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Synthesis of Glutamic Acid-based Cluster Galactosides and
Their Binding Affinities with Liver Cells
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Structurally well defined di-, tri- and tetra-valent cluster galactosides were synthesized in a convenient way.
Oligo-glutamic acids were assembled as scaffolds. The presence of amine groups in these three ligands is expected
to couple with drugs or genes for delivery. The binding affinities of these cluster galactoses to liver cells were de-
termined by in vitro binding studies. Among them, the tetravalent cluster galactose (19) showed the highest affinity
to liver cell. It is therefore a promising targeting device for the specific delivery of drugs or genes to parenchymal

liver cells.
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Introduction

p-D-Galacto- or 2-acetamido-2-deoxy-f-D-galacto-
pyranosyl-terminated glycoproteins are recognized by
the asiaoglycoprotein receptor (ASGPR) on hepato-
cytes specificaly, which makes them ideal targeting
devices for the delivery of drugs or genes to liver
cells?

It has been generally admitted that the interactions
between proteins and monovalent carbohydrate deter-
minants are often weak, and yet the strength and speci-
ficity required for recognition in physiologica settings
are high. To achieve the desired affinity, nature employs
simultaneous formation of multiple protein-carbo-
hydrate interactions.® In this respect, the “glycocluster”,
a ligand with organized multivalent carbohydrate
branches, is introduced as mimic of multivalent ligand
in nature.*

Based on the point of view mentioned above, many
people engaged in synthesizing cluster galactosides for
liver targeting. Lee et al.®> have developed a very potent
trivalent N-acetylgalactosaminide, YEE (GalNACAH)s,
which is the best known synthetic ligand for human he-
patic ASGPR. This cluster is now being evaluated as a
carrier to direct nucleosides to liver.® Kichler and Schu-
ber have synthesized trivalent f-D-galacopyranosides
which are almost as potent as YEE (GalNACcAH); to-
wards Gal/GalNAc receptors of human hepatic cell.”
Encouraged by these results, we tried to find a conven-
ient method to synthesize cluster galactosides, and
determine the interactions between the cluster
galactosides and liver cells by in vitro binding studies.

* E-mail: liyx417@ouc.edu.cn

Results and discussion

Because the binding mode available to a multivalent
ligand results from its architecture, atering structura
feature of a multivalent ligand, such asits valency den-
sity of binding epitopes, can change its activity.® Further
design of such molecules can shed some lights on the
geometric factors affecting multivalent carbohydrate-
protein interactions. We describe herein a convenient
approach to the synthesis of di-, tri-, tetra-valent cluster
galactosides.

Glutamic acid was assembled into di-, tri-, or tetra-
branched scaffold, respectively (Scheme 1). Benzy-
loxycarbonyl (Cbz) protected L-glutamic acid (2) was
directly used as the divalent scaffold. Trivalent scaffold
4 was synthesized by hydrolysis of 3 which was ob-
tained by condensation of y-methyl N-benzyloxycarbon-
yl-L-glutamate (1) with L-glutamic acid diethyl hydro-
chloride. Under similar conditions, the reaction of ben-
zyloxycarbonyl protected L-glutamic acid (2) with L-
glutamic acid diethyl ester hydrochloride afforded te-
travalent scaffold 6.°

An appropriate spacer arm is usually required in
constructing glycoclusters. One end of the spacer arm is
condensed with saccharide residue via glycosidation, to
the other end is attached an active group for linking
scaffolds effectively. Here, 2-(2'-chloroethoxy) ethanol
was chosen as the arm for this purpose. Also the flexi-
bility of this spacer arm makes it easy for the cluster
galactosides to bind to the ASGPR receptor. Thus
2-(2'-chloroethoxy) ethanol first reacted with perace-
tated galactose in the presence of BFsEt,0™ to give
rise to 2-(2'-chloroethoxy) ethyl 2,3,4,6-tetra-O-acetyl-
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[-D-galactopyranoside (8) in 73.1% yield. The S confi-
guration of galactoside is necessary for the ASGPR
recognization. After azidation of 8 with NaN3, provid-
ing 9 in 96.3% vyield, the termina azide was then re-
duced into active amine group by catalytic hydrogena-
tion (Hz, 10% Pd/C) to give the key intermediate 10,
which was directly used in the next step without purifi-
cation (Scheme 2)

The solution of 10 in CH,Cl, was added to the acti-
vated di-, tri-, or tetra- scaffold with DCC/NHS in
CH,CI,/DMF. Corresponding precursors of the clusters
(11, 14, and 17) were obtained in 82.4%, 65.3%, and
61.1% vyield, respectively. Final remova of all protec-
tion groups furnished the target di-, tri- or tetra-valent
cluster galactosides 13, 16 and 19 in satisfactory yields
(Scheme 3).

