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Abstract—Naturally occurring glycopeptides and glycoproteins usually contain more than one glycosylation site, and the structure
of the carbohydrate attached is often different from site to site. Therefore, synthetic methods for preparing peptides and proteins
that are glycosylated at multiple sites, possibly with different carbohydrate structures, are needed. Here, we report a chemo-enzy-
matic approach for accomplishing this. Complex-type oligosaccharides were introduced to the calcitonin derivatives that contained
two N-acetyl-D-glucosamine (GlcNAc) residues at different sites by treatment with Mucor hiemalis endo-B-N-acetylglucosaminidase.
Using this enzymatic transglycosylation reaction, three glycopeptides were produced, a calcitonin derivative with the same complex-
type carbohydrate at two sites, and two calcitonin derivatives each with one complex-type carbohydrate and one GlcNAc. Starting
from the derivatives with one complex-type carbohydrate and one GIcNAc, a high-mannose-type oligosaccharide was success-
fully transferred to the remaining GIcNAc using another endo-B-N-acetylglucosaminidase from Arthrobacter protophormiae.
Thus, we were able to obtain glycopeptides containing not only two complex-type carbohydrates, but also both complex and
high-mannose-type oligosaccharides in a single molecule. Using the resultant glycosylated calcitonin derivatives, the effects of
di-N-glycosylation on the structure and the activity of calcitonin were studied. The effect appeared to be predictable from the results
of mono-N-glycosylated calcitonin derivatives.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction typically contain more than one glycosylation site. The

carbohydrate structure of each glycosylation site can

Many proteins and peptides of higher living organisms
are post-translationally modified by glycosylation.
Naturally occurring glycoproteins and glycopeptides
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be different from one site to another, and is usually
heterogeneous. Carbohydrate side chains are known to
affect the three-dimensional structure, stability or bio-
logical activity of glycoproteins,' and multiple glycosyl-
ation may enhance such effects in a cooperative manner,
which is often referred to as a cluster effect.’

We previously developed a chemo-enzymatic synthetic
method for preparing glycopeptides,® which involves the
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chemical synthesis of a peptide possessing an N-acetyl-D-
glucosamine (GIcNAc) residue®® and the subsequent
enzymatic transglycosylation of a naturally occurring
oligosaccharide to the GIcNAc moiety via catalysis by
an endo-p-N-acetylglucosaminidase.® endo-p-N-Acetyl-
glucosaminidase is an enzyme that hydrolyzes the glyco-
syl bond between the reducing terminal two GIcNAc
residues of an N-linked oligosaccharide of a glycoprotein
or glycopeptide, leaving only the reducing terminal Glc-
NAc residue attached to the amide nitrogen of an Asn
residue. Some endo-B-N-acetylglucosaminidases, how-
ever, also exhibit transglycosylation activity®’ under cer-
tain conditions, and can be used to transfer an N-linked
oligosaccharide en masse to an GIcNAc moiety. Thus,
the transglycosylation reaction catalyzed by endo-glyco-
sidase is one of the most powerful methods for the syn-
thesis of glycopeptides.>® Using a chemo-enzymatic
approach, we were able to introduce an N-linked oligo-
saccharide not only onto an Asn residue of bioactive
peptides,'®!! but also onto a Gln residue, to which the
biological addition of an oligosaccharide is impossible,
only if a peptide possessing N-acetyl-p-glucosaminyl-L-
asparagine (Asn(GIlcNAc)) or N-acetyl-p-glucosaminyl-
L-glutamine (GIn(GIcNAc)), respectively, were to be
placed in the sequence.

We employed two endo-B-N-acetylglucosaminidases
in the transglycosylation reactions: one from Mucor
hiemalis (Endo-M)'*'* and the other from Arthrobacter
protophormiae (Endo-A).” Endo-M hydrolyzes various
types of N-linked oligosaccharides, but transglycosyl-
ates complex-type ones most efficiently. Endo-A, on
the other hand, specifically hydrolyzes and transglycosyl-
ates high-mannose-type oligosaccharides.

