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Artificial N-glycopolypeptides carrying N-acetyllactosa-
mine (LacNAc) or related compounds were synthesized.
First, sugars were converted into their corresponding f-
glycosylamines with ammonium hydregen carbonate.
Then, the f-glycosylamines were condensated with the car-
boxyl groups of poly(L-glutamic acid). N-Glycopolypep-
tides with different degrees of substitution of sugars were
isolated by passage through a column of Sephadex G-25.
These synthetic polymers were used as model compounds
in the analysis of oligosaccharide-lectin interactions. In-
teractions with some lectins were investigated by agar-gel
double-diffusion tests and in terms of inhibition of hemag-
glutination. A glycopolypeptide substituted with LacNAc
reacted with Erythrina cristagalli agglutinin (ECA), peanut
(Arachis hypogaea) agglutinin (PNA), Ricinus communis
agglutinin-120 (RCA5), wheat germ (Triticum vulgaris)
agglutinin (WGA) lectins, which recognize either galac-
tosyl or N-acetylglucosamine (GlcNAc) residues. Other syn-
thetic glycopolymers carrying N-acetylisolactosamine,
GIcNAe, N,N’-diacetylchitobiose, or N,N’,N ”-triacetyl-
chitotriose also reacted with WGA, and these last two poly-
mers inhibited hemagglutination most. Of these five
glycopolypeptides, only the one substituted with LacNAc
reacted with ECA. These sugar-substituted glycopolypep-
tides interacted specifically with the corresponding lectins,
no matter how much shorter the sugar side chains of the
glycopolymers were than those of natural glycoproteins.
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Carbohydrate sequences of glycoproteins and

glycolipids are information rich, initiating and regu-
lating many Dbiological recognition processes.”?
Glycoproteins usually can be found as several different
glycoforms, and it can be difficult to prepare well-de-
fined glycoproteins from natural sources in large
amounts for the elucidation of structures and functions.
More attention, therefore, has been paid to neo- or artifi-

cial glycoconjugate polymers, in which natural and syn-
thetic polymers have pendant oligosaccharide moieties
added.** A variety of naturally occurring and synthetic
oligosaccharide derivatives have been attached to vari-
ous kinds of macromolecules and used as vaccines or an-
tigens, and in targeted drug delivery.”” These polymers
also can be used for the investigation of carbohydrate-
protein interactions and biological recognition with lec-
tins and anti-carbohydrate monoclonal antibodies.®

We have developed a simple synthetic method for
glycopolypeptide conjugates in which lactose and
(GlecNAC); chains are attached to carboxyl groups of
poly(L-glutamic acid) through B-N-linkages.” Here, we
use the method on a bioactive oligosaccharide, LacNAc,
and related mono- and oligosaccharides including iso-
LacNAc, (GlcNAc)s, (GlcNAc),, and GlcNAc. The Lac-
NAc sequence is a major component of the core
oligosaccharides of glycoproteins and glycolipids, which
serve as differentiation antigens, tumor-associated anti-
gens, and ligands of some receptors and enzymes.'**? A
glycopolypeptide carrying LacNAc residues may have
functions in various events of biological recognition.
The interactions of such glycopolypeptides with lectins
were investigated by double-diffusion tests in agar and
by inhibition of hemagglutination.

Materials and Methods

Materials. GIcNAc was purchased from Yaizu Suisan
Kagaku Co., Ltd. (Yaizu, Japan). (GlcNAc),,
(GIecNAc);, LacNAc, iso-LacNAc, ECA, and poly( p-
acryloyl-aminophenyl N-acetyl-f-lactosaminide) (PAP-
LacNAc) were prepared as reported elsewhere.>"'” Poly-
(L-glutamic acid) sodium salt (molecular weight 13,600,
degree of polymerization 90) was obtained from Sigma
(St. Louis, MO, USA), BOP and HOBt were obtained
from Aldrich (Milwaukee, Wis., USA), and PNA,
RCA 3, WGA were purchased from Seikagaku Corp.
(Tokyo, Japan).

t To whom correspondence should be addressed.

