparable from 1. We anticipated that
the oxidation reaction occurred to biotin, since it was not
observed in our previous syntheses of GPIs that did not
contain biotin. In addition, biotin was shown to be easily
oxidized during chemical synthesis or in the freeze/thaw
process.41,42 Nonetheless, this oxidation does not cause
concern for the biological application of the product because
biotin sulfoxide can also bind to avidin strongly and has been
widely used in biological studies.43,44

To verify that biotinylated GPI 1 can serve as a general
platform to prepare biologically useful GPI-AP analogues, we
studied its capacity to bind avidinated biomolecules for their
anchorage to the cell membrane, utilizing liposomal mimics
and sandwich enzyme-linked immunosorbent assay (ELISA).
Hence, we prepared liposomes (∼100 nm) of 1 (1 mol %)
using 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) by the conventional extrusion method45 and
employed them to coat streptavidin-modified ELISA plates
(Figure 3A). First, we used the liposome-coated ELISA plate
to validate the biotinylation of liposomes and their binding to
avidinated proteins. Since each liposome contains multiple
copies of biotinylated GPIs, it can bind streptavidin-modified
ELISA plate and molecules, such as avidin−protein conjugates,
concurrently (Figure 3A). In this context, we incubated the

Scheme 1. Synthesis of Key Intermediate 12
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liposome-coated plates with streptavidin−alkaline phosphatase
(ALP) conjugate and examined ALP attachment to liposomes

by analyzing its reaction with p-nitrophenyl phosphate
(PNPP). ALP can hydrolyze PNPP to release p-nitrophenol

Scheme 2. Assembly of the Synthetic Target 1

Figure 3. (A) The experimental protocol to attach 1-functionalized liposomes to ELISA plates and then avidinated molecules to the liposomes via
biotin−avidin interaction. (B) Light absorbances (at 405 nm) of the plates coated with 1-functionalized liposomes or with liposomes without 1
(control) after sequential treatments with streptavidin−ALP and PNPP. (C) Fluorescence intensities of ELISA plates coated with 1-functionalized
or control liposomes after streptavidin−A488 treatment. (D) Fluorescence intensities of the PBS suspensions of 1-functionalized and control
liposomes treated with streptavidin-A488. The results are expressed as average ± standard deviation of triplicate experiments. *P < 0.01: Difference
is statistically significant compared to the control.
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that is quantifiable via measuring the absorbance of light at 405
nm wavelength using a plate reader, thereby revealing the
quantities of ALP attached to liposomes on the plate. Our
results (Figure 3B and Table S1 of SI) revealed that, compared
to liposomes without 1 (the negative control), 1-functionalized
liposomes showed a significant increase in light absorbance (by
about 8-fold). Next, we investigated the binding of avidinated
fluorophores to the liposomes on plates, also by sandwich
ELISA. It was shown that incubating the liposome-coated
plates with streptavidinated A488, which is a green
fluorophore, resulted in a significant increase in the
fluorescence intensity of liposomes functionalized with 1, as
compared to the negative control (Figure 3C and Table S2 of
SI). These results have validated the successful biotinylation of
liposomes with 1 and attachment of 1-functionalized liposomes
to avidin-modified ELISA plates, as well as the efficient
attachment of both proteins and small molecule fluorescent
tags to 1 and 1-functionalized liposomes on the plate.
We also examined the attachment of avidinated molecules to

1-functionalized liposomes in solution. In this experiment, we
directly treated the liposomes suspended in 4-(2-hydroxyeth-
yl)-1-piperazineethanesulfonic acid (HEPES) buffer with
streptavidin-A488. After centrifugal filtration using a filter of
100 kDa pore size and washing to remove nonmembrane-
bound streptavidin−A488 that has a MW of 60 kDa, the
resultant liposomes were subjected to fluorescence study.
Liposomes functionalized with 1 showed significantly higher
fluorescence intensity than liposomes of the control group
(Figure 3D and Table S3 of SI). Moreover, fluorescence
microscopic analysis of the samples also revealed strong green
fluorescence of 1-functionalized liposomes (Figure S1 of SI).
These results have provided another piece of evidence that
supports the efficient attachment of avidinated/streptavidi-
nated molecules to 1 and 1-containing liposomes.
In summary, a new, biotinylated GPI derivative 1 was