The transglycosylation reaction enabled us to study
the effect of glycosylation on the three-dimensional
structure and biological activity of peptides. In our
most recent experiments, eel calcitonin was used as a
model peptide. Calcitonin is a hormone that regulates
calcium metabolism, and is composed of 32 amino
acids. Calcitonin and its synthetic derivatives are cur-
rently utilized as therapeutic agents in the treatment
of hypercalcemia, Paget’s disease and osteoporosis.'
Although its third Asn residue is a potential N-glycosyl-
ation site, with the amino acid sequence Asn-Leu-Ser,
calcitonin is not glycosylated in its major natural form.
We introduced various oligosaccharide structures to
several sites on calcitonin by a chemo-enzymatic
method. In addition to Asn3, we introduced an N-
linked oligosaccharide of either the complex-type or
the high-mannose-type to GInl4, GIn20 and Asp26.
In the case of Asp26, the residue was replaced with
Asn. We successfully completed the chemo-enzymatic
synthesis of N-glycosylated calcitonin derivatives pos-
sessing a single N-linked oligosaccharide onto either
Asn3, Glnl4, GIn20 or Asp26.” 120 To gain a general
perspective, we are currently compiling a structure—

activity study of glycosylated calcitonin,>' including
data for O-glycosylated derivatives.?>*

We report here the chemo-enzymatic synthesis of di-
N-glycosylated calcitonin derivatives that contain two
oligosaccharides at two of the possible N-glycosylation
sites selected among Asn3, GInl4, GIn20 and Asp26.
The success of the efficient transglycosylation of two
N-glycosylation sites permits us to investigate the effect
of multiple glycosylation on the structure and activity of
a bioactive peptide using structurally defined and chem-
ically pure samples. Syntheses of glycopeptides that
contain two different oligosaccharides on a single pep-
tide have been achieved by a fully synthetic method,**
a semi-synthetic method” and a chemo-enzymatic
method using glycosyltransferases,?® but, to the best of
our knowledge, this may be the first example of the
chemo-enzymatic introduction of two different oligo-
saccharides by transglycosylation reactions of endo-
glycosidases.

2. Experimental
2.1. Materials

Unless specifically described in the following sec-
tions, commercially available materials were used as
received.

[Asn(GleNAc)***J-calcitonin (CT(3-GIcNAc, 26-Glc-
NAc)), [GIn(GleNAc),>  Asn(GlcNAc)**}-calcitonin
(CT(20-GlcNAc, 26-GleNAc)) and [Gln(GIcNAc)'*2%}-
calcitonin (CT(14-GIcNAc, 20-GlcNAc)) were prepared
by and purchased from Peptide Institute Inc. (Osaka,
Japan).

Purified recombinant Endo-M cloned in Candida
boidinii>*’ and purified recombinant Endo-A cloned
in Escherichia coli*® were used for the transglycosyl-
ation reactions. The Endo-M enzyme solution (in
20 mM phosphate buffer at pH 7.0 containing 0.15 M
NaCl) employed in this study showed 600 mU/mL of
hydrolytic activity against dansyl-Asn[(Gal-GIcNAc-
Man),-Man-GIcNAc,]-OH at pH 6.0 and 37 °C. The
Endo-A enzyme solution (in 10 mM phosphate buffer
of pH 7.0) showed 8.5 U/mL of hydrolytic activity
against dansyl-Asn(Mang-GIcNAc,)-OH at pH 6.0
and 37 °C.

As a glycosyl donor for a disialo biantennary complex-
type (STF: (NeuSAc-Gal-GIcNAc-Man),-Man-GlcNAc,)
oligosaccharide, a sialyl glyco-hexapeptide (SGP), H-
Lys-Val-Ala-Asn[(Neu5Ac-Gal-GlcNAc-Man),-Man-
GIcNAc,}-Lys-Thr-OH, derived from hen egg yolk?
was purchased from Taiyo Kagaku Co. (Mie, Japan).
As a glycosyl donor for a high-mannose-type (M6:
Mang-GlcNAc,) oligosaccharide, asparagine having a
M6 oligosaccharide, M6-Asn, was prepared from
ovalbumin.*
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2.2. Transglycosylation reaction of STF to CT(3-Glc-
NAc, 26-GlcNAc) with Endo-M