All the structures of cluster galactosides were deter-
mined by *H NMR, *C NMR, COSY, HMQC and
HMBC spectraanalysis.

The binding affinities of cluster galactoses 13, 16
and 19 to liver cells asialoglycoprotein receptor
(ASGPR) were determined by in vitro binding studies.™
The galactosyl-neoglycoalbumin [NGA refers to human
serum albumin (HSA) modified by galactoside] has
known to bind ASGPR specifically.”* Compounds 13,
16 and 19 competed with ®I-NGA to bind with the
liver cell. The ICsy values of each compound are shown
in Table 1. Galactose was used as the monovalent stan-
dard. Among these cluster galactosides, an increase in
valency results in a steady increase in inhibitory poten-
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tial. The 1Csgvalues of 13, 16 and 19 are 1.24, 0.130,
and 0.0138 mmol/L, respectively, while 1Cs, of galac-
toseis 38.0 mmol/L. After valent correction, the binding
affinity of the synthesized clusters is 1, 15, 97, 688
times stronger than that of galactose. Tetravalent cluster
galactose 19 shows the highest affinity to liver cell. The
increased binding between carbohydrates and proteins
can be attributed to an increase in multivalency as
reflected by the well-known “cluster effect”.

For the well known compound (GalNACAH)s, the
binding affinity of trivalent cluster YEE is 10,000 times
stronger than that of GalINAc mono-saccharide,13 which
performs better than that of our tetravalent cluster 19.
Unlike 2-acetamidogalactopyranose, the galactose is
cheap and easily available, while the binding affinity of
19 till increases a lot than that of galactose, making it a
potential drug carrier for further study.

Table 1 Inhibition of *®I-NGA binding to ASGPR by synthe-
sized ligands

Compound | Cso/(mmoleL %) Relative potency?®
galactose 38.0 1
13 1.24 30 (15)
16 0.130 292 (97)
19 0.0138 2753 (688)

@Values in parentheses are based on the potency of a per galaco-
side residue.
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Reagents and conditions: i) DCC, NHS, CH,Cl,, DMF, 82.4% for 11, 65.3% for 14, 61.1% for 17. ii) NaOMe&/MeOH, MeOH, 90.0% for
12, 92.0% for 15, 91.5% for 18. iii) H,, Pd/C, MeOH, 95.1% for 13, 93.0% for 16, 91.7% for 19.

Conclusion

An efficient approach to the synthesis of di-, tri- and
tetrarvalent cluster galactosides was described in this
paper, by which target di-, tri-, and tetra-valent cluster
galactosides 13, 16 and 19 were obtained in good yields.
Additionally, this approach would alow us to obtain
higher vaent cluster gaactosides. The presence of
amine groups in these three ligands is expected to cou-
ple with drugs or genes for delivery.

The binding affinities of cluster galactoses to liver
cells were determined by in vitro binding studies. The
cluster galactoses 13, 16 and 19 all proved to be good
ligands for ASGPR. Among them, tetravalent cluster
galactose 19 showed the highest affinity to liver cell.
Such a glycocluster would be of great value not only in
providing compounds valuable on liver targeting, but
also in understanding multivalent interactions.

Experimental

Reagents and instruments

Cbz-Glu(OMe)-OH was purchased from Advanced
ChemTech, Cbz-Glu-OH was from GL Biochem
(Shanghai, China), and L-Glutamic acid diethyl ester
hydrochloride was from Aldrich. All other chemicals
were of reagent grade and used without further purifica-
tion. NGA was prepared by Jiangsu Institute of Nuclear
Medicine. Thin layer chromatography (TLC) was per-
formed using silica gel 60 Fux4 (Merck) and column
chromatography on silica Gel (100—200 mesh, Qing-
dao, China). Sephadex G-10 and G-15 were purchased
from Amersham Pharmacia Biotech AB. The 'H NMR
and °C NMR spectra were obtained on a JEOL
IJNM-ECP 600 spectrometer, and assignments were

based on COSY, DEPT and HMQC experiments. IR
spectra were performed on a Nicolet Nexus 470 spec-
trometer. Mass spectra were recorded on a Q-Tof micro
spectrometer and a Bruker Daltonics. Inc. APEX I
spectrometer.