synthesized by a convergent strategy, which is highlighted by
the assembly of its core glycan via [3 + 2] glycosylation.
Streptavidin−A488 and streptavidin−ALP conjugates were
conveniently and efficiently attached to 1 and its liposomes via
avidin−biotin interaction. It is anticipated that other
avidinated/streptavidinated proteins and molecules can also
be readily coupled with this biotinylated GPI analogue.
Therefore, 1 may serve as a new, universal platform to access
various GPI-AP analogues and other biologically significant
GPI conjugates, underscoring the promise of 1 for the
investigation of GPIs and GPI-APs.

■ EXPERIMENTAL SECTION
Synthesis of 6-O-{[6-O-(tert-Butyldimethylsilyl)-2,3,4-tri-O-

(p-methoxybenzyl)-α-D-mannopyranosyl]-(1→2)-[3,4,6-tri-O-
(p-methoxybenzyl)-α-D-mannopyranosyl]-(1→6)-[3,4-di-O-(p-
methoxybenzyl)-2-O-(4-oxopentanoyl)-α-D-mannopyranosyl]-
(1→4)-[2-azido-2-deoxy-3,6-di-O-(p-methoxybenzyl)-α-D-glu-
copyranosyl]}-1-O-[(2-cyanoethoxyl)-(1,2-di-O-stearoyl-sn-
glycerol)-phosphono]-2,3,4,5-tetra-O-(p-methoxybenzyl)-
myo-inositol (11). Compounds 9 (53.0 mg, 29.2 μmol) and 10
(25.0 mg, 13.7 μmol), which were prepared according to reported
methods and gave the same NMR spectra (SI) as those in the
literature,32 dissolved in dry DCM/Et2O (4:1, 2.0 mL) were mixed
with MS 4 Å (10.0 mg), and the suspension was stirred under an N2
atmosphere at rt for 30 min. After being cooled to 0 °C, TMSOTf
(1.1 μL, 6.00 μmol) was added to the mixture. After the mixture was
stirred for another 20 min and 9 was consumed as indicated by TLC,
the reaction mixture was diluted with DCM, poured into saturated aq
NaHCO3 solution, and filtered through a Celite pad. After extraction