Three batch reactions were performed using 31.7 mg
(8.22 pumol) of CT(3-GlcNAc, 26-GlcNAc). The mixture
(0.12-0.3 mL) consisted of 10 mM CT(3-GlcNAc, 26-
GlcNAc), 150 mM SGP and 120 mU/mL Endo-M in
60 mM potassium phosphate buffer (pH 6.25) was incu-
bated at 37 °C for 30-45 min, and the reaction was ter-
minated by the addition of an equal volume of a cold
aqueous solution of 0.5% trifluoroacetic acid (TFA).
The products were analyzed by reverse phase high per-
formance liquid chromatography (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 gradient of acetonitrile concentration from
27.5% to 37.5% in an aqueous solution of 0.1% TFA
over 40 min at a flow rate of 0.8 mL/min. The elution
was monitored by measuring the absorbance at
214 nm. The transglycosylation yield (%) was calculated
from the ratio of the peak area of the transglycosylation
product against the initial peak area of the acceptor
without consideration of the amount of the remaining
acceptor. Three peaks, corresponding to transglycosyl-
ation products, were detected at 23.1 min (CT(3-STF, 26-
STF)), 26.5 min (CT(3-STF, 26-GlcNAc)) and 30.2 min
(CT(3-GlcNAc, 26-STF)), and the remaining acceptor
at 34.0 min by RP-HPLC. The average transglycosyla-
tion yields for CT(3-STF, 26-STF), CT(3-STF, 26-Glc-
NAc) and CT(3-GIcNAc, 26-STF) were 38.1%, 20.6%
and 23.7%, respectively, and 17.6% of unreacted accep-
tor remained. The transglycosylation products were iso-
lated by preparative RP-HPLC using (20 x 250 mm
ODS column (Mightysil RP-18; Kanto Kagaku, Tokyo,

Japan) with a linear gradient condition (from 28% to
38% acetonitrile in an aqueous solution of 0.1% TFA
over 40 min at a flow rate of 12 mL/min). The purified
products were freeze-dried to give 15.23 mg (1.95 pmol,
23.7%) of CT(3-STF, 26-STF), 7.61 mg (1.31 pmol,
15.9%) of CT(3-STF, 26-GlcNAc) and 7.01 mg
(1.20 umol, 14.6%) of CT(3-GlcNAc, 26-STF). The
structure of the products was confirmed by MALDI-
TOF-MS in a negative ion mode using o-cyano-4-hydr-
oxy-cinnamic acid as a matrix on a Voyager Biospectro-
metry Workstation (PerSeptive Biosystems, Framingham,
USA). CT(3-STF, 26-STF): found m/z 7824.4, caled for
C314H514N560168S> ([M—H]") 7824.9. CT(3-STF, 26-
GIcNAc): found m/z 5821.5, caled for Cy3gHzgr-
N510115S; ((M—H]") 5822.1. CT(3-GlcNAc, 26-STF):
found WI/Z 58216, caled for C238H391N510112S2
(IM—HT]") 5822.1.

To identify the transglycosylation sites, the products
were partially hydrolyzed using lysyl endo-peptidase
(Lys-C; Sigma, Co., St. Louis, USA). A mixture
(80 pL) of 40 nmol of the product or the starting mate-
rial (final concentration: 0.5 mM) and Lys-C (2.5 U/mL)
in pH 7.7 Tris—HCI buffer solution (25 mM) containing
EDTA (1 mM) was incubated at 37 °C for 6 h, and the
reaction was terminated by the addition of an equal
volume of a cold aqueous solution of 0.5% TFA. The
reaction mixture was analyzed by RP-HPLC using
4.6 x 250 mm ODS column (10-50% acetonitrile in
an aqueous solution of 0.1% TFA over 40 min,
0.8 mL/min). Three peaks were observed for each glyco-
peptide. The peptide fragments were isolated, and ana-
lyzed by MALDI-TOF-MS. The retention time and
the m/z values of each fragment are summarized in
Table 1. From these data, the structure of the products

Table 1. Partial hydrolysis of transglycosylation products of CT(3-GlcNAc, 26-GlcNAc) by Lys-C, and RP-HPLC and MALDI-TOFMS analyses

of the resulting fragments

Compound Full length Fragment Fragment Fragment
1-32 1-11 12-18 19-32
CT(3-GlcNAc, 26-GlcNAc) HPLC (min) 36.0 25.1 10.1 17.4
mlz Found 3822.5 1326.5 855.1 1677.3
mlz Caled 3821.3 1326.1 855.0 1677.9
Ion form [M+H]" [M+HT" [M+HT" [M+HT"
CT(3-STF, 26-STF) HPLC (min) 32.8 23.5 10.0 15.5
mlz Found 7824.4 3328.1 855.3 3675.2
mlz Caled 7824.9 3327.3 855.0 3678.7
Ion form M—H]” [M—H]” [M+HT" [M—H]”
CT(3-STF, 26-GlcNAc) HPLC (min) 33.5 233 10.4 17.1
mlz Found 5821.5 3326.1 855.1 1677.9
mlz Caled 5822.1 3327.3 855.0 1677.9
Ton form M—H]” M—H]” [M+HT" [M+HT"
CT(3-GlcNAc, 26-STF) HPLC (min) 34.2 24.9 10.5 15.5
mlz Found 5821.6 1326.2 855.1 3682.4
mlz Caled 5822.1 1326.1 855.0 3680.7
Ton form [M—H]~ [M+HT" [M+HT" [M+HT"