2-(2'-Chloroethoxy)ethyl
galactopyranoside (8)

2-(2'-Chloroethoxy) ethanol (162.3 pL, 1.538 mmol)
and 1,2,3,4,6-penta-O-acetyl-a-D-galactopyranoside
(0.500 g, 1.282 mmol) were dissolved in dry CH,Cl, (25
mL) and the glycosylation reaction was started by the
addition of BFz*Et,O (241.5 plL, 1.923 mmoal). After
stirring of the mixture for 24 h at room temperature,
triethylamine (0.2 mL) was added. The reaction mixture
was concentrated under high vacuum and the residue
was purified by chromatography to yield compound 8
(0.426 g, 73.1%). *H NMR (CDCl;, 600 MHz) &: 5.40
(dd, J=1.1, 3.3 Hz, 1H, H-4), 5.22 (dd, J=10.3, 8.0 Hz,
1H, H-2), 5.02 (dd, J=10.6, 3.3 Hz, 1H, H-3), 4.59 (d,
J=8.0 Hz, 1H, H-1), 4.10—4.20 (m, 2H, H-6a, H-6b),
3.95—3.99 (m, 1H, OCHHCH,0OCH,CH,Cl), 3.92 (dt,
J=6.6, 1.1 Hz, 1H, H-5), 3.75—3.78 (m, 1H, OCHH-
CH,OCH,CHCl), 3.73—3.74 (m, 2H, OCH,CH,OC-
H,CH.Cl), 3.67—3.69 (m, 2H, OCH,CH,OCH,CH,Cl),
3.61—3.63 (m, 2H, OCH,CH,OCH,CH,Cl), 2.15, 2.07,
2.05, 1.99 (4s, 12H, 4X COCHz); *C NMR (CDCls,
150 MHz) §: 170.4, 170.2, 170.1, 169.5 (4 X COCHy),
101.3 (C-1), 71.4 (OCH,CH,OCH,CHCI), 70.9 (C-3),
70.6 (C-5), 70.3 (OCH,CH,0OCH,CH,Cl), 69.0 (OCH,-
CH,OCH,CH.CI), 68.7 (C-2), 67.0 (C-4), 61.2 (C-6),
42.8 (OCH,CH,0OCH,CH,CI), 20.8, 20.7, 20.7, 20.6
(4X COCHy); IR (KBr) v: 2940, 2880 (CHs, CH,), 1750
(C=0)cm .

2,3,4,6-tetr a-O-acetyl-f-D-
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2-Azidoethyl 2,3,4,6-tetra-O-acetyl-g-D-galactopyra-
noside (9)

Compound 8 (1.000 g, 2.200 mmol) and sodium
azide (1.140 g, 17.600 mmol) were dissolved in dry
DMF (40 mL), and the reaction mixture was stirred at
60 ‘C for 16 h. Then the solvent was removed under
vacuum, the residue was dissolved in ethyl acetate,
washed with water and dried over anhydrous Na,SO..
The solution was evaporated under reduced pressure
and purified by chromatography to yield compound 9
(0.977 g, 96.3%). '"H NMR (CDCl3, 600 MHz) 4: 5.39
(dd, J=3.3, 0.7 Hz, 1H, H-4), 5.22 (dd, J=10.3, 7.7 Hz,
1H, H-2), 5.03 (dd, J=10.6, 3.7 Hz, 1H, H-3), 4.59 (d,
J=8.0 Hz, 1H, H-1), 4.10—4.19 (m, 2H, H-6a, H-6b),
3.96—3.99 (m, 1H, OCHHCH,0OCH,CH,N3), 3.91 (dt,
J=6.5, 0.7 Hz, 1H, H-5), 3.75—3.78 (m, 1H, OCHHC-
H,OCH,CH2N3), 3.64—3.68 (m, 4H, OCH,CH,0OCH -
CH,N3), 3.36—3.39 (m, 2H, OCH,CH,OCH,CH,N3),
2.15, 2.07, 2.05, 1.99 (4s, 12H, 4X COCHs); *C NMR
(CDCl3, 150 MHz) §: 170.4, 170.2, 170.1, 169.5 (4%
COCHpg), 101.3 (C-1), 70.9 (C-3), 70.6 (C-5), 70.3, 70.2
(OCH,CH,OCH,CH,N3), 69.1 (OCH,CH,OCH,CH,-
N3), 68.2 (C-2), 67.0 (C-4), 61.2 (C-6), 50.8 (OCH,C-
H,OCH,CH,N3), 20.8, 20.7, 20.7, 20.6 (4X COCHpy);
IR (KBr) v: 2937, 2875 (CHs, CH,), 2110 (N3), 1750
(C=0)cm™ .