Abbreviations: BOP, benzotriazol-1-yl-oxy-tri(dimethylamino)-phosphonium hexafluorophosphate; DS, degree of substitution; ECA,
Erythrina cristagalli agglutinin; GIcNAc, 2-acetamido-2-deoxy-pD-glucose; (GlcNAc),, 2-acetamido-2-deoxy-B-D-glucopyranosyl-(I—4)-2-ace-
tamido-2-deoxy-D-glucose; (GlcNAc);, 2-acetamido-2-deoxy-B-bD-glucopyranosyl-(1—4)-2-acetamido-2-deoxy-g-D-glucopyranosy-(1—4)-2-ace-
tamido-2-deoxy-D-glucose; HOBt, hydroxybenzotriazole; iso-LacNAc, B-p-galactopyranosyl-(1— 6)-2-acetamido-2-deoxy-D-glucose; LacNAc,
f-p-galactopyranosyl-(1—>4)-2-acetamido-2-deoxy-D-glucose; Me,SO, dimethyl sulfoxide; PGA, poly(L-glutamic acid); PNA, peanut (Arachis
hypogaea) agglutinin; RCA ,, Ricinus communis agglutinin-120; TPS, sodium 3-(trimethylsilyl)-propionate; WGA, wheat germ (Triticum vul-

garis) agglutinin.
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Analytical methods. HPLC was done with a liquid
chromatograph Hitachi 6000 with a column of TSK gel
3000 PWy, (¢#7.8 X300 mm, Tosoh Corp., Japan) and
developed with 0.2 M NaCl at a flow rate of 0.5 ml/min
with a UV detector at 210 nm. 'H and *C NMR spectra
were recorded with Fourier transform NMR spectrome-
ter (Jeol INM-EX 270 or INM-EX 500). Chemical shifts
are expressed in J relative to TPS as an external stan-
dard.

General procedure for preparation of B-glycosyl-
amines. The monosaccharide or oligosaccharide was dis-
solved to the concentration of 0.2 M in a 50 ml flask, and
NH/HCO; was added to saturation. Then the solution
was stirred and incubated at 37°C in an uncovered flask.
During the reaction, the solution was kept saturated by
the addition of NH;HCO; as needed. The reaction mix-
ture was monitored by TLC with a 4:3:3:1 (by vol.) mix-
ture of ethyl acetate, acetic acid, methanol, and water.
The R, was 0.60 for LacNAc and 0.35 for §-N-acetyllac-
tosaminylamine, 0.60 for iso-LacNAc and 0.40 for -N-
acetylisolactosaminylamine, 0.71 for GIcNAc and 0.49
for B-N-acetylglucosaminylamine, 0.60 for (GIcNAc),
and 0.37 for §-N,N’-diacetylchitobiosylamine, and 0.54
for (GIcNAc); and 0.34 for S-N,N’,N”-triacetyl-
chitotriosylamine. When almost all of the sugar was con-
verted to the 1-amino sugar, the reaction mixture was
diluted with water, and NH,HCO; was removed by con-
centration under reduced pressure with a bath tempera-
ture of 29-30°C. This procedure was repeated until
there was no smell of NH,HCO; in the concentrated so-
lution. Finally the solution was freeze-dried, giving the
desired glycosylamine in a yield of about 80% to 90%.

Preparation of PGA. The poly(L-glutamic acid) sodi-
um salt obtained from Sigma was contained some un-
reacted methyl glutamate residues, seen in its NMR spec-
tra. These residues all were converted to glutamic acid
sodium salt as follows. One gram of the purchased
preparation was dissolved in 20 ml of dichloroethane.
Then 200 ml of a 0.12 N sodium hydroxide solution in a
mixture of methanol and water (4:1 by vol.) was added
dropwise to the solution, and the mixture was stirred at
room temperature for 6 h. Then the precipitate was col-
lected and washed with methanol. The precipitate was
dissolved in 20 ml of cold water, and 5.2ml of 1IN
hydrochloric acid solution cooled in an ice bath was
added dropwise to the solution with stirring for 2 h. The
precipitate was collected by centrifugation (4°C,
24,100 X g ) and washed with cold water several times. Fi-
nally the suspension of the precipitate in water was
freeze-dried, affording PGA in a yield of 60%. 'H NMR
(D:0, 30°C, 500 MHz) 64.32 (peptide o-methine
NHCHCO), 2.27 (peptide y-methylene CHCH,CH,),
2.04 (peptide B-methylene CHCH,CH,). ¥C NMR
(D:0, 30°C, 500 MHz) §176.23 (CO), 56.19 (peptide a-
methine NHCHCO), 36.09 (peptide y-methylene
CHCH,CH,), 30.72 (peptide S-methylene CHCH,CH,).

Preparation of poly(N-acetyllactosaminyl-L-gluta-
mine-co-glutamic acid) [ Poly(LacNAc/ Gin-co-Glu), 1].

X. ZENG et al.

PGA (20 mg, 0.0017 mmol) was dissolved in 0.3 ml of
Me,SO. Me,SO solution (0.3 ml) containing BOP (170
mg, 0.385 mmol) and HOBt (18 mg, 0.133 mmol) was
added and the resulting mixture was stirred magnetically
for 15 min at room temperature. N-acetyllactosaminyl-
amine (120 mg, 0.313 mmol) in Me,SO (0.6 ml) was
added and stirring was continued for 10h under the
same conditions. The solution was put immediately on a
Sephadex G-25 column (¢ 1.0 X 25 cm), and eluted with
0.02 M phosphate buffer (pH 7.4) containing 0.1 M NaCl
at a flow rate of 1.0 ml/min. The carbohydrate compo-
nent of the elution was monitored by the phenol-H,SO,
method at 485 nm. The eluate (1.0 ml/tube) had two
peaks (F-1, tubes 16-31 and F-2, tubes 33-59). The first
peak was collected, concentrated with an Amicon Diaflo
ultrafiltration unit equipped with a YM-3 membrane
operating at 2 kg/cm?, and lyophilized, giving 1 (44 mg).

'H NMR (D0, 30°C, 270 MHz) 65.20 (d, /=8.1 Hz,
H-1),4.56 (d, J=7.6 Hz, H-1"), 4.38 (peptide a-methine
NHCH CO), 3.62-3.98 (complex, other protons from
LacNAc unit as side chain), 2.43 (peptide y-methylene
CHCH,CHs), 2.05 (peptide S-methylene CHCH,CH,
and NHCOCH;). ®C NMR (D:0, 30°C, 270 MHz)
0184.02, 178.43, 177.44, 176.44, and 175.83 (CO),
105.84 (C-1"), 81.18 (C-4), 81.10 (C-1), 79.48 (C-5),
78.27 (C-5%), 75.58 (C-3), 75.47 (C-3"), 73.93 (C-2"),
71.53 (C-47), 63.85 (C-6"), 62.89 (C-6), 56.99 (C-2),
55.88 (peptide a-methine NHCHCO), 36.49, and 34.73
(peptide y-methylene CHCH,CH,), 30.83, and 29.37
(peptide f-methylene CHCH,CH,), 25.12
(NHCOCHS).

Preparation of poly(N-acetylisolactosaminyl-L-gluta-
mine-co-glutamic acid) [Poly(iso-LacNAc/ Gin-co-
Glu), 2]. Compound 2 was prepared in a similar manner
as 1 (Table II). 'H NMR (DO, 30°C, 270 MHz) §5.21
(d, J=9.4Hz, H-1), 4.50 (d, J=7.56 Hz, H-1"), 4.38
(peptide a-methine NHCH CO), 4.31 and 3.59-3.99
(complex, other protons from iso-LacNAc unit as side
chain), 2.44 (peptide y-methylene CHCH,CH), 2.06
(peptide -methylene CHCH,CH, and NHCOCHj). BC
NMR (D,O, 30°C, 500 MHz) 5183.71, 178.24, 177.36,
176.28, and 175.69 (CO), 106.08 (C-1’), 81.13 (C-1),
79.47 (C-5), 78.01 (C-5'), 76.91 (C-3), 75.54 (C-3’),
73.56 (C-2"), 72.38 (C-4), 71.54 (C-6), 71.47 (C-4’),
63.85 (C-6), 57.20 (C-2), 56.38, and 55.77 (peptide -
methine NHCHCO), 36.17, 34.57, and 33.83 (peptide
y-methylene CHCH,CH,), 30.66, and 29.83 (peptide -
methylene CHCH,CH,), 25.01 (NHCOCH;).

Preparation of poly(N,N’,N"-triacetylchitotriosyl-L-
glutamine-co-glutamic acid) [Poly((GicNAc);/ Gln-co-
Glu), 3]. Compound 3 was prepared in a similar manner
as 1 (Table II). '"H NMR (DO, 30°C, 270 MHz) 65.16
(d, J=8.1 Hz, H-1), 4.67 (2d, J, =J\»»=7.8 Hz, H-
17, H-1"), 4.38 (peptide a-methine NHCH CO), 3.52~
4.00 (complex, other protons from (GIcNAc); unit as
side chain), 2.41 (peptide y-methylene CHCH,CH,),
2.13 (peptide B-methylene CHCH,CH.,), 2.13, and 2.04
(NHCOCH;). BC NMR (D0, 30°C, 270 MHz)
0183.66, 178.36, 177.48, 176.31, and 175.76 (CO),
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104.31 (C-1"), 104.08 (C-1"), 82.01 (C-4), 81.65 (C-4'),
81.13 (C-1), 79.24 (C-5"), 78.83 (C-5'), 77.43 (C-3"),
76.41 (C-3’), 75.69 (C-5), 75.09 (C-3), 72.67 (C-4"),
63.50 (C-6”, C-6"), 62.93 (C-6), 58.56 (C-2”), 58.02 (C-
2'), 56.91 (C-2), 56.42 (peptide a-methine NHC HCO),
36.17, 34.72, and 33.91 (peptide y-methylene
CHCH,CH;), 30.69, and 29.99 (peptide S-methylene
CHCH,CHy), 25.10 NHCOCH,).

Preparation of poly(N,N’-diacetylchitobiosyl-L-gluta-
mine-co-glutamic acid) [Poly((GIcNAc),/ Gin-co-Glu),
4]. Compound 4 was prepared in a similar manner as 1
(Table II). 'H NMR (D0, 30°C, 270 MHz) 65.16 (d,
J=9.5 Hz, H-1), 4.68 (d, J=7.9 Hz, H-1"), 4.38 (pep-
tide a-methine NHCH CO), 3.54-4.02 (complex, other
protons from (GIcNAc), unit as side chain), 2.41 (pep-
tide y-methylene CHCH,CHs), 2.14 (peptide f-methy-
lene CHCH,CH,), 2.14, and 2.05 (NHCOCH;). C
NMR (D,0, 30°C, 270 MHz) §183.89, 180.52, 178.31,
177.48, and 175.90 (CO), 104.38 (C-1’), 82.01 (C-4),
81.26 (C-1), 79.17 (C-5"), 78.87 (C-5), 76.46 (C-3),
75.79 (C-3), 72.70 (C-4"), 63.56 (C-6’), 62.93 (C-6),
58.54 (C-2’), 56.84 (C-2), 55.90 (peptide «-methine
NHCHCO), 36.53, 34.73, and 33.99 (peptide y-methy-
lene CHCH,CH,), 29.81 (peptide p-methylene
CHCH,CH,), 25.12 (NHCOCH3).

Preparation of poly(N-acetylglucosaminyl-L-gluta-
mine-co-glutamic acid ) [ Poly(GlcNAc/ Gin-co-Glu), 5.
Compound 5 was prepared in a similar manner as 1
(Table II). 'H NMR (D0, 30°C, 270 MHz) 65.18 (d,
J=9.4 Hz, H-1), 4.37 (peptide a-methine NHCH CO),
3.55-3.97 (complex, other protons from GlcNAc), 2.44
(peptide y-methylene CHCH,CH,), 2.06 (peptide S-
methylene CHCH,CH, and NHCOCH;). “C NMR
(D,0, 30°C, 270 MHz) §183.99, 180.52, 178.31, 177.45,
and 175.99 (CO), 81.33 (C-1), 80.59 (C-5), 77.18 (C-3),
75.54 (C-4), 63.56 (C-6), 57.41 (C-2), 56.12 (peptide a-
methine NHCHCO), 36.62, 34.73, and 34.02 (peptide
y-methylene CHCH,CH,), 29.76 (peptide f-methylene
CHCH,CH,), 25.10 (NHCOCH;).

Double-diffusion test in agar. Four percent agar (3.0
g) was dissolved in 13.5 ml of 10 mm phosphate-buffered
saline (PBS, pH 7.4) to give a concentration of 0.9%,
and two drops of 1% sodium azide was added. The solu-
tion was poured into three glass dishes (42 mm, i.d.) to
form a layer 3-4 mm thick. Wells were made with a steel
puncher. Aqueous lectin solution (0.5 mg/ml PBS, 15
ul) and 15 ul of an N-glycopolypeptide solution (2 mg/
ml, PBS) were added to the central and peripheral wells,
respectively, with a syringe, and the plates were incubat-
ed at 30°C for 15 h. Gels were stained with 0.5% Amido
Black 10B in 7.5% acetic acid and washed with 7.5%
acetic acid. ;

Inhibition of hemagglutination by artificial N-
glycopolypeptides and their corresponding sugars.'®
Fourfold minimum- concentration lectin solution was
prepared as follows. Portions (20 ul) of a 3% erythro-
cyte (Human blood type A) suspension was pipetted

1173

into each well of the twofold dilution series of lectin (20
ul) in 96-holes U-plate, then incubated for 1h. The
minimum concentration of lectin required for hemag-
glutination of erythrocyte was determined, and its four-
fold concentration solution was used for the following
assay.

Twofold serial dilution (20 ul) of N-glycopolypep-
tides and their sugars were prepared with PBS in a 96-
holes microtiter U-plate. Then 20-ul portions of the lec-
tin solution were pipetted into each hole and the plate
was incubated at room temperature for 1 h. Then 40 ul
of a 3% suspension of erythrocytes was added to each
hole and the plate was incubated for 1 h. Agglutination
of erythrocytes was looked for and the minimum concen-
tration of N-glycopolypeptide or sugar that inhibited
erythrocyte agglutination was identified.

Results and Discussion

Synthesis of N-glycopolypeptides

The scheme of N-glycopolypeptide synthesis is shown
in Fig. 1.

(1) Preparation of B-glycosylamines

Firstly, the mono- and oligosaccharides were treated
with a saturated solution of ammonium hydrogen car-
bonate according to Kochetkov’s method.!*?® Then, the
reagent was removed by concentration of the solution
and repeated dilution the powdery products with water.
The product was 80-90% glycosylamine, and 10-20%
unreacted sugar.

CH,OH HOCH,
0 o
HO
Voo
OH

OH OH
OH NHCOCH; — —
LacNAc o
1Amination --NH—C}H-C~
CH,
CH,0H HOCH, |
o —Q NH, CH,
HO \> |
o C=0
OH OH I
OH
OH NHCOCH, L in
B-N-acetyllactosaminylamine poly(L-giutamic acid)

| Condensation

Poly(LacNAc/Gin-co-Glu), 1

Fig. 1. Synthesis of Poly(/N-Acetyllactosaminyl-L-glutamine-co-glu-
tamic Acid) [Poly(LacNAc/Gln-co-Glu), 1].
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Table I. *C Chemical Shifts of Glycosylamines®
Chemical shift (d), ppm
Glycosylamine
C-1 C-2 C-3 C-4 C-5 C-6 CO NHCOCH;,
Galf1-4GIcNAc-NH, I 87.10  58.83  75.47 8174 7829  63.20 177.51 25.23
I I 11 105.84 73.91 76.05 71.50 78.63 63.95 177.51 25.23
Galf 1> 6GlcNAc-NH, I 87.35  59.21 . 77.41 72.87 781t 7177 177.63 25.21
I I I 106.24 7371 75.63  71.59 7871  69.93  177.63 25.21
GlIcNAcf 1-4GIcNAcS 1-4GlcNAc-NH, I 87.01  57.90 7425 8241  75.02 62.84  177.45 24.98
1 II I I 104.15  58.45 7597 82.01 7831 63.13  177.45 24.98
111 104.33 58.65 76.30 72.58 78.78 64.41 177.45 24.98
GlIcNAcf 1-4GlecNAc-NH, I 87.06 58.71  76.10  82.75  78.33  63.25  177.59 25.21
11 1 I 104.42 58.53 76.41 72.45 78.83 63.49 177.52 25.05
GIcNAc-NH, 85.61 56.77 74.81 71.11 77.60 61.37 169.79 22.88
2 In D,0, except for GIcNAc-NH,, in Me,SO.
Table I summarizes C NMR spectral data of the 18 —
glycosylamines. The configuration and glycosylamine 164 —
structures were identified as follows with N-acetyllac- 1.4
tosaminylamine, Galf 1 —>4GIcNAc-NH,, used in the ex- £ 124 .
planation as an example. The two anomeric proton sig- L A
nals at d4.54 (J=8.1 Hz) and 4.25 (J=28.6 Hz) were M 0.8
attributed to H-1 and H-1, both with the f-anomeric ~ § .|
configuration. There was a characteristic signal at 87.10 § 044
ppm, which had shifted to a higher field than that of the Ca
reducing anomeric signals at 97.60 (C-18) and 93.27 (C- O'zd _____

la) ppm of the starting sugar, LacNAc. This characteris-
tic signal was assignable to the S-configuration, because
the carbon signals arising from the f-anomeric structure
of LacNAc closely corresponded to those of
Galf 1—4GIcNAc-NH,; except for C-1. No a-anomeric
structure was detected. The amination described here
was simple and protection of the hydroxyl groups of
oligosaccharides was not needed. For the synthesis de-
scribed below of N-glycopolypeptides, glycosylamines
of 80-90% purity were used as is without chromato-
graphic purification.

(2) Transformation of f-glycosylamines into N-
glycopolypeptides

The 1-amino function of -N-glycosylamine was cou-
pled with the carboxyl group of PGA in the presence of
BOP and HOBt as the condensation reagents as de-
scribed elsewhere.?? The solution was put on a column
of Sephadex G-25 to separate the polymeric products
from the low-molecular-weight reactants. Figure 2
shows a typical chromatogram after the reaction with N-
acetyllactosaminylamine, and shows that two peaks had
been separated by the chromatography. The F-1 frac-
tion (tubes 16-31) was collected, ultrafiltered, and
freeze-dried, affording N-glycosylated poly(L-glutamic
acid) 1. The degree of substitution (DS) in the mole frac-
tion of the substituted residues in N-glycosylated poly-
(L-glutamic acid) as percentage was estimated from the
'"H NMR peak area of the N-glycosylated H-1 proton,
peptide y- and S-methylene protons, and acetyl protons.
The large F-2 peak (tubes 33-59), which contained sever-
al reactants, was collected, concentrated, and chro-
matographed by a charcoal-Celite column. A mixture of
unreacted N-acetyllactosaminylamine and LacNAc was
recovered and recycled for amination. Typical data

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85

Fraction number (1 miftube)

Fig. 2. Separation Chromatography of Condensation Products of
N-Acetyl-lactosaminylamine and Poly(L-glutamic Acid) in the
Presence of BOP and HOBt. Chromatography was done on a
column (¢1.0 X 25 cm) of Sephadex G-25 and with 0.01 M phosphate
sodium buffer (pH 7.4) containing 0.1 M NaCl at a flow rate of 1
ml/min.

about the preparations are summarized in Table II.
Glycopolymers with different degree of substitution
were prepared from different molar ratios of the
reactants.

The structures of the synthetic glycopolypeptides
(Fig. 3) were identified from their 'H and *C NMR spec-
tra. The linkage between the glycosyl residue and the y-
carboxamide of the glutamine residue was in the $-ano-
meric configuration. For example, N-g-linked anomeric
proton signals appeared at 5.20 ppm (J=38.1 Hz) for 1
(Fig. 4) and 65.21 ppm (J=9.4 Hz) for 2. The proton
signals at 04.56 ppm (J=7.6 Hz) for 1 and 64.50 ppm
(J=17.6 Hz) for 2 were assignable to the nonreducing ter-
minal H-1" of O-linked B-anomeric galactose involved
in the LacNAc and iso-LacNAc units, respectively. In
the C NMR spectra, the N-g-linked C-1 signal shifted
higher than the O-f-linked C-1’ signal. The N-g-linked
C-1 signal was in a higher chemical shift at 81.10 ppm
than the O-g-linked C-1’ at 105.84 ppm (Fig. 5). No
other minor structure was detected.

Interactions between N-glycopolypeptides and lectins
To evaluate molecular recognition by various synthet-
ic N-glycopolypeptides, we investigated their interac-
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Table II. Synthesis of Glycopolypeptides 1, 2, 3, 4, and 5°
Glycosylamine Coupling reagents
Glycopolypeptide PGA® (mg) Yield (mg) DS° (mol%)
Glycosyl-NH, mg BOP° (mg) HOBt? (mg)
1 20 LacNAc-NH, 120 170 18 44 44
2 20 iso-LacNAc-NH, 170 180 20 38 31
3 20 (GlcNAc);-NH, 280 180 18 54 38
4 20 (GlcNAc),-NH, 160 170 19 47 44
5 20 GIcNAc-NH, 100 170 18 34 78
2 See ‘‘Materials and Methods’”.
b Poly(L-glutamic acid).
¢ Benzotriazol-1-yl-oxy-tri(dimethylamino)-phosphonium hexafluorophosphate.
4 Hydroxybenzotriazole.
¢ Degree of substitution.
B I (II) N B Il |
NH-(IL‘H-C—- -NH—(lTH-C-— NH ?H—C—- —NH—(EH-C-—-
il I il
(‘:H2 (I:Hz (‘:ﬂ2 ]cuz
=0 C=0 CH,0OH C=0 C=0
CH,0H ' l I |
HOCH, | o} 0—CH,
1o/ —0 2 NH OH HO o NH OH
OH
(o]
OH OH OH
OH HO
OH
NHCOCH; n L NHCOCH;3 | m

HO

Poly(LacNAc/GIn-co-Glu), 1

Poly(iso-LacNac/Gin-co-Giu), 2

_ 0 —
NH-CH-C—|-NH—CH-C—
b ik
|
C=0 C=0
CH10H CH;OH ‘HOCH, | ]
2 NH OH
0
o
OH
NH
! NHCOCH;
COC"3 COCH;3 n
Poly((GlcNAc)s/Gin-co-Glu), 3
i ] B I 1]
NH- CH-C—|-NH—GH-C— NH-CH: C-~|-NH—CH-C—
CHy CHy CH, CHy
i T T T
2!
o Hocnz NH OH HOCH, o NH OH
\/ OH HOVH
H NHCOCH; NHCOCH;
- n L |n

Poly((GlcNAc),/Gin-co-Glu), 4

Poly(GIcNAc/GIn-co-Glu), 5

Fig. 3. Structures of Synthesized N-Glycopolypeptides Carrying N-Acetyllactosamine and Related Sugars.



1176

tions with lectins by double-diffusion reactions in agar
and by their inhibition of hemagglutination. The follow-
ing lectins were used (their binding saccharides are given

in  brackets):
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A0),].

ECA (Galp1—4GlcNAc), PNA

(Galp 1—3GalNAc), RCAy (f-Gal), and WGA [(GlcN-

Figure 6 shows results of a double diffusion test with
WGA lectin. Sharp precipitin bands are seen between
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Fig. 6. Double-Diffusion Reaction of Synthetic N-Glycopolypep-
tides with WGA in Agar Gel. WGA was put in the center well. Por-
tions of synthetic N-glycopolypeptides and poly(L-glutamic acid)
sodium salt solutions were added to the peripheral wells. a, Poly
(L-glutamic acid) sodium salt; b, 1; ¢, 2; d, 3; ¢, 4; £, 5.

the central well with lectin and the surrounding wells
containing polymers 2, 3, 4, and 5. There is a weak and
dull band between 1 and ECA. The bands showed that
the lectins had became insoluble after cross-linking with
specific carbohydrate ligands along the N-glycopolypep-
tide chains. The double-diffusion test is an easy and
rapid way to detect interactions between lectins and N-
glycopolypeptides. The method, however, is merely
qualitative, so we investigated inhibition of hemaggluti-
nation, as well.

The effects of N-glycopolypeptides and sugars on
hemagglutination caused by lectins are summarized in
Table III. The minimum inhibitory concentrations are
expressed as the weight concentration (mg/ml) of the
glycopolypeptides and also as the molar concentration
of sugar units in the polymer. Hemagglutination caused
by WGA was inhibited by all of the polymers (1 to 5).
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The effects of ECA were inhibited by polymer 1, and the
lectins binding galactosyl residue, RCA; and PNA,
were inhibited by both 1 and 2. Therefore, ECA recog-
nized the LacNAc units in polymer 1, but it did not
recognize polymer 2 with iso-LacNAc. Polymer 2 in-
hibited WGA, RCA 3, and PNA, but not ECA. This
finding indicated that f-(1-4)-linked galactosyl residues
were needed for binding with ECA. Little is known
about the interaction of lectin with iso-LacNAc,*** an
artificial oligosaccharide. No inhibition was detected
with other combinations. The qualitative results ob-
tained by double-diffusion in agar and this test of inhibi-
tion by synthetic N-glycopolypeptides 1, 3, 4, and §
were consistent with the sugar specificities of these lec-
tins reported for naturally occurring glycoproteins,
glycolipids, and oligosaccharides. 6222

Inhibition by N-glycopolypeptides was compared
with inhibition by corresponding oligosaccharides
(Table III). The hemagglutination caused by ECA was
inhibited by polymer 1 only, with a strength of close to
that by LacNAc. Polymer 1 inhibited RCA 5, PNA and
WGA weakly. Polymer 3, which carried (GlcNAc);, in-
hibited WGA 10° times stronger than (GlcNAc); itself
did. Polymer 4, carrying (GlcNAc),, inhibited WGA
strongly. Polymer 5, carried GIcNAc, inhibited strongly
WGA, but its corresponding sugar did not. The interac-
tions of glycopolymers 2, 3, 4, and 5 with WGA were
much stronger than those of the corresponding sugars.
WGA has strong affinity for multi-antennary GlcNAc
residues.?? The (GlcNAc), sequences along the PGA
backbone have a cluster effect for WGA. Table III also
shows the effects of the DS of the N-glycopolypeptide
on the hemagglutination caused by WGA. The higher ac-
tivities of polymers 2, 3, and 4 compared with those of
their corresponding sugars were not affected by differ-
ences in the DS. The terminal galactosyl group of the

Table III. Inhibition by N-Glycopolypeptides and Sugars of Hemagglutination Caused by Lectins®
Minimum inhibitory concentration, mg/ml (M®)
Inhibitor o
WGA ECA RCA 5 PNA
1(15%)° 1.25(1.0x 107%) 0.16(1.3x107%) 2.502.0x 107%) 1.25(1.0x 107%)
1(44%) -
LacNAc — 0.15(3.9x107%) 0.62(1.6x 107%) —
2(14%) 0.0781(6.1x 107%) — 2.502.0x 107%) 1.25(9.8 x 107%)
2(31%) 0.0781(9.9% 107%)
iso-LacNAc — — 1.203.1x107%) 2.39(6.2% 107%)
3(13%) 2.0x107%1.1x1077) — — —
3(38%) 2.0x107%2.1x1077)
(GlcNAc), 0.16(2.6 X 107%) —_ — —
4(22%) 2.0x10742.0x1077) —_ —_ —
4(44%) 3.9%107%5.6x1077)
(GleNAc), 1.25(2.9x107%) —_ — —
5(78%) 0.0195(5.3%x107%) — — —_
GlcNAc — — — —

a The concentration of lectin used was fourfold the minimum to cause hemagglutination.

b Concentration of sugar unit.
¢ Degree of substitution of sugar in glycopolymer as percentage.
4 —, no inhibition with 10 mg/ml sugar or 5 mg/ml N-glycopolypeptide.
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Table IV. Inhibition by LacNAc-substituted Polymers and Their
Corresponding Sugars of Hemagglutination Caused by Lectin

Minimum inhibitory concentration, M

Inhibitor
WGA ECA RCA 5
LacNAc —* 3.9%107* 1.6x107°
1(15%) 1.0x107° 1.3x107* 2.0x1073
LacNAc-pNP® — 4.1%x107° 8.2x107°
PAP-LacNAc* 4.0%x107° 41x107° 5.9x107°
2 - no inhibition with 10 mg/ml sugar or 5 mg/ml glycopolymer.

b p-Nitrophenyl N-acetyl-g-lactosaminide.
¢ Poly(p-acryloyl-aminophenyl-S-lactosaminide).

side chain in polymer 2 did not prevent binding with
WGA, because polymer 5 had the same inhibitory
effects. With 1, even at the low DS of 15%, activity was
weak, and with the DS of 44%, the polymer had no ac-
tivity. The binding mode of N-glycopolypeptides 1 and
2 was much influenced by the position of the terminal
galactosyl group in the side chain.

We earlier suggested a synthetic route for PAP-Lac-
NAc, a homopolymer with a number-average molecular
weight (M,) of 3.2x10°.'7% Polymer 1 bound less
strongly with the three lectins than this homopolymer
did (Table IV). PAP-LacNAc inhibited WGA 10? times
more than 1 did. Probably the strong interaction be-
tween PAP-LacNAc and WGA arises not only caused
because of a cluster effect of the multiantennary oligosac-
charide chains in the polymer, but also because of by the
phenyl groups in the main chain. This suggestion is con-
sistent with the earlier finding that WGA is inhibited
more by (p-vinyl benzamido)-f-diacetylchitobiose be-
cause of the presence of hydrophobic aglycon than by
(GIcNAC),.? Both of these polymers inhibited ECA and
RCA 5 in the same order in relative inhibition strength
as that of the corresponding sugars LacNAc and p-
nitrophenyl N-acetyl-f-lactosaminide. These results
showed that the two lectins are much less subject to
cluster effect by glycopolymer compared to WGA lectin.

In conclusion, five N-glycopolypeptides carrying Lac-
NAc and related compounds were synthesized through
two steps, amination and condensation. These
glycopolymers reacted specifically with the corre-
sponding lectins, no matter how much shorter the sugar
side chains of the glycopolymers were than those of
natural glycoproteins.
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