HPLC condition: 4.6 x 250 mm; 10-50% CH3CN in 0.1% TFA aq over 40 min; 0.8 mL/min.
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Table 2. Partial hydrolysis of transglycosylation products of CT(20-GlcNAc, 26-GlcNAc) by Arg-C, and RP-HPLC and MALDI-TOFMS analyses

of the resulting fragments

Compound Full length Fragment
1-32 1-24 25-32
CT(20-GlcNAc, 26-GlcNAc) HPLC (min) 41.9 432 16.6
m/z Found 3819.4 2919.5 917.3
mlz Caled 3819.3 2919.4 919.0
Ion form [M—H]~ [M—H]~ [M-+HT
CT(20-STF, 26-STF) HPLC (min) 38.9 41.1 13.4
milz Found 7824.1 4923.5 2922.4
mifz Caled 7824.9 4922.2 2921.8
Ton form [M—H]" [M—H]" [M+H]"
CT(20-STF, 26-GIcNAc) HPLC (min) 40.0 41.2 16.3
m/z Found 5821.7 4925.5 919.1
mlz Caled 5822.1 49242 919.0
Ton form [M—H]~ [M+HT" [M+HT"
CT(20-GIcNAc, 26-STF) HPLC (min) 40.7 43.1 13.4
mlz Found 5822.9 2919.6 2920.4
mifz Caled 5822.1 2919.4 2921.8
Ion form [M—H]~ [M—H]~ [M+H]*

HPLC condition: 4.6 x 250 mm; 5-50% CH3CN in 0.1% TFA aq over 45 min; 0.8 mL/min.

were finally confirmed as CT(3-STF, 26-STF), CT(3-
STF, 26-GIcNAc) and CT(3-GlcNAc, 26-STF).

2.3. Transglycosylation reaction of STF to CT(20-
GlcNAc, 26-GlcNAc) with Endo-M

Using 12.93 mg (3.39 umol) of CT(20-GlcNAc, 26-Glc-
NAc) (10 mM) as an acceptor, the transglycosylation
reaction was performed in two batches in the same man-
ner as was used for CT(3-GlcNAc, 26-GIcNAc). The
reaction was performed for 30 or 45 min. Three peaks,
corresponding to the transglycosylation products, were
detected at 21.4 min (CT(20-STF, 26-STF)), 25.5 min
(CT(20-STF, 26-GlcNAc)) and 28.1 min (CT(20-Glc-
NAc, 26-STF)), and the remaining acceptor at
32.4 min by RP-HPLC. The transglycosylation yields
for CT(20-STF, 26-STF), CT(20-STF, 26-GlcNAc)
and CT(20-GlcNAc, 26-STF) were 47.6%, 19.7%
and 22.7%, respectively, and 10.0% of the acceptor
remained. By preparative HPLC, 7.60 mg (0.971 pmol,
28.6%) of CT(20-STF, 26-STF), 2.69 mg (0.462 pumol,
13.6%) of CT(20-STF, 26-GlcNAc) and 3.23 mg
(0.555 pmol, 16.4%) of CT(20-GlcNAc, 26-STF) were
isolated. The products were identified by MALDI-
TOF-MS. CT(20-STF, 26-STF): found m/z 7824.1,
calcd for C314H514N560168S2 ([M—H]i) 7824.9. CT(20-
STF, 26-GIcNAc): found m/z 5821.7, caled for
C238H391N51011282 ([M—H]i) 5822.1. CT(20-GICNAC,
26-STF) found m/z 58229, calcd for C238H391N5101 1282
(IM—HJ") 5822.1.

The transglycosylation sites were identified by partial
hydrolysis using arginyl endo-peptidase (Arg-C; Sigma,
Co., St. Louis, USA). A mixture (20 pL) of 20 nmol of
glycopeptides (1.0 mM) and Arg-C (50 U/mL) in

pH 8.0 potassium phosphate buffer solution (50 mM)
was incubated at 32 °C for 30 h, and the reaction was
terminated by the addition of an equal volume of a cold
aqueous solution of 0.5% TFA. The reaction mixture
was analyzed by RP-HPLC (5-50% acetonitrile in an
aqueous solution of 0.1% TFA over 45 min, 0.8 mL/
min). Two peaks were observed for each glycopeptide.
From the HPLC retention time and the m/z value of
each fragment, as summarized in Table 2, the structures
of the products were confirmed to be CT(20-STF, 26-
STF), CT(20-STF, 26-GIlcNAc) and CT(20-GlcNAc,
26-STF).