Divalent cluster galactoside (13)

Compound 2 (0.14 g, 0.5 mmol) was dissolved in
CH)Cl, : DMF (6 mL, 2 : 1,V . V), NHS (120 mg, 1.0
mmol) and DCC (210 mg, 1.0 mmol) were added under
Ar. The reaction mixture was kept for later use. At the
same time, compound 9 (0.693 g, 1.5 mmol) was dis-
solved in the solvent of CH,Cl, : MeOH (30 mL, 1 : 1,
V 1 V). 10% Pd/C (0.25 g) was added, then the reaction
mixture stirred at room temperature for 40 min under
hydrogen. The mixture was filtered over a pad of Celite
quickly, and concentrated to a syrup. Then the interme-
diate was removed directly to the reaction mixture of
the active scaffold with CH,Cl,. After being stirred at r.t.
for 48 h under Ar atmosphere, the mixture was filtered
through Celite. The filtrate was washed with water,
dried over Na,SO,4, concentrated and purified by chro-
matography on silica gel (CHCI; : MeOH, 60 : 1 to
40: 1, V:V) to give the desired divalent cluster 11
(0.460 g, 82.4%). To a solution of divalent cluster 11
(0.46 g, 0.412 mmol) in dry methanol (3 mL) was added
sodium methoxide and the pH of the solution was kept
at 9. The solution was stirred at room temperature for 1
h, then neutralized with Dowex-50x-8(H "), filtered and
concentrated. The residue was purified by Sephadex
G-10, lyophilized to give compound 12 (0.289 g,
90.0%). The product 12 (0.147 g, 0.192 mmol) in Me-
OH (3 mL) was hydrogenolyzed in the presence of 10%
Pd/C (50 mg) for 1.5 h. The mixture was filtered
through Celite, concentrated and purified by Sephadex
G-10. The solution was concentrated and lyophilized to
give the target divalent cluster galactoside 13 (0.116 g,
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95.1%). *H NMR (DM SO-dg, 600 MHZ) §: 8.55—8.57
(m, 1H, NH), 8.22—8.31 (m, 2H, NH,), 8.05—8.06 (m,
1H, NH), 4.89—4.90 (m, 2H, 2X OH-2), 4.75—4.76 (m,
2H, 2X OH-3), 4.60—4.61 (m, 2H, 2X OH-6), 4.42—
4.43 (m, 2H, 2XOH-4), 4.10 (t, J=6.2 Hz, 2H, 2X
H-1), 3.83—3.87 (m, 2H, 2X GalOCHH), 3.78 (t, J=
6.3 Hz, 1H, NHCH), 3.63 (bs, 2H, 2X H-4), 3.41—3.58
(m, 14H, 2X H-6a, 2X H-6b, 2 X GalOCHHCH,0CH>),
3.25—3.31 (m, 6H, 2XH-5, 2XH-2, 2XH-3), 3.19—
3.21 (m, 4H, 2X GalOCH,CH,OCH,CH,), 2.20 (t, J=
7.9 Hz, 2H, NHCHCH,CH,), 1.86—1.96 (m, 2H, NH-
CHCH,CH,); *C NMR (DM SO-dg, 150 MHz ) §: 168.3,
171.1 (2X C=0), 1035 (2X C-1), 75.1 (2XC-5), 73.4
(2X C-3), 70.5 (2X C-2), 69.5 (2X GalOCH,CH,), 68.9
(2 X GAOCH,CH,0OCHy), 68.1 (2X C-4), 67.7 (2X
GaCHy), 60.4 (2XC-6), 51.9 (NHCH), 38.6 (2X
GalOCH,CH,0OCH,CH,), 30.6 (NHCHCH,CH,), 27.1
(NHCHCH,CH,); IR (KBr) v: 3339 (OH), 1678, 1650,
1559 (CONH) cm '; HRMS [M+H]" m/z calcd for
CosH4gN3046 646.3029, found 646.3031.