and separation of the aq layer with DCM (3 × 10 mL), the combined
organic phase was dried over Na2SO4 and concentrated in vacuum.
The crude product was then purified by flash silica column
chromatography (hexane/EtOAc = 1:1) to provide 11 (33.5 mg,
9.51 μmol, 70%). Rf = 0.5 (hexane/EtOAc = 1:1). The anomeric
configurations of this pentasaccharide were confirmed by GD 13C and
1H−13C coupled HSQC NMR data. 1H NMR (600 MHz, CDCl3): δ
7.32−7.02 (m, 28H), 6.88−6.78 (m, 28H), 5.43 (m, 1H, Man-I-2),
5.37 (d, J = 3.7 Hz, 1H, GlcN3-1), 5.34 (s, 1H, Man-1), 5.27 (m,
0.5H, Gly-2), 5.22 (m, 1.5H, Gly-2 and Man-1), 4.83 (s, 1H, Man-1),
3.81 (s, 3H), 3.79 (s, 3H), 3.74−3.72 (s, multiple), 3.63 (s, 3H), 3.62
(s, 3H), 3.60 (s, 3H), 3.42 (s, 3H), 3.39 (m, 1H), 3.32−3.23 (m, 2H),
3.17 (m, 1H), 2.77 (m, 1H), 2.63 (m, 1H), 2.30 (m, 4H), 2.08 (m,
1H), 2.05 (s, 3H), 1.58 (m, 8H), 1.33−1.22 (m, 56H), 0.88 (t, J = 6.9
Hz, 6H), 0.86 (s, 9H), 0.04 (s, 3H), 0.03 (s, 3H). 13C{1H} NMR
(151 MHz, CDCl3): δ 205.9, 193.4, 177.2, 173.3 (2 C), 173.0, 172.9,
171.9, 159.3, 159.2, 159.1 (2 C), 159.0 (2 C), 157.8, 131.5, 131.2,
131.1, 131.0 (2C), 130.9, 130.8, 130.4, 130.3 (2 C), 130.1 (2C),
129.9, 129.7, 129.6 (2 C), 129.4 (4 C), 129.2, 129.1 (2C), 116.5,
116.0, 113.9−113.6 (multiple C), 113.2, 110.5, 107.0, 99.5 (Man-1),
99.3 (Man-1), 98.8 (Man-1), 97.8 (GlcN3-1, diastereomers), 81.4,
81.1, 80.6, 80.5, 80.3, 79.9, 79.6, 78.3, 76.5, 76.3, 75.5, 75.2, 75.0,
74.9, 74.7, 74.6, 74.4, 73.7, 73.6, 73.3, 73.0, 72.8, 72.7, 72.2, 71.8,
71.7, 71.4, 71.3, 70.1, 69.9, 69.5, 69.2, 68.9, 68.3, 67.1, 66.5, 66.3,
64.3, 63.2, 62.8, 62.6, 62.4, 62.0, 61.6, 58.3, 55.4, 55.3, 55.3, 55.3,
55.2, 55.2, 55.1, 51.0, 38.0, 36.5, 34.3, 34.2, 34.1, 34.1, 33.8, 33.4,
32.1, 31.6, 30.3, 29.8−29.7 (multiple C), 29.5 (3 C), 29.3, 29.2, 28.2,
26.9, 26.8, 26.1, 25.7, 25.5, 25.0, 24.9, 23.3, 22.8, 22.1, 19.7, 19.0,
18.5, 17.9, 17.6, 16.9, 14.3, 13.2, −4.8, −5.1, −7.6. GD 13C NMR
(151 MHz, CDCl3, 1H-coupled) and 13C signals derived from
1H−13C coupled HSQC NMR (600/151 MHz, CDCl3): δ 99.5 (d,
1JC‑1,H‑1 = 170.1 Hz), 99.3 (d, 1JC‑1,H‑1 = 172.9 Hz), 98.8 (d, 1JC‑1,H‑1 =
168.1 Hz), 97.8 (d, 1JC‑1,H‑1 = 173.1 Hz, GlcN3-1). 31P{1H} NMR
(243 MHz, CDCl3): δ −2.4, −2.9. HR ESI-TOF-MS m/z: calcd for
C195H269N6O48PSi [M + 2NH4]2+, 1760.9144; found, 1760.9194.
Synthesis of 6-O-{[2,3,4-Tri-O-(p-methoxybenzyl)-α-D-man-

nopyranosyl]-(1→2)-[3,4,6-tri-O-(p-methoxybenzyl)-α-D-man-
nopyranosyl]-(1→6)-[3,4-di-O-(p-methoxybenzyl)-2-O-(4-oxo-
pentanoyl)-α-D-mannopyranosyl]-(1→4)-[2-azido-2-deoxy-
3,6-di-O-(p-methoxybenzyl)-α-D-glucopyranosyl]}-1-O-[(2-cya-
noethoxyl)-(1,2-di-O-stearoyl-sn-glycerol)-phosphono]-
2,3,4,5-tetra-O-(p-methoxybenzyl)-myo-inositol (12). Com-
pound 11 (12.0 mg, 3.44 μmol, 1.0 equiv) was added to anhydrous
THF/CH3CN (1:1, 2.0 mL) at rt, which was followed by 3HF·Et3N
(0.3 mL). After being stirred overnight, the reaction was quenched by
dropwise addition of saturated aq NaHCO3. The aqueous layer was
extracted with EtOAc (3 × 10 mL), and the combined organic layer
was dried over Na2SO4 and concentrated in vacuum, and the product
was purified by flash silica gel column chromatography to give 12
(9.00 mg, 2.67 μmol, 78%) as colorless syrup. Rf = 0.40 (hexane/
EtOAc = 1:1). 1H NMR (600 MHz, CDCl3, partial): δ 7.32−7.07 (m,
28 H), 6.88−6.78 (m, 28 H), 5.45 (m, 1 H, Man-I-2), 5.38 (d, J = 3.7
Hz, 1 H, GlcN3-1), 5.35 (s, 1 H, Man-1), 5.27 (m, 0.5 H, Gly-2), 5.22
(m, 0.5 H, Gly-2), 5.09 (s, 1 H, Man-1), 4.84 (s, 1 H, Man-1), 3.81 (s,
3 H), 3.78 (s, 3 H), 3.74−3.72 (s, multiple), 3.64 (s, 3 H), 3.62 (s, 3
H), 3.60 (s, 3 H), 3.42 (s, 3 H), 3.39 (td, J = 9.3, 3.3 Hz, 1 H), 3.32−
3.23 (m, 2 H), 3.17 (ddd, J = 10.8, 8.5, 3.7 Hz, 1 H), 2.77 (dq, J =
11.1, 5.7, 5.0 Hz, 1 H), 2.63 (dt, J = 14.7, 6.3 Hz, 1 H), 2.30 (dq, J =
22.1, 7.6 Hz, 4 H), 2.08 (dd, J = 8.9, 3.7 Hz, 1 H), 2.05 (s, 3 H), 1.58
(dd, J = 8.1, 4.2 Hz, 8 H), 1.33−1.22 (m, 56 H), 0.88 (t, J = 6.9 Hz, 6
H). 13C{1H} NMR (151 MHz, CDCl3, derived from HSQC
spectrum): δ 129.6−129.0 (multiple C), 113.8−113.7 (multiple C),
99.6 (Man-1), 99.3 (Man-1), 99.2 (Man-1), 97.7 (GlcN3-1,
diastereomers), 81.3, 80.4 (3 C), 80.3, 79.5 (3 C), 79.4, 77.9, 77.8,
77.0, 76.5, 76.2, 75.3, 75.3, 75.1, 75.0 (2 C), 74.9, 74.9, 74.7 (5 C),
74.6 (5 C), 73.5 (2 C), 73.0 (multiple C), 72.8, 72.7, 72.5, 72.1, 71.8
(4 C), 71.5, 71.3 (2 C), 71.2, 69.9, 69.4, 69.3, 69.0, 68.9 (2 C), 68.1
(2 C), 66.2, 65.9, 65.8, 63.1, 63.0, 62.3, 62.1, 61.5 (2 C), 55.2−55.1
(multiple C), 38.0, 34.0, 32.0, 30.5, 29.8−28.8 (multiple C), 28.0 (2
C), 24.8, 22.7 (2 C), 19.7, 14.1. 31P{1H} NMR (243 MHz, CDCl3): δ
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−2.4, −2.9. HR ESI-TOF-MS m/z: calcd for C189H255N6O48P [M +
2NH4]2+, 1703.8712; found, 1703.8766.
Synthesis of (N-Biotinyl-2-aminoethyloxy)-(2-cyanoethox-

yl)-(diisopropylamino)phosphine (14). After 2-cyanoethyl
N,N,N′,N′-tetraisopropylphosphorodiamidite (255 μL, 0.80 mmol,
2.0 equiv) and 13 (115 mg, 0.40 mmol, 1.0 equiv) were dissolved in
anhydrous DCM/MeCN (1:1, 8.0 mL), diisopropylammonium
tetrazolide (85.6 mg, 0.50 mmol, 2.0 equiv) was added to the
solution. The mixture was stirred at 4 °C under N2 overnight and then
was diluted with DCM and poured into saturated aqueous NaHCO3.
The aqueous layer was extracted with DCM (3 × 10 mL). The
organic layers were combined and dried over Na2SO4 and finally
concentrated in vacuum. The crude material was dissolved in DCM
(1 mL), and then hexane was added to precipitate 14 (58.5 mg, 0.12
mmol, 30%), which was obtained as a crude white solid product and
1:1 diastereomeric mixture originated from the phosphorus atom. 1H
NMR (400 MHz, CDCl3): δ 6.36−6.29 (m, 1H), 5.76 (s, 1H), 5.02
(d, J = 8.0 Hz, 1H), 4.55−4.47 (m, 1H), 4.36−4.29 (m, 1H), 3.97−
3.52 (m, 7H), 3.52−3.45 (m, 1H), 3.46 (s, 1H), 3.20−3.11 (m, 1H),
2.98−2.86 (m, 1H), 2.77−2.63 (m, 3H), 2.34−2.10 (m, 2H), 1.80−
1.72 (m, 1H), 1.70 (dd, J = 14.7, 7.4 Hz, 4H), 1.64 (s, 6H), 1.46 (q, J
= 7.7 Hz, 2H), 1.31−1.20 (m, 2H), 1.18 (t, J = 6.6 Hz, 12H). 31P{1H}
NMR (162 MHz, CDCl3): δ 148.4, 148.2. Note: This compound is
reactive and decomposed under 13C NMR and MS conditions.
Synthesis of 6-O-{[6-O-[(2-N-Biotinyl-2-aminoethyloxy)-(2-