2.4. Transglycosylation reaction of STF to CT(14-
GlcNAc, 20-GleNAc) with Endo-M

Using 4.90 mg (1.20 pmol) of CT(14-GIlcNAc, 20-Gle-
NAc) (10 mM) as an acceptor, the transglycosylation
reaction was performed for 45 min in the same manner
as was used for CT(3-GlcNAc, 26-GlcNAc). Three
peaks, corresponding to the transglycosylation prod-
ucts, were detected at 25.1 min (CT(14-STF, 20-STF)),
29.1 min (CT(14-GlcNAc, 20-STF)) and 31.6 min
(CT(14-STF, 20-GlcNAc)), and the remaining unreacted
acceptor at 35.5 min by RP-HPLC. The transglycosyl-
ation yields for CT(14-STF, 20-STF), CT(14-GlcNAc,
20-STF) and CT(14-STF, 20-GlcNAc) were 32.7%,
29.5% and 21.0%, respectively, and 16.8% of the accep-
tor remained. By preparative HPLC, 247 mg
(0.316 umol, 26.3%) of CT(14-STF, 20-STF), 1.83 mg
(0.314 umol, 26.2%) of CT(14-GlcNAc, 20-STF) and
1.27mg (0.218 umol, 18.2%) of CT(14-STF, 20-Glc-
NAc) were isolated. The products were identified by
MALDI-TOF-MS. CT(14-STF, 20-STF): found m/z
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Table 3. Partial hydrolysis of transglycosylation products of CT(14-GlcNAc, 20-GlcNAc) by Lys-C, and RP-HPLC and MALDI-TOFMS analyses

of the resulting fragments

Compound Full length Fragment Fragment Fragment
1-32 1-11 12-18 19-32
CT(14-GleNAc, 20-GleNAc) HPLC (min) 37.6 27.3 10.3 18.9
mlz Found 3821.4 1122.9 1057.6 1676.5
milz Caled 3822.4 1123.3 1058.2 1678.9
Ton form [M+H]" [M+HT" [M-+HT" [M+HT"
CT(14-STF, 20-STF) HPLC (min) 34.8 27.6 6.9 17.4
mlz Found 7831.6 1124.7 3059.4 3680.1
mifz Caled 7827.9 11233 3061.0 3681.6
Ton form [M+HT" [M+HT" [M+HT" [M+HT"
CT(14-STF, 20-GlcNAc) HPLC (min) 36.3 27.1 6.4 18.6
mlz Found 5827.8 1122.7 3061.4 1677.9
milz Caled 5825.1 1123.3 3061.0 1678.9
Ton form [M+H]" [M+HT" [M+HT" [M+H]"
CT(14-GlcNAc, 20-STF) HPLC (min) 35.8 27.2 11.1 17.1
mlz Found 5826.8 1122.1 1058.1 3682.9
milz Caled 5825.1 1123.3 1058.2 3681.6
Ton form [M+HT" [M+HT" [M+HT" [M+HT"

HPLC condition: 4.6 x 250 mm; 10-50% CH;CN in 0.1% TFA aq over 40 min; 0.8 mL/min.

78316, caled for C314H513N55016()Sz ([M+H]+) 7827.9.
CT(14-STF, 20-GlIcNAc): found m/z 5827.8, caled for
C238H390N50011382 ([M+H]+) 5825.1. CT(14-GICNAC,
20-STF): found m/z 5826.8, calcd for C,3gH3z99Ns0-
0113S> ((M+HT") 5825.1.

The transglycosylation sites of the products were iden-
tified by partial hydrolysis using Lys-C. Using 20 nmol
of the glycopeptides, the samples were digested with
Lys-C (incubated for 8 h) and RP-HPLC analyses were
performed in a similar manner as the glycosylation site
analysis of the products from CT(3-GIlcNAc, CT26-Glc-
NAc). Three peaks were observed for each glycopeptide.
From the retention time and the m/z value of each frag-
ment, as summarized in Table 3, the structures of the
products were confirmed to be CT(14-STF, 20-STF),
CT(14-STF, 20-GlcNAc) and CT(14-GlcNAc, 20-STF).

2.5. Transglycosylation reaction of M6 to CT(3-STF, 26-
GlcNAc) with Endo-A

A mixture (21 pL) of 1.23mg (0.211 pmol) of CT(3-
STF, 26-GlcNAc) (10 mM), 1.51 mg (1.0 pmol) of M6-
Asn (48 mM), and Endo-A (250 mU/mL) in pH 6.0
ammonium acetate buffer (25 mM) containing 30%
dimethysulfoxide was incubated at 37 °C for 30 min,
and the reaction was terminated by the addition of an
equal volume of a cold aqueous solution of 0.5%
TFA. The reaction mixture was analyzed by RP-HPLC
using the same elution conditions as were used in the
analysis of the Endo-M transglycosylation. A peak, cor-
responding to the transglycosylation product, was de-
tected at 229 min, and the remaining unreacted
acceptor at 25.9 min by RP-HPLC. The transglycosyla-
tion yield was 47.8%. By preparative HPLC, 0.21 mg

(0.030 umol, 14%) of CT(3-STF, 26-M6) was isolated,
and identified by MALDI-TOF-MS: found m/z
69988, calcd for C282H464N520147S2 ([M—H]i) 6998.2.

2.6. Transglycosylation reaction of M6 to CT(3-GIcNAc,
26-STF) with Endo-A

Using 1.11 mg (0.191 pmol) of CT(3-GlcNAc, 26-STF),
the transglycosylation using Endo-A was performed in
the same manner as stated above. A peak, correspond-
ing to the transglycosylation product, was detected at
22.4 min, and the remaining unreacted acceptor at
28.9 min by RP-HPLC. The transglycosylation yield
was 40.5%. By preparative HPLC, 0.20 mg (0.029 pmol,
15%) of CT(3-M6, 26-STF) was isolated, and identified
by MALDI-TOF-MS: found m/z 6999.2, calcd for
Cas2Hu64N520147S2 ((M—H]") 6998.2.

2.7. Neuraminidase treatment of CT(3-STF, 26-STF)

5.32 mg (0.68 pmol) of CT(3-STF, 26-STF) (4.9 mM)
was treated with 1 U/mL of Arthrobacter ureafaciens
neuramidase (Nacalai Tesque, Kyoto, Japan) in
60 mM acetate buffer of pH 5.0 at 37 °C for 60 min,
and 2.90 mg (0.44 pmol, 64%) of desialylated product
was isolated by preparative HPLC. The product was
identified as CT(3-ASTF, 26-ASTF) (ASTF stands for
asialo-STF) by MALDI-TOF-MS: found m/z 6657.9,
calcd for C270H446N520136S2 ([M—H]i) 6659.9.

2.8. Neuraminidase treatment of CT(20-STF, 26-STF)

1.77 mg (0.23 pmol) of CT(20-STF, 26-STF) (4.6 mM)
was treated in the same manner as CT (3-STF,
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26-STF), and 1.30 mg (0.20 umol, 85%) of desialylated
product was isolated by preparative HPLC. The product
was identified as CT(20-ASTF, 26-ASTF) by MALDI-
TOF-MS: found WI/Z 66596, calcd for C270H446N52-
01365, ((M—H]") 6659.9.

2.9. Circular dichroism (CD) measurement

CD spectra of the calcitonin derivatives were obtained
with a JASCO J-720 spectropolarimeter using aqueous
solutions of 0%, 10%, 20%, 40% or 60% trifluoroethanol
as previously reported.'®

2.10. Hypocalcemic activity

The hypocalcemic activity of the calcitonin derivatives
was measured by a method®' using male rats, as previ-
ously described.'® Although the data were obtained at
two different concentrations, each with 10 animals, the
activity values of each of the calcitonin derivatives were
averaged and the values are expressed relative to that of
calcitonin.

2.11. Receptor binding assay

The receptor binding activity of the calcitonin deriva-
tives was measured with a direct competition assay>>*?
using mouse osteoclast-like cells and '*I-labeled elcato-
nin, as previously described.'®

3. Results and discussion
3.1. Transglycosylation of STF with Endo-M

The amino acid sequence of eel calcitonin and the four
artificial N-glycosylation sites are shown in Figure 1.
Two of the four sites were replaced with the amino acid
bearing an GIcNAc residue, and the transglycosylation
reaction with Endo-M was carried out. As an example,
the RP-HPLC profile of the transglycosylation from
SGP to CT(3-GlcNAc, 26-GlcNAc) for a reaction time

v v
H-Cys-Ser-Asn-Leu-Ser-Thr-Cys-Val-Leu-Gly-Lys-Leu-Ser-GIn-Glu-Leu-

1 5 10 15
T

v v
His-Lys-Leu-GIn-Thr-Tyr-Pro-Arg-Thr-Asp-Val-Gly-Ala-Gly-Thr-Pro-NH,

ZL} 20 ? 25 30 32

Figure 1. The amino acid sequence of eel calcitonin. Cysl and Cys7
form a disulfide bond. Triangles indicate the artificial N-glycosylation
sites employed in this study, white arrows indicate partial hydrolysis
sites of Lys-C, and a black arrow that of Arg-C.

of 30 min is shown in Figure 2. Three new product
peaks, corresponding to CT(3-STF, 26-STF), CT(3-STF,
26-GIcNAc) and CT(3-GlcNAc, 26-STF), appeared
earlier than the remaining acceptor, CT(3-GlcNAc,
26-GlcNAc). The product that eluted first is predicted
to be CT(3-STF, 26-STF), Because the transglycosy-
lation of two STFs must make the resulting glycopep-
tide more hydrophilic. From the MALDI-TOF-MS
data, a double STF product and single STF products
can also be clearly discriminated. For the two single
STF products, however, it is impossible to determine
simply by MALDI-TOF-MS which GIcNAc residue
had been transglycosylated. Therefore, we analyzed the
transglycosylation site of each product by partial
hydrolysis of the glycopeptides with Lys-C or Arg-C.
The choice of endo-peptidase was determined based on
the glycosylation sites. As shown in Figure 1, Arg-C
was the choice for CT(20-STF, 26-GlcNAc) and
CT(20-GlcNAc, 26-STF), because Arg24 is located
between GIn20 and Asp26. Similarly, Lys-C was the choice
for CT(14-STF, 20-GlcNAc) and CT(14-GlcNAc,
20-STF), because Lysl8 is between GInl4 and GIn20.
The RP-HPLC retention time of the (glyco)peptide
fragments and the corresponding MALDI-TOF-MS
data for the transglycosylation products of CT(3-Glc-
NAc, 26-GlcNAc), CT(20-GlcNAc, 26-GIcNAc) and
CT(14-GlcNAc, 20-GlcNAc) are summarized in Tables

CT(3-STF, 26-STF)

CT(3-STF, 26-GIcNAc)

* CT(3-GlcNAc, 26-STF)

CT(3-GlcNAc, 26-GIcNAc)

v

Absorbance at 214 nm
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e
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Figure 2. RP-HPLC profile of the Endo-M transglycosylation reac-
tion. The transglycosylation to CT(3-GIcNAc, 26-GlcNAc) at the
reaction time of 30 min detected by the absorbance at 214 nm. The
experimental details are described in Section 2.
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1-3, respectively. These transglycosylation sites were
unambiguously determined from the results.

A time course for the transglycosylation reaction of
CT(3-GlcNAc, 26-GlcNAc) is shown in Figure 3. Peaks
corresponding to CT(3-STF, 26-GlcNAc) and CT(3-
GIcNAc, 26-STF) appeared first, then the CT(3-STF,
26-STF) peak increased, eventually becoming the major
product, and the remaining acceptor continued to
decrease. The transglycosylation yield was based on the
starting CT(3-GlcNAc, 26-GlcNAc), and 15-fold excess
of SGP was used as a donor. The total transglycosyl-
ation yield of the Asn3 site, the sum of CT(3-STF, 26-
STF) and CT(3-STF, 26-GlcNAc) yields, and that of
the Asp26 site, the sum of CT(3-STF, 26-STF) and
CT(3-GlcNAc, 26-STF) yields, increased monotonously
with incubation time, reaching 65% (44% + 21%) and
68% (44% + 24%), respectively. These yields and the
reaction rates were quite similar to those of the transgly-
cosylation reaction of STF to CT with mono-GlcNAc at
Asn3 (58%) or Asp26 (67%),"? indicating that the trans-
glycosylation to each site occurred independently and
did not interfere with each other.

STF oligosaccharides were transglycosylated to
CT(20-GlcNAc, 26-GlcNAc) as efficiently as CT(3-Glc-
NAc, 26-GlcNAc), producing CT(20-STF, 26-STF),
CT(20-STF, 26-GIcNAc) and CT(20-GlcNAc, 26-STF)
in transglycosylation yields of 48%, 20% and 23%,
respectively. A time course is shown in Figure 4.

Using CT(14-GlcNAc, 20-GIcNAc), the transglycosyl-
ation of STF oligosaccharides by Endo-M was also
performed in a similar manner, giving the products
CT(14-STF, 20-STF), CT(14-GlcNAc, 20-STF) and
CT(14-STF, 20-GlcNAc) in transglycosylation yields
of 33%, 30% and 21%, respectively. A time course is
shown in Figure 5. The transglycosylation yield of
CT(14-STF, 20-STF) was slightly lower, and that of
CT(14-GlcNAc, 20-STF) was slightly higher compared
with the other Endo-M reactions.
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Figure 3. Time course for the Endo-M transglycosylation to CT(3-
GIcNAc, 26-GleNAc). HPLC yields of CT(3-STF, 26-STF) (@),
CT(3-STF, 26-GlcNAc) (M), CT(3-GlcNAc, 26-STF) (#), and CT(3-
GlcNAc, 26-GIcNAc) (A).
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Figure 4. Time course for the Endo-M transglycosylation to CT(20-
GlcNAc, 26-GlcNAc). HPLC yields of CT(20-STF, 26-STF) (@),
CT(20-STF, 26-GlcNAc) (M), CT(20-GlcNAc, 26-STF) (#), and
CT(20-GlcNAc, 26-GIcNAc) (A).
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Figure 5. Time course for the Endo-M transglycosylation to CT(14-
GIcNAc, 20-GleNAc). HPLC yields of CT(14-STF, 20-STF) (@),
CT(14-GlcNAc, 20-STF) (M), CT(14-STF, 26-GIcNAc) (#), and
CT(3-GlcNAc, 26-GIcNAc) (A).

We had anticipated difficulties in the simultaneous
transglycosylation of two sites, because the initially
introduced oligosaccharide moiety of one site could
interfere with the transglycosylation of the other site,
and because the introduced oligosaccharide of one site
may be hydrolyzed back to GIcNAc by Endo-M during
the transglycosylation of the other site. The first possi-
bility may not be the case, because all of the transglyco-
sylation reactions proceeded quite satisfactorily and the
apparent total transglycosylation yield at each site was
comparable to that of the corresponding CT derivative
with mono-GIcNAc. The second possibility may actu-
ally occur at a microscopic level, as enzymatic transgly-
cosylation is a reversible reaction, but practically and
macroscopically, the balance between the transglycosyl-
ation and the hydrolysis did not pose a problem. The
slightly different outcome in the case of CT(14-GlcNAc,
20-GIlcNAc) may reflect a site-dependent difference in
this subtle balance.



188 K. Haneda et al. | Carbohydrate Research 341 (2006) 181-190

In a preliminary small-scale experiment, we also
examined the Endo-A transglycosylation of M6 to
CT(3-GlcNAc, 26-GIcNAc). MALDI-TOF-MS analysis
indicated the efficient production of glycosylated calcito-
nin derivatives containing M6 oligosaccharides, CT(3-
M6, 26-M6), CT(3-M6, 26-GlcNAc) and CT(3-GlcNAc,
26-M6).

Enzymatic modification of oligosaccharide structures
is a useful technique to introduce diversity into glyco-
forms. We previously demonstrated that transglycos-
ylated oligosaccharide structures could be truncated
into various structures by enzymatic digestion using
mono-N-glycosylated calcitonin derivatives.'®'” To
show that the same procedure was applicable to the
di-N-glycosylated derivatives, the removal of non-reduc-
ing terminal NeuSAc residues by 4. wureafaciens neur-
aminidase was carried out for CT(3-STF, 26-STF) and
CT(20-STF, 26-STF) as a typical example. All of the
Neu5Ac residues were removed within 60 min in good
yields, giving CT(3-ASTF, 26-ASTF) and CT(20-ASTF,
26-ASTF), respectively.

3.2. Transglycosylation of M6 to CT(3-STF, 26-GlcNAc)
and CT(3-GlcNAc, 26-STF) using Endo-A

We were fortunate that the transglycosylation reaction
with Endo-M gave, not only di-STF calcitonin, but also
products in which one GIcNAc site was transglycosyl-
ated with STF with the other GIcNAc remaining intact.
Using CT(3-STF, 26-GlcNAc) and CT(3-GlcNAc, 26-
STF) as representative acceptors, the transglycosylation

sOmO_
somc’ ;

SNLSTCVLGKLSQELHKLQTYPRTNVGAGTP-NH,

Endo-M /

CT(3-STF, 26-GIcNAc)

*OEO Q
. _On o on
Endo-A *OEO T OO F

Endo-M

of M6 oligosaccharide to the remaining GIcNAc moiety
was performed using Endo-A. Endo-A transglycosy-
lated a high-mannose-type oligosaccharide to the Glec-
NAc residue of the acceptor CT(3-STF, 26-GlcNAc)
or CT(3-GlcNAc, 26-STF) without hydrolyzing the
STF oligosaccharide, producing CT(3-