Trivalent cluster galactoside (16)

Adopting the same procedure as described for 11 but
using 9 (0.893 g, 1.936 mmol) and 4 (0.192 g, 0.484
mmol), after chromatography on silica gel (CHCl; :
MeOH, 50: 1 to 30: 1, V:V) intermediate 14 was
obtained (0.520 g, 65.3%). The protected trivalent clus-
ter 14 (0.280 g, 0.242 mmol) was treated in the same
way as 12 and purified on Sephadex G-15 to give 15
(0.279 g, yield 92.0%). Then Cbz group of compound
15 (0.139 g, 0.1199 mmol) was removed as described
above. After be purified on Sephadex G-15 target triva-
lent cluster galactose 16 (0.114 g, 93.0%) was obtained.
'H NMR (DMSO-dg, 600 MHZ) §: 8.04—8.06 (m, 3H,
CHNHCO, 2X CH,NHCO), 7.86—7.89 (m, 3H, CH,N-
HCO, NH,CH), 4.90 (bs, 3H, 3X OH-2), 4.72 (bs, 3H,
3X OH-3), 458 (bs, 3H, 3X OH-6), 4.38 (bs, 3H, 3X
OH-4), 4.23 (bs, 1H, CONHCH), 4.09—4.11 (m, 3H,
3XH-1), 3.82—3.86 (m, 3H, 3XGalOCHH), 3.62 (bs,
3H, 3XH-4), 3.53—3.57 (m, 9H, 3X GalOCHH, 3X
Ga OCH,CH0), 3.50—3.53 (m, 3H, 3XH-64d), 3.45—
3.48 (m, 3H, 3 X H-6b), 3.38—3.42 (m, 6H, 3 X
Ga OCH,CH,0CH,CH,), 3.31—3.33 (m, 3H, 3XH-5),
3.27—3.28 (m, 3H, 3XH-2), 3.25—3.27 (m, 3H, 3X
H-3), 3.21—3.23 (m, 1H, NH,CH), 3.15—3.23 (m, 6H,
3X GaOCH,CH,OCH,CH>), 2.13—2.16 (m, 2H, NH,-
CHCH,CH,CO), 2.06—2.09 (m, 2H, NHCHCH,CH>),
1.80—1.87 (m, 2H, NHCHCHH, NH,CHCHH), 1.70—
1.75 (m, 1H, NHCHCHH), 1.55—1.58 (m, 1H, NH,C-
HCHH); *C NMR (DMSO-ds, 150 MHz) §: 172.0,
171.5,171.2 (4X C=0), 103.4 (3X C-1), 75.0 (83X C-5),
73.3 (3% C-3), 70.3 (3X C-2), 69.4 (3X GAlOCH,CH,),
68.9 (3 X GalOCH,CH,0OCH,), 68.0 (3X C-4), 67.5
(3X GalOCH,CHy,), 60.3 (3X C-6), 54.0 (NH,CHCO),
51.6 (NHCHCO), 38.4 (3X GalOCH,CH,OCH,CHy,),
31.8, 31.4 (2X CHCH,CHy,), 28.5 (2X CHCH,CHy); IR
(KBr) v: 3386 (OH), 1650, 1549 (CONH) cm '; HRMS
[M+H]" m/z caled for CaH74025N5 1024.4667, found
1024.4672.
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Tetravalent cluster galactoside (19)