cyanoethyloxy)-phosphono]-2,3,4-tri-O-(p-methoxybenzyl)-α-
D-mannopyranosyl]-(1→2)-[3,4,6-tri-O-(p-methoxybenzyl)-α-
D-mannopyranosyl]-(1→6)-[3,4-di-O-(p-methoxybenzyl)-2-O-
(4-oxopentanoyl)-α-D-mannopyranosyl]-(1→4)-[2-azido-2-
deoxy-3,6-di-O-(p-methoxybenzyl)-α-D-glucopyranosyl]}-1-O-
[(2-cyanoethyloxy)-(2,3-di-O-stearoyl-sn-glycerol)-phospho-
no]-2,3,4,5-tetra-O-(p-methoxybenzyl)-myo-inositol (15). To a
solution of 12 (7.90 mg, 2.34 μmol, 1.0 equiv) and 1H-tetrazole (0.45
M solution in acetonitrile, 0.2 mL, 93.6 μmol, 40 equiv) in anhydrous
DCM (2.0 mL) under N2 at rt was added a solution of freshly
prepared phosphoramidite 14 (23.0 mg in 1.0 mL anhydrous DCM,
46.8 μmol, 20 equiv) dropwise with stirring. After stirring at rt under
N2 for 1 h, the reaction mixture was cooled to 0 °C and then iodine
(11.9 mg, 46.8 μmol, 20 equiv) in a mixture of pyridine/water (9:1,
v/v, 0.1 mL) was added. The solution was stirred for 10 min while
being slowly warmed to rt and diluted with DCM. The mixture was
poured into saturated aqueous NaHCO3 and extracted with DCM (3
× 5 mL). The combined organic layers were dried over Na2SO4 and
concentrated in vacuum. The product was purified using a size-
exclusion LH-20 column eluted with MeOH/DCM (3:2) to give 15
(6.90 mg, 1.83 μmol, 76%) as pale-yellow syrup. 1H NMR (600 MHz,
CDCl3, partial): δ 7.32−7.07 (m, 28 H), 6.88−6.78 (m, 28 H), 5.47
(s, 1H), 5.39 (s, 1H), 5.32 (s, 1H), 5.26 (s, 1H), 5.17−5.11 (m, 1H),
4.94 (m, 1H), 4.84 (m, 1H), 4.81−4.67 (m, 1H), 4.64 (s, 1H), 4.57
(m, 1H), 4.45−4.35 (m, 1H), 4.30 (s, 1H), 4.25 (s, 1H), 3.81 (s, 3
H), 3.78 (s, 3 H), 3.74−3.72 (s, multiple), 3.64 (s, 3 H), 3.62 (s, 3
H), 3.60 (s, 3H), 3.42 (s, 3 H), 2.81−2.53 (m, 1H), 2.35−2.26 (m,
1H), 2.12−2.07 (m, 3H), 1.59 (s, 6H), 1.32 (m, 2H), 1.31 (s, 6H),
1.27 (m, 56H), 0.90 (t, J = 7.0 Hz, 6H). 13C{1H} NMR (151 MHz,
CDCl3, derived from HSQC spectrum): δ 129.6−129.2 (multiple C),
113.8−113.7 (multiple C), 99.7 (Man-1), 99.2 (Man-1), 99.0 (Man-
1), 97.7 (GlcN3-1), 92.4, 81.3, 80.4 (2 C), 80.3, 79.5, 76.9, 76.5, 76.2,
75.3, 75.1, 75.0, 74.9 (2 C), 74.7 (3 C), 74.6 (2 C), 74.4, 73.8, 73.0 (2
C), 72.7 (2 C), 71.8 (4 C), 71.6 (2 C), 71.5, 70.6, 70.5, 69.7, 69.4 (2
C), 69.0, 68.7 (2 C), 68.1, 67.4, 67.2, 66.5, 66.4, 66.2, 66.1, 64.3, 63.1,
62.6, 62.4, 62.1, 61.7 (2 C), 61.5, 60.1, 59.9, 56.0, 55.2 (4 C), 55.1 (2
C), 50.8, 40.4 (2 C), 39.7, 38.0 (2 C), 35.6, 35.0, 34.0, 30.6, 29.8,
29.6, 28.0 (2 C), 25.8, 24.9, 22.7, 21.4, 21.1, 20.7, 19.7 (2 C), 19.2,
14.1 (2 C), 13.8, 10.9, 8.5, 8.4. 31P NMR (243 MHz, CDCl3): δ −1.2,
−2.3 , −2.4 , −3.1 . HR ESI-TOF-MS m/z : Calcd for
C204H278N10O53P2S [M + 2NH4]2+, 1904.9276; found, 1904.9280.
Synthesis of 6-O-{[6-O-[(N-Biotinyl-2-aminoethyloxy)-phos-

phono]-α-D-mannopyranosyl]-(1→2)-(α-D-mannopyranosyl)-
(1→6)-(α-D-mannopyranosyl)-(1→4)-(2-amino-2-deoxy-α-D-
glucopyranosyl)}-1-O-[(2,3-di-O-stearoyl-sn-glycerol)-phos-
phono]-myo-inositol (1). Hydrazine acetate (2.00 mg) was added

to a solution of 15 (6.80 mg, 1.80 μmol) in THF (4.0 mL), and the
resulting mixture was stirred at rt for 2 h. ESI MS data showed the
complete deprotection of the levulinic group (m/z calcd for
C199H264N8O51P2SNa [M + Na]+ 3398.7; found, 3398.6). Then
brine was added, and the mixture was extracted with EtOAc (3 × 5
mL). The combined organic phase was dried over Na2SO4, filtered,
and concentrated under vacuum. The crude product was then
dissolved in pyridine/H2O (4:1, v/v, 1 mL), and then 1,3-
propanedithiol (0.1 mL) and DIPEA (0.2 mL) were added. The
reaction mixture was stirred at rt for 36 h, and ESI MS data showed
the complete reduction of the azide and deprotection of the
cyanoethyl group (m/z calcd for C199H264N8O51P2S [M − 2H]2−,
1770.8; found, 1770.9). The mixture was concentrated under vacuum
to dryness, and the residue was subjected to Sephadex LH-20 size
exclusion column chromatography (eluent: DCM/MeOH = 1:1) to
provide the intermediate as colorless syrup. Next, the product was
dissolved in DCM (1.4 mL), which was followed by addition of TFA
(150 μL) to form a solution of ∼10% TFA in DCM (v/v). After
stirring for 20 min, the reaction mixture was diluted with toluene and
condensed under vacuum. The mixture was coevaporated with
toluene five times. Finally, the crude product was purified by size
exclusion column chromatography (eluent: CHCl3/MeOH/H2O =
10:9:1) using Sephadex LH-20 to afford 1 (2.70 mg, 1.45 μmol, 80%)
as a white solid. 1H NMR (600 MHz, CDCl3/MeOD/D2O = 9:10:1,
partial): δ 5.24 (m, 1 H, Gly-2), 5.17 (s, 1 H, GlcNH2-1), 5.15 (s, 1
H, Man-1), 5.13 (s, 2 H, −CH2−), 4.95 (s, 2 H, including two Man-
1) 2.36−2.17 (m, 4 H, −CH2−) 1.58 (m, 8 H), 1.33−1.22 (m, 56 H),
0.88 (t, J = 6.9 Hz, 6 H). 13C{1H} NMR (151 MHz, CDCl3/MeOD/
D2O = 9:10:1, derived from HSQC spectrum): δ 102.5 (2 Man-1),
101.4 (Man-1), 98.1 (GlcNH2-1), 79.4, 77.3, 77.0, 76.3, 72.7, 72.2,
71.6, 70.9, 70.6, 70.5, 70.3(2 C), 70.2, 66.9, 66.8, 65.0, 64.0, 63.6, 62.8
(2 C), 62.7, 62.0, 61.4 (2 C), 60.2 (2 C), 57.1, 55.7, 55.5, 55.2, 55.1,
54.2, 41.6, 40.2 (2 C), 40.0, 38.0, 36.2, 36.1, 35.5, 34.2, 34.0, 33.6,
30.9, 29.6, 28.2, 27.9, 26.7, 25.7 (2 C), 24.9, 24.8, 22.6 (multiple C),
22.1, 19.5, 19.4, 13.8. 31P{1H} NMR (243 MHz, CDCl3/MeOD/D2O
= 9:10:1): δ 0.7, −0.2. HR ESI-TOF-MS (negative mode) m/z: calcd
for C81H146N4O37P2S [M − 2H]2−, 930.4436; found, 930.4439.
Liposome Preparation. To a solution of biotinylated GPI 1 (133

μL, 0.1 μmol) in chloroform was added POPC (7.60 mg, 10.0 μmol)
to generate a homogeneous solution. The solvent was removed via
rotary evaporation under reduced pressure, and the resultant lipid
mixture was kept under high vacuum overnight to remove any residual
solvent. The negative control group contained only POPC. To the dry
lipid sample was added HEPES buffer (5 mM, pH 7.5, 1 mL) at rt,
and the mixture was sonicated at rt for 15 s and then vigorously
vortexed for 2 min. The suspension was frozen in liquid nitrogen and
thawed at rt, and the freeze−thaw cycle was repeated five times. The
suspension was extruded 31 times through a polycarbonate filter with
pore size of 100 nm at rt using an Avanti Mini-Extruder System
(Avanti Polar Lipids, Inc.) to provide a suspension of the desired
unilamellar liposomes. The size of the liposomes was characterized by
dynamic light scattering (DLS) to be 100 nm with a polydispersity
(PDI) of 0.16, using a Zetasizer Nano Light Scattering System
(Malvern Panalytical, Inc.).
Investigation of Liposomes by ELISA. Streptavidin (20.0 μg/

mL) in coating buffer (0.1 M bicarbonate, pH 9.6) was added to each
well of an ELISA plate (100 μL/well), and the plate was incubated at
4 °C overnight and 37 °C for 1 h, which was followed by washing
using phosphate-buffered saline with Tween 20 (PBST) buffer three
times. Thereafter, the blocking buffer of PBST containing 1% bovine
serum albumin (BSA) (200 μL/well) was added to each well, and the
plate was incubated at rt for 1 h and washed with PBST (3×).
Liposome suspensions prepared above were added to the plate (20
μL/well), which was incubated at 37 °C for 2 h and washed with
PBST (3×). Next, streptavidin-AP (1:1000 dilution in PBS, 100 μL/
well) was added, followed by incubation at rt for 1 h and washing with
PBST (3×), and then addition of PNPP in PBS (1.67 mg/mL, 100
μL/well). The plate was kept at rt for 30 min before the light
absorbance was measured at 405 nm wavelength using a plate reader
(Cytation 1, Bio-Tek Instruments Inc.). For fluorescence analysis,
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after the addition of liposomes to the plate, streptavidin-A488 (1:500
dilution in PBS, 100 μL/well) was added, and the plate was incubated
at rt for 1 h and washed with PBST (3×). Finally, PBS (100 μL/well)
was added to the plate, which was followed by fluorescence intensity
measurement using a plate reader. Each experiment was repeated
three times.
Investigation of Liposomes in Solution. To the liposome

suspension obtained above (300 μL) was added streptavidin-A488
(1.0 μL, 1.00 mg/mL in PBS). After the suspension was incubated at
rt for 1 h, it was transferred into a 100 kDa MWCO centrifugal filter
unit and then centrifugated at 3000 rpm for 10 min. Thereafter, PBS
(1.0 mL) was added to the unit, which was followed by centrifugation
again. This process to remove non-membrane-bound streptavidin-
A488 using 100 kDa cut filter and centrifugation, which also
concentrated the liposome−GPI−biotin−streptavidin−A488 conju-
gate, was repeated at least five times, until the filtrate harvested after
washing did not show significant fluorescence. Finally, the
fluorescence intensities of streptavidin−A488-treateed liposomes
were measured using a microplate reader. This experiment was
repeated three times.
Statistical Analysis. All data were analyzed by independent t-test

(to compare data between two groups), using GraphPad software. P <
0.05 was considered statistically significant.
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