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Starting from N-glycosylated eel calcitonin derivatives that contain an N-acetyl-D-glucosamine residue specifically at the
3rd, 14th, 20th or 26th amino acid residue, corresponding glycopeptides with a complex-type oligosaccharide attached
to the respective amino acid residue were synthesized by means of a transglycosylation reaction catalyzed by an endo-
3-N-acetylglucosaminidase from Mucor hiemalis. The use of a recombinant enzyme and an excess of a glycosyl donor
led to a yield in excess of 60%. Calcitonin derivatives containing truncated oligosaccharides were also prepared via
digestion of the complex-type N-glycan with exoglycosidases. Using these N-glycosylated calcitonin derivatives, the effect
of carbohydrate structure and glycosylation site on the three-dimensional structure and the biological activity of the
peptide were studied. The conformation of the peptide backbone did not change irrespective of the carbohydrate structure
or the glycosylation site. However, hypocalcemic activity, calcitonin-receptor binding activity and the biodistribution of the
derivatives were affected by the glycosylation and were dependent on both the carbohydrate structure and the glycosylation
site. Although the larger oligosaccharides tended to hinder receptor binding, the biodistribution altered by N-glycosylation
appeared to enhance the hypocalcemic activity in some cases, and the magnitude of the effect was dependent on the site
of glycosylation.
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Abbreviations: CT, calcitonin; CT-R, calcitonin receptor; GlcNAc, N-acetyl-D-glucosamine; Asn(GlcNAc), N-acetyl-D-
glucosaminyl-L-asparagine; GIin(GlcNAc), N-acetyl-D-glucosaminyl-L-glutamine; NeuAc, N-acetyl-D-neuraminic acid; Gal,
D-galactose; Man, p-mannose; endo-M, endo-3- N-acetylglucosaminidase of Mucor hiemalis; SGP, sialyl glyco-hexapeptide
derived from hen egg yolk, H-Lys-Val-Ala-Asn[(NeuAc-Gal-GlcNAc-Man).-Man-GlcNAc.]-Lys-Thr-OH; STF, disialo bianten-
nary complex-type oligosaccharide, (NeuAc-Gal-GlcNAc-Man),-Man-GicNAc,; ASTF, asialo biantennary complex-type
oligosaccharide, (Gal-GlcNAc-Man),-Man-GlcNAc,; dGal, (GIcNAc-Man),-Man-GlcNAc,; Core, Manz-GicNAc,; M;GN,, Man-
GlcNAc,; GN,, GlcNAc,; CT-XXX, CT derivative possessing XXX (oligo)saccharide; CTn-XXX, CT derivative containing
the XXX (oligo)saccharide at the n-th position; TFA, trifluoroacetic acid; TFE, trifluoroethanol; MALDI-TOF MS, matrix-
assisted laser desorption ionization time-of-flight mass spectrometry; CD, circular dichroism; NMR, nuclear magnetic
resonance.
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on the three-dimensional structure and biological activity of a
peptide or protein. Our previous work involved studies of effects
of glycosylation using eel calcitonin (CT) as a model peptide
[5-10].

CT, a calcium metabolism-regulating peptide hormone, ex-
hibits hypocalcemic activity. Both CT and synthetic derivatives
thereof are used as therapeutic agents in the treatment of hy-
percalcemia, Paget’s disease and osteoporosis [11]. CT has cer-
tain advantages as a model peptide, in that it assumes a helical
three-dimensional structure in a hydrophobic environment and
its extremely high activity permits the use of a small-dose in
in vivo assays. Although the Asn3 residue of CT is a poten-
tial site for N-glycosylation and the Asn-Leu-Ser sequence is
conserved among many species, CT is not glycosylated in its
natural form. Therefore, it would be possible to study the effects
of carbohydrates on the structure and the activity of a peptide
via the use of glycosylated CT derivatives.

In previous studies, we have shown that high-mannose
type oligosaccharides at Asn3 of CT had no effect on three-
dimensional structure and modulated the biological activ-
ity rather mildly depending on the carbohydrate structure
[5.,6], but that O-glycosylation drastically affected both three-
dimensional structure and biological activity depending on the
glycosylation site [9,10]. In the present study, we report on an
investigation of the effect of, not only the carbohydrate struc-
ture, but also the site of glycosylation of N-glycosylated CT
derivatives on their three-dimensional structure and biological
activity.

We developed a chemo-enzymatic method for the synthesis
of a glycopeptide that combined both the chemical synthesis
of a peptide possessing GIcNAc [12,13] and a transglycosy-
lation reaction catalyzed by endo-B-N-acetylglucosaminidase
[14,15]. We have successfully synthesized glycosylated
CT derivatives that contained N-linked oligosaccharides at
Asn3 by a transglycosylation reaction using endo-8-N-
acetylglucosaminidase obtained from Mucor hiemalis (Endo-
M) [16], with [Asn(GIcNAc)?]-CT (CT3-GlcNAc) as a start-
ing material, in which Asn3 was replaced by N-acetyl-D-
glucosaminyl-L-asparagine (Asn(GIlcNAc)) [17,18]. We also
synthesized a CT derivative containing a high-mannose type
oligosaccharide using an endo-B- N -acetylglucosaminidase ob-
tained from Arthrobacter protophormiae (Endo-A) [19]. Trans-
glycosylation catalyzed by an endo-glycosidase is one of the
most powerful methods for the construction of glycopeptides,
although a number of glycopeptide syntheses have been re-
ported [20]. Since our report on the transglycosylation to CT,
O’Connor et al. [21] and Ajisaka et al. [22] employed our
method in glycopeptide syntheses.

To prepare a sufficient amount of N-glycosylated CT sam-
ples for the structure-activity study, we determined the condi-
tions for obtaining optimum yields of glycosylated products.
In the first part of this paper, we report on a synthetic method
for preparing N-glycosylated CT derivatives. We examined the
reaction conditions required to increase the yield of the trans-
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glycosylation product by Endo-M, and prepared more than ten
mg of each derivative. We introduced complex-type N-linked
oligosaccharides not only to the Asn residue but also to the GIn
residue, where natural glycosylation never occurs.

In the second part, we examined how glycosylation affected
the tertiary structure, the biological activity and the biodistri-
bution of CT using the various synthesized N-glycosylated CT
derivatives. The systematically synthesized N-glycosylated CT
derivatives permitted the studies of both carbohydrate structure-
dependent and glycosylation site-dependent effects.

Materials and methods

Other than specifically described in the following sections, com-
mercially available materials were used, as received.

Starting materials

GlcNAc-peptides: The N-acetyl-D-glucosaminyl CT deriva-
tives possessing GIcNAc at 3rd, 14th, 20th or 26th residue,
[Asn(GIcNAc)*]-CT  (CT3-GleNAc), [GIn(GleNAc)']-CT
(CT14-GlcNAc), [GIn(GleNAc)*]-CT (CT20-GlcNAc) or
[Asn(GIcNACc)?]-CT (CT26-GlcNAc), respectively, were pre-
pared by and purchased from Peptide Institute Inc. (Osaka,
Japan).

Endo-M: Purified recombinant Endo-M cloned in Candida
boidinii [15,23] was used. The enzyme solution (in 20 mM
phosphate buffer of pH 7.0 containing 0.15 M NaCl) showed
600 mU/ml of hydrolytic activity against a dansyl asialo
biantennary complex-type glycosyl asparagine substrate at
pH 6.0 and 37°C.

Glycosyl donor: As a glycosyl donor of a disialo bianten-
nary complex-type oligosaccharide, a sialyl glyco-hexapeptide
(SGP), H-Lys-Val-Ala-Asn[(NeuAc-Gal-GlcNAc-Man),-
Man-GIlcNAc,]-Lys-Thr-OH, derived from hen egg yolk [24]
was purchased from Taiyo Kagaku Co., Ltd. (Mie, Japan).

General procedure for the transglycosylation of disialo
biantennary complex-type oligosaccharide

The reaction mixture (0.2 to 0.6 ml) consisted of 10 mM
GIcNAc derivative of CT (glycoside acceptor), 100 mM SGP
(glycosyl donor) and 120 mU/ml of Endo-M in 60 mM potas-
sium phosphate buffer of pH 6.25. For the preparation of ten-mg
scale samples, two or three batch reactions were performed. Af-
ter incubation at 37°C for 20 min, the reaction was terminated
by adding an equal volume of a cold aqueous solution of 0.5%
trifluoroacetic acid (TFA), and the reaction mixture was ana-
lyzed by a reverse-phase (RP)-HPLC using a ¢ 4.6 x 250 mm
ODS column (Mightysil RP-18; Kanto Kagaku, Tokyo, Japan).
The column was eluted with a linear increase in acetonitrile
concentration in a 0.1% TFA aqueous solution over 40 min at
a flow rate of 0.8 ml/min. The absorbance of the elution was
monitored at 214 nm. The transglycosylation yield (mol %)
was calculated from the ratio of the peak area corresponding
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to the transglycosylation product to the initial peak area of the
acceptor without consideration of the remaining acceptor. The
calculation was based on the assumption that the molar absorp-
tion coefficient of the transglycosylation product was equal to
that of the glycoside acceptor. The transglycosylation product
was isolated by preparative RP-HPLC (¢ 20 x 250 mm col-
umn), and then freeze dried. The structure of the product was
confirmed by matrix-assisted laser desorption ionization time-
of-flight mass spectrometry (MALDI-TOF MS) in the positive
ion mode using «-cyano-4-hydroxycinnamic acid as a matrix
on a Voyager Biospecrtometry Workstation (PerSeptive Biosys-
tems, Framingham, MA).
[Asn{(NeuAc-Gal-GlcNAc-Man),-Man-GlcNAc, }*]-CT
(CT3-STF): From 33.3 mg of CT3-GlcNAc, 23.6 mg of
CT3-STF was obtained (46%; isolation yield without the
consideration of the recovered acceptor). Transglycosylation
yield: 58%. RP-HPLC: 28.2 min (27.5 to 37.5% acetonitrile).
MALDI-TOF MS: found m/z [M+H]" 5624.5, calcd. for
C230H377N49010852 [M + H]+ 5621.9.
[GIn{(NeuAc-Gal-GlcNAc-Man),-Man-GIcNAc; } '*]-CT
(CT14-STF): From 43.0 mg of CT14-GlcNAc, 24.3 mg
of CT14-STF was obtained (36%). Transglycosylation
yield: 60%. RP-HPLC: 24.9 min (30 to 40% acetonitrile).
MALDI-TOF MS: found m/z [M+H]" 5621.1, calcd. for
C23QH377N490108$2. [M + H]+ 5621.9.
[GIn{(NeuAc-Gal-GlcNAc-Man),-Man-GIcNAc, }*]-CT
(CT20-STF): From 25.5 mg of CT20-GIlcNAc, 15.8 mg
of CT20-STF was obtained (40%). Transglycosylation
yield: 62%. RP-HPLC: 17.3 min (30 to 37.5% acetonitrile).
MALDI-TOF MS: found m/z [M+H]* 5621.0, calcd. for
C230H377N490108S,. M+ H] T 5621.9.
[Asn{(NeuAc-Gal-GlcNAc-Man),-Man-GlcNAc, }?°]-CT
(CT26-STF): From 25.6 mg of CT26-GlcNAc, 19.4 mg
of CT26-STF was obtained (49%). Transglycosylation
yield: 67%. RP-HPLC: 30.9 min (30 to 35% acetonitrile).
MALDI-TOF MS: found m/z [M+H]" 5620.8, calcd. for
C230H378N500107S2 [M +H]* 5620.9.

General procedure for neuraminidase treatment

CT derivatives containing an asialo complex-type oligosaccha-
ride (CT-ASTF) were prepared by treatment of the correspond-
ing CT derivatives containing disialo biantennary complex-type
oligosaccharides (CT-STF) with neuraminidase. The reaction
mixture consisted of 1 mM CT-STF and 0.5 U/ml of Arthrobac-
ter ureafaciens neuraminidase (Nacalai Tesque, Kyoto, Japan)
in 60 mM acetate buffer of pH 5.0, and was incubated at 37°C
for 40 to 90 min. The de-sialylated product was isolated by
RP-HPLC.

[Asn{(Gal-GlcNAc-Man),-Man-GIcNAc, }*]-CT ~ (CT3-
ASTF): From 17.87 mg of CT3-STF, 14.54 mg of CT3-ASTF
was obtained (91%). RP-HPLC: 29.2 min (27.5 to 37.5%
acetonitrile in 0.1% TFA aq. over 40 min). MALDI-TOF MS:
found m/z [M+ H]+ 5037.9, caled. for CypgH343N4709,S,
[M +H]* 5039.4.
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[Gln{(Gal-GlcNAc-Man)z-Man-GlcNAcz}14]-CT (CT14-
ASTF): From 9.00 mg of CT14-STF, 6.79 mg of CT14-ASTF
was obtained (84%). RP-HPLC: 25.1 min (30 to 35% acetoni-
trile in 0.1% TFA aq. over 40 min). MALDI-TOF MS: found
m/z [M + H]* 5039.6, calcd. for Cro8H343N470092S, [M + HIt
5039.4.

[GIn{(Gal-GlcNAc-Man),-Man-GlcNAc, }?°]-CT  (CT20-
ASTF): From 8.48 mg of CT20-STF, 4.80 mg of CT20-ASTF
was obtained (65%). RP-HPLC: 24.5 min (28 to 31% acetoni-
trile in 0.1% TFA aq. over 40 min). MALDI-TOF MS: found
m/z [M + H]+ 5037.6, calcd. for C203H343N4709252 [M + H]+
5039.4.

[Asn{(Gal-GlcNAc-Man),-Man-GlcNAc, }?°]-CT (CT26-
ASTF): From 7.54 mg of CT26-STF, 5.36 mg of CT26-ASTF
was obtained (79%). RP-HPLC: 30.4 min (30 to 35% acetoni-
trile in 0.1% TFA aq. over 40 min). MALDI-TOF MS: found
m/z [M + HPL 50389, calcd. for C203H344N48091 Sz [M + H]jL
5038.4.

[Asn{(GlcNAc-Man),-Man-GlcNAc, }*]-CT (CT3-dGal)

The reaction mixture consisted of 12.77 mg of CT3-ASTF,
10 U/ml of B-galactosidase from jack bean (Seikagaku Co.,
Tokyo, Japan) and 50 mM citrate buffer (pH 3.5) in a total vol-
ume of 500 pl, and was incubated at 37°C for 20 h. 10.99 mg
of CT3-dGal was isolated (92%). RP-HPLC: 22.4 min (30 to
33% acetonitrile in 0.1% TFA aq. over 40 min). MALDI-TOF
MS: found m/z [M + H]+ 47179, calcd for C196H323N4708282
[M+H]t 4715.1.

[Asn(Man3-GlcNAc,)?]-CT (CT3-Core)

The reaction mixture consisted of 9.82 mg of CT3-dGal,
6.5 U/ml of B-N-acetylhexosaminidase from jack bean (Seik-
agaku Co., Tokyo, Japan) and 50mM citrate phosphate buffer
(pH 5.0) in a total volume of 440 ul, and was incubated at
37°C for 2 h. 8.27 mg of CT3-Core was isolated (92%). RP-
HPLC: 24.7 min (30 to 33% acetonitrile in 0.1% TFA aq. over
40 min). MALDI-TOF MS: found m/z [M + H]* 4309.0, calcd.
for C180H297N4507282 for [M + H]+ 4308.7.

[Asn(Man-GlcNAc,)?]-CT (CT3-M;GN>)

The reaction mixture consisted of 7.02 mg of CT3-Core,
13 U/ml of @ 1-2,3,6-mannosidase from jack bean (Calbiochem,
San Diego, CA) and 50mM acetate buffer (pH 4.5) contain-
ing 0.5 mM Zn%* in a total volume of 400 wul, and was in-
cubated at 37°C for 4 h. The two D-mannose residues were
nearly completely (97%) removed, and 5.20 mg of CT3-M;GN,
was isolated (80%). RP-HPLC: 27.7 min (30 to 35% acetoni-
trile in 0.1% TFA aq. over 40 min). MALDI-TOF MS: found
m/z [M + H]+ 39861, calcd for C]68H277N450(,282 [M + H]+
3984.5.
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[Asn(GIcNAC,)*]-CT (CT3-GN>)

The reaction mixture consisted of 3.00 mg of CT3-M;GN»,
3 U/ml of B-mannosidase from snail (Sigma Co., St. Louis,
MO) and 50mM acetate buffer (pH 4.0) in a total volume of
150 w1, and was incubated at 37°C for 4 h. 2.43 mg of CT3-GN,
was isolated (85%). RP-HPLC: 29.9 min (30 to 35% acetoni-
trile in 0.1% TFA aq. over 40 min). MALDI-TOF MS: found
m/z [M + H]+ 3824.0, calcd. for C;6,H67N45057S, [M + H]+
3822.3.

Circular dichroism (CD) measurement

CD spectra of the CT derivatives were obtained with a JASCO
J-720 spectropolarimeter using aqueous solutions of 0, 10, 20,
40 or 60% trifluoroethanol (TFE) as previously reported [6].
The helical content was estimated according to the method of
Chen et al. [25].

Hypocalcemic activity

The hypocalcemic activity of the CT derivatives was measured
by a reported method [26]. A 0.2 ml aliquot of 1.8 (low dose)
or 3.6 (high dose) pmol/ml sample solution was injected into
the tail vein of male Sprague-Dawley rats, 4 to 5 weeks old,
and the blood sample was taken 60 min after the injection. The
serum concentration of calcium was determined with atomic
absorption.

The blank value is the serum calcium concentration of the
untreated animal, and the standard value is that of the animal
injected with elcatonin, a synthetic analogue of eel CT [11]. 10
animals were sacrificed to determine the hypocalcemic activity
at each low dose or high dose point. The standard deviation at
each point was less than 5% in most of the cases as shown as raw
data in a previous paper [6]. As the total result is a composite of
several runs and the raw data is complicated, the low dose and
high dose activity values of each CT derivative were averaged
and are expressed relative (%) to that of CT in this report.

Receptor binding assay

The receptor binding activity of the CT derivatives was mea-
sured with a direct competition assay using mouse osteoclast-
like cells and '*I-labelled elcatonin [27,28] as described pre-
viously [6]. The ICs value was obtained by fitting the raw data
to the theoretical inhibition curve.

As the absolute value depends on the condition of osteoclast-
like cells and the total result is a composite of three runs, we
express the relative binding activity (%) of CT derivatives to
that of CT in this report. The ICsy value and the corresponding
95% confidence limit in nM are as follows. Run 1: CT, 1.80
(1.17-2.78); CT3-GlcNAc, 2.10 (1.65-2.68); CT3-STF, 28.9
(15.8-53.1); CT3-ASTE, 8.69 (6.68-11.3); CT3-dGal, 4.63
(3.60-5.97); CT3-Core, 3.33 (2.84-3.92); CT3-M;GN,, 3.42
(2.58-4.53); CT3-GNjy, 2.33 (1.86-2.91); CT14-GIcNAc, 3.12
(2.23-4.36); CT14-STF, 65.9 (27.0-161); CT14-ASTF, 11.1
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(6.29-19.5); CT20-GlcNAc, 1.74 (1.18-2.57); CT20-STF,
3.89 (3.18-4.76); CT20-ASTF, 2.72 (1.97-3.77). Run 2: CT,
0.948 (0.866-1.04); [Asn?®]-CT, 0.506 (0.437-0.587); CT26-
GIcNAc, 0.444 (0.211-0.936). Run 3: CT, 2.03 (1.92-2.15);
CT26-STF, 3.08 (2.32-4.08); CT26-ASTF, 1.89 (1.61-2.22).

Biodistribution

The biodistribution of the CT derivatives was determined using
male ddY mice injected with '?°I-labelled samples as described
previously [6]. The radioactivity in blood samples and organs of
interest was measured, and tissue accumulation was calculated
as a differential absorption ratio (DAR).

DAR = 100 x (body weight x sample count)/(tissue weight

X injected count).

Results
Synthesis of N-glycosylated CT derivatives

The N-glycosylated CT derivatives prepared in this study are
listed in Table 1.

Although glycosyl asparagine prepared from human trans-
ferrin was used as a glycosyl donor of a complex-type
oligosaccharide in our previous study [18], we employed SGP
prepared from hen egg yolk [24], H-Lys-Val-Ala-Asn[(NeuAc-
Gal-GlcNAc-Man),-Man-GlcNAc,]-Lys-Thr-OH, as a glyco-
syl donor of the disialo biantennary complex-type oligosaccha-
ride in this study. In addition, recombinant Endo-M [15,23] was
employed in this study instead of the native enzyme prepared
from M. hiemalis.

Using CT3-GIcNAc as a glycoside acceptor, we examined
the transglycosylation reaction from SGP to an acceptor. The
reaction mixture consisted of 10 mM of CT3-GlcNAc, 25 to
100 mM SGP and 120 mU/ml of Endo-M in 60 mM potassium
phosphate buffer of pH 6.25. After a 20 min incubation at 37°C,
the reaction mixture was analyzed by RP-HPLC. Figure 1 shows
the effect of glycosyl donor concentration on the transglycosy-
lation reaction. Transglycosylation from SGP to CT3-GlcNAc
proceeded efficiently (Figure 1a). The use of an excess of the
SGP glycosyl donor promoted the reaction in a dose depen-
dent manner. The transglycosylation yield exceeded 50% at
SGP concentrations of 75 to 100 mM. The transglycosylation
of CT26-GlcNAc also proceeded with a similar efficiency, and
the HPLC yield exceeded 60%, as shown in Figure 1b.

For the introduction of the N-linked oligosaccharide at either
GIn14 or GIn20 of CT, the corresponding GlcNAc bearing pep-
tide was prepared using N-acetyl-D-glucosaminyl-L-glutamine
(GIn(GIcNAc)) as a building block [29], in which the reducing
end of the GlcNAc residue was bound to the N atom of the
side chain amide of Gln residue in a S-anomeric configuration,
similar to Asn(GlcNAc). When CT14-GIlcNAc was used as a
glycoside acceptor, the transglycosylation to GIn(GIcNAc) [30]
proceeded as efficiently as that to Asn(GIlcNAc) (Figure 1c).
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Table 1. List of N-glycosylated CT derivatives prepared
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Name Glycosylation site Structure of oligosaccharide

CT (none)

CT3-GIcNAc Asn3 GIcNAc

CT3-STF Asn3 (NeuAc-Gal-GIcNAc-Man),-Man-GlcNAc,
CT3-ASTF Asn3 (Gal-GlcNAc-Man),-Man-GlcNAc,
CT3-dGal Asn3 (GlcNAc-Man),-Man-GlcNAc,

CT3-Core Asn3 Man;-GlcNACc,

CT3-M;GN, Asn3 Man-GlcNAc,

CT3-GN, Asn3 GlIcNAc,

CT14-GIcNAc GIn14 GIcNAc

CT14-STF GIn14 (NeuAc-Gal-GlcNAc-Man),-Man-GIcNAc,
CT14-ASTF GIn14 (Gal-GlcNAc-Man),-Man-GlcNAc,
CT20-GIcNAc GIn20 GIcNAc

CT20-STF GIn20 (NeuAc-Gal-GlcNAc-Man),-Man-GIcNAc,
CT20-ASTF GIn20 (Gal-GlcNAc-Man),-Man-GlcNAc,
[Asn®]-CT (none)

CT26-GIcNAc Asn26 GIcNAc

CT26-STF Asn26 (NeuAc-Gal-GIcNAc-Man),-Man-GlcNAc,
CT26-ASTF Asn26 (Gal-GlcNAc-Man),-Man-GlcNAc,

*Amino acid sequence of eel calcitonin: CysSerAsn®LeuSerThrCysValLeuGlyLysLeuSerGIn'*GluLeuHisLysLeuGIn?°ThrTyrProArgTheAsp?®Val-

GlyAlaGlyThrPro-NH,.
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Figure 1. Effect of glycosyl donor concentration on the trans-
glycosylation of CT-GIcNAc derivatives catalyzed by Endo-M.
The reaction mixture consisted of 10 mM CT-GIcNAc derivative,
25 to 125 mM SGP, 120 mU/ml of Endo-M and 60 mM potas-
sium phosphate buffer (pH 6.25), and was incubated at 37°C
for 20 min. Acceptors are CT3-GIcNAc (e), CT26-GIcNAC (a),
CT14-GlcNAc (m) and CT20-GIcNACc (¢).

The transglycosylation to CT20-GlcNAc also proceeded quite
efficiently, although the SGP dose-dependency of the transgly-
cosylation to CT20-GIcNAc was somewhat different from that
of the other derivatives (Figure 1d).

The CT derivatives possessing asialo complex-type oligosac-
charides, CT3-ASTF, CT14-ASTF, CT20-ASTF and CT26-
ASTF, were prepared in good yield by treatment of CT3-STF,
CT14-STF, CT20-STF and CT26-STF, respectively, with neu-
raminidase.

CT derivatives containing various lengths of oligosaccha-
rides attached to Asn3 were prepared from CT3-STF by the
step-wise cleavage of the non-reducing terminal glycoside moi-
eties using several exo-glycosidases. f-Galactosidase treatment
of CT3-ASTF gave CT3-dGal. B-N-Acetylhexosaminidase
treatment of CT3-dGal gave CT3-Core. The «l-2,3,6-
mannosidase treatment of CT3-Core gave CT3-M;GN,. The
B-mannosidase treatment of CT3-M;GN; gave CT3-GN,. All
the trimming reactions were quite efficient.

Effect of N-linked oligosaccharide on the three-dimensional
structure

All of the N-glycosylated CT derivatives synthesized in this
study showed CD spectra that were quite similar to that of
CT, irrespective of the site of attachment or the structure of the
oligosaccharide. The structural stability of these CT derivatives
was also examined by increasing the temperature used in the
CD measurements. Although the helical content in an aqueous
solution of 40% TFE decreased proportional to the temperature
increase, no remarkable difference in the slope was observed
for CT or any of the glycosylated derivatives (data not shown).

We observed a small reduction in the helical content for
CT20-STF and CT20-ASTFE, although almost no change in
the helical content of CT20-GIcNAc was detected. Since the
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Table 2. Hypocalcemic activity and receptor binding activity of
N-glycosylated eel calcitonin derivatives

N-glycosylated Hypocalcemic Receptor binding
CT derivatives activity (%) activity (%)
CT 100 100
CT3-GlcNAc 114 86
CT3-STF 97 6
CT3-ASTF 101 21
CT3-dGal 116 39
CT3-Core 125 54
CT3-M;GN, 144 53
CT3-GN, 130 78
CT14-GIcNAc 110 58
CT14-STF 91 3
CT14-ASTF 115 16
CT20-GIcNAc 157 86
CT20-STF 170 46
CT20-ASTF 169 66
[Asn26]-CT 104 187
CT26-GlcNAc 111 214
CT26-STF 186 66
CT26-ASTF 175 107

*Hypocalcemic activity and receptor binding activity are expressed as
the relative value to that of CT. Standard deviation of hypocalcemic activ-
ity and 95% confidence limit of receptor binding activity are summarized
in Materials and methods.

change was small and the carbohydrate moiety might have af-
fected the determination of concentration by the HPLC peak
area at 210 nm, this structural change cannot be considered to
be conclusive. Studies of the structures of these glycopeptides
by NMR are currently underway.

Effect of N-linked oligosaccharide on hypocalcemic activity

The hypocalcemic activity of CT derivatives in which the
Asn or Gln residues were N-glycosylated was not substan-
tially different from that of CT, as shown in the relative ac-
tivity values to that of CT in Table 2 (second column). When
the Asn3 residue was N-glycosylated with disialo or asialo
complex-type oligosaccharides, the activity remained essen-
tially unchanged. The N-glycosylated CT derivatives at the
GInl4 residue showed an activity similar to that of CT. N-
glycosylation of the GIn20 residue with GlcNAc or disialo and
asialo complex-type oligosaccharides resulted in an enhanced
activity. Neither the replacement of Asp26 to Asn26 nor Glc-
NAc attachment at this position affected the activity to any
extent. N-glycosylation of the Asn26 residue with disialo or
asialo complex-type oligosaccharides, however, significantly
enhanced the hypocalcemic activity. Thus, N-glycosylated CT
exhibited different effects depending on the site of attachment
and the type of oligosaccharide attached. It is noteworthy that
a stronger activity enhancement was observed for 20th and
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26th position than for 3rd and 14th position, indicating that the
change in activity is not dependent on the amino acid residue.

Effect of N-linked oligosaccharide on receptor binding activity

The receptor binding activity of the CT derivatives was mea-
sured using a direct competition assay using mouse osteoclast-
like cells and '?I-labelled elcatonin, a synthetic analogue of eel
CT having CT receptor (CT-R) binding activity and hypocal-
cemic activity comparable to eel CT [11]. From the ICs( values
for the competition of CT or the glycosylated CT derivatives
with 2I-elcatonin binding to CT-R on the osteoclast-like cells,
the binding activity of the N-glycosylated CT derivatives rela-
tive to that of CT was calculated, and these data are shown in
Table 2 (third column). A general trend for the larger oligosac-
charide to have a smaller binding activity was found. Among
these, CT3-STF and CT14-STF had a dramatically decreased
binding activity of less than one tenth that of CT. [Asn?*]-CT
and CT26-GlcNAc showed the highest binding activity of about
twice the activity of CT.

Effect of N-linked oligosaccharide on biodistribution

Using radioisotope-labelled CT derivatives, in which the Tyr22
residue was labelled with '2°1, their distribution was studied in
mice. The distribution of CT3-STF, CT3-ASTF, [Asn?®]-CT,
CT26-STF and CT26-ASTF in the blood, bone, liver and kid-
ney is shown in Figure 2. All the samples followed similar time
course in the blood concentration, but CT3-ASTF showed high-
est concentration and CT26-ASTF did the lowest. Although the
error bars were large in the bone concentration, [Asn®*]-CT
showed relatively high accumulation among them. The sialo
CT derivatives accumulated to a greater extent in the kidney
and less in the liver, and asialo CT derivatives accumulated to a
lesser extent in the kidney and more in the liver. Although the
same oligosaccharide structure had the same preference with
respect to organs, the relative concentration and profile differed
depending on the glycosylation site.

Discussion

To study the site-dependent effect of N-glycosylation, we chose
Asp26, GInl4 and GIn20 as glycosylation sites in addition to
Asn3 based on the structural and chemical similarity with Asn.
Because the amino acid sequences around those three residues
do not have any resemblance to the consensus sequence of
N-glycosylation and a GIn residue differs from Asn by only
one methylene group, one of the important issues in this study
was whether the introduction of an N-linked oligosaccharide
by Endo-M into those amino acid residues of CT was possible.

As disclosed in the Results section, a combination of arecom-
binant Endo-M and a large excess of glycosyl donor in the form
of SGP gave good transglycosylation yields, reaching 60% or
more. The transglycosylation of GIn(GIlcNAc) proceeded with
a efficiency similar to that of Asn(GlcNAc). Although a slight
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positional effect was observed in the case of CT20-GlcNAc,
the most important requirement of the transglycosylation reac-
tion with Endo-M was shown to be the presence of a GIcNAc
residue.

All the N-glycosylated CT derivatives synthesized in this
study showed CD spectra that were quite similar to that of
CT, indicating that the three-dimensional structure of the pep-
tide backbone is not affected by N-glycosylation, irrespective
of the carbohydrate structure or the glycosylation site. Also, all
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the N-glycosylated CT derivatives with complex-type oligosac-
charides retained hypocalcemic activity, and the effect of N-
glycosylation was shown rather mild. However, among the mild
changes, the effect appeared to be dependent on both the gly-
cosylation site and the carbohydrate structure. The change in
hypocalcemic activity as the result of N-glycosylation at Asn3
or GIn14 was smaller than at GIn20 or Asp26. This result clearly
shows that the effect of N-glycosylation is position-dependent
and not amino acid-dependent.

200+
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Figure 2. Biodistribution of N-glycosylated CT derivatives in the blood, bone, liver and kidney studied by injecting radioisotope-
labeled compounds into mice. The biosistribution of CT3-STF(0) and CT3-ASTF (o) in blood (a), bone (b), liver (c) and kidney (d),
and [Asn26]-CT (e), CT26-STF (0O0) and CT26-ASTF (o) in blood (e), bone (f), liver (g) and kidney (h) is shown.

(Continued on next page.)
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Figure 2. (Continued).

It has been reported that the hypocalcemic activity of CT
derivatives is primarily correlated with their receptor binding
activity [6,9]. The introduction of complex-type oligosaccha-
rides into any Asn, Asp or Gln site of CT led to a decrease in
the receptor binding activity. There is a general trend that larger
oligosaccharides have smaller binding activities, as clearly
demonstrated in the truncation series of oligosaccharides at
Asn3. The addition of GlcNAc had the smallest effect on bind-
ing activity. The introduction of GlcNAc to Asn26 greatly in-
creased binding activity. Because the replacement of Asp26
with Asn enhanced CT-R binding activity, the effect of Glc-
NAc attachment at this site might reflect this amino acid substi-
tution effect. The N-glycosylated CT derivatives at GIn20 and
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Asn26 showed relatively high CT-R binding activities, which
may explain the high hypocalcemic activity of these deriva-
tives. However, the binding data alone do not fully explain the
hypocalcemic activity. The ICsy value of CT3-STF decreased
to less than one tenth that of CT, even though it had a hypocal-
cemic activity similar to CT. The introduction of complex-type
oligosaccharide to the GInl4 residue showed a similar con-
tradiction between hypocalcemic activity and CT-R binding
activity.

For a better understanding of the discrepancy between
the hypocalcemic activity and the receptor binding activ-
ity, the biodistribution of CT derivatives in living organisms
was studied. Because we employed different animals, rats
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for hypocalcemic and mice for biodistribution experiments,
we could not obtain quantitatively consistent results. The
following discussion, however, can qualitatively explain the
discrepancy.

Reflecting its high receptor binding activity, the concentra-
tion of [Asn?*]-CT was kept high in the bone where CT-R is
abundantly expressed. From the biodistribution in the liver and
kidney, it was shown that the STF derivatives escaped from the
liver and ASTF derivatives escaped from the kidney. The asialo-
glycoprotein receptor (ASGP-R) in liver is a well-known galac-
tose receptor [31], and it is reasonable that CT-ASTF would
accumulate in the liver, resulting in lower levels in the kidney.
On the contrary, CT-STF escapes liver accumulation and hence
accumulates in relative abundance in the kidney which controls
electrolyte balance.

The decrease in receptor binding activity of CT-STF may
be compensated by this biodistribution, and may explain the
fact that the hypocalcemic activity of CT-STF is not drasti-
cally decreased, or even enhanced in the case of CT20-STF and
CT26-STF. This mechanism for activity enhancement is anal-
ogous to the effect of GIcNAc attachment in that glycosylation
reduces the liver trap, but the effect seems to be much greater
in the case of STF attachment.

However, the biodistribution study poses another paradox.
Why does CT-ASTF exhibit a high hypocalcemic activity in
spite of its accumulation in the liver? To answer this paradox, the
fate of the CT derivative after liver accumulation must be con-
sidered. Without glycosylation, CT enters the excretion path-
way common to hydrophobic peptides [32]. With glycosyla-
tion, CT-ASTF is trapped by ASGP-R, but the ASGP-R related
pathway permits the release and recirculation of the trapped
glycopeptide [33,34]. Because the recirculation pathway pre-
vents a part of the liver metabolism, CT-ASTF is able to retain
the hypocalcemic activity level of CT. This effect is reflected
in the relatively high blood concentration of CT3-ASTF. The
difference between CT3-ASTF and CT26-ASTF in the liver
accumulation may correspond to their relative concentration in
the blood.

Thus, carbohydrates show quite different functions depend-
ing on their structure, even though the apparent hypocalcemic
activities are similar. The STF carbohydrate induces more hin-
drance in receptor binding than ASTF. Although reduced recep-
tor binding generally results in reduced hypocalcemic activity,
CT-STF and CT-ASTF retain their hypocalcemic activities due
at least in part to their altered biodistribution, even though their
organ preferences are quite different.

In conclusion, the use of an excess of a SGP glycosyl donor
and a recombinant Endo-M gave a good yield in the transgly-
cosylation of a complex-type oligosaccharide from a glycosyl
donor to the GlcNAc residue of CT derivatives irrespective of
the glycosylation site and whether the residue was Asn or Gln.
The synthesized compounds revealed the structural and the po-
sitional effects of N-glycosylation. Although the change was
milder than the effect of O-glycosylation, both the carbohy-
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drate structure and the position of glycosylation affected the
biological activities of CT without any significant change in
three-dimensional structure.
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