Compounds 9 (0.471 g, 1.022 mmol) and 6 (100 mg,
0.186 mmol) were treated as the preparation of com-
pound 14 to afford the protected tetravalent compound
17 (0.251 g, 61.1%) after chromatography on silica gel
(CHCI3 : MeOH, 50 : 1 to 30: 1, V: V). Compound
18 (0.134 g, 91.5%) was obtained after deacetylation of
compound 17 (0.211 g, 0.096 mmol) and purified on
Sephadex G-15. The Cbz group of compound 18 (93.6
mg, 0.061 mmol) was removed according to the proce-
dure described above. After purified on Sephadex G-15
target tetravalent compound 19 (80.4 mg, 91.7%) was
obtained. 'H NMR (DM SO-dg 600 MHz) 6: 8.93 (d, J=
8.0 Hz, 1H, CONHCH), 8.40 (d, J=7.7 Hz, 1H, CON-
HCH), 8.33—8.34 (m, 1H, GalOCH,CH,OCH,CH,.N-
H), 8.22—8.24 (m, 3H, 3X Ga OCH,CH,0OCH,CH,N-
H), 7.90—7.91 (m, 2H, NH,), 4.88—4.91 (m, 4H, 4X
OH-2), 4.73—4.75 (m, 4H, 4X OH-3), 4.58—4.60 (m,
4H, 4X OH-6), 4.08—4.41 (m, 4H, 4X OH-4), 4.34
4.38 (m, 1H, CONHCH), 4.19—4.23 (m, 1H, CONHC-
H), 4.10 (d, J=5.5 Hz, 4H, 4XH-1), 3.83—3.86 (m,
4H, 4X GalOCHH), 3.63 (bs, 4H, 4 X H-4), 3.53—3.57
(m, 12H, 4X GAlOCHHCH), 3.50—3.52 (m, 4H, 4X
H-6a), 3.44—3.48 (m, 4H, 4X H-6b), 3.40—3.43 (m,
8H, 4XGalOCH,CH,OCH,CH,), 3.31—3.34 (m, 4H,
4XH-5), 3.25—3.28 (m, 8H, 4XH-2, 4XH-3), 3.23—
3.25 (m, 1H, NH,CH), 3.18—3.21 (m, 8H, 4 X GaO-
CH2CH20CH2CH2), 2.11—2.21 (m, 6H, 3X CHCH,C-
H,CONH), 1.80—1.92 (m, 3H, 3 X CHCHHCH,CO-
NH), 1.71—1.77 (m, 3H, 3X CHCHHCH,CONH); **C
NMR (DMSO-ds, 150 MHz) ¢: 172.3, 171.4, 171.3,
171.2 (6XCO), 103.4 (4XC-1), 75.1 (4XC-5), 73.3
(4XC-3), 70.0 (4X C-2), 69.4, 69.3 (4 X GalOCH,CH,),
68.9, 68.6 (4 X GalOCH,CH,OCH,), 67.9 (4 X C-4),
67.5 (4X GalOCH,CH,0), 60.3 (4XC-6), 52.4, 52.1
(2 X NHCHCO), 39.1 (4 X GalOCH,CH,OCH,CH,),
38.9 (NH,CH), 31.6, 31.3, 30.5 (3X CHCH,CH,CO-
NH), 28.1, 27.8 (3X CHCH,CH,CONH); IR (KBr) v:
3380 (OH), 1651, 1548 (CONH) cm '; HRMS [M+H]'
m/z. caled for CssH1000uN7  1402.6292, found
1402.6296.

Inhibition of liver uptakes of *I-labeled compounds
by unlabeled compoundsin vivo

lodination of NGA The NGA was labeled with
Na'®l using lodogen reagent according to usual
method™* and purified on Sephadex G-25 column. The
radioactivities were measured by using y-counter.

ZHANG et al.

Isolation of parenchymal liver cells Paten-
chymal liver cells were isolated according to usua
method. ™

In vitro binding studies The synthesized
ligands of different concentration were added to a series
of tubes, then 100 pL of **°I-NGA and 400 pL of newly
prepared parenchymal liver cells were added to the
tubes above. Following incubation for 30 min at 37 C
under gentle agitation, the medium was removed by
aspiration and the cells were washed with 1000 pL of
TBBSC buffer, then centrifuged under 4000 r/min. The
medium was removed again by aspiration. Subsequently,
cells were counted for radioactivity. Non-specific bind-
ing was measured in the presence of 100 times of NGA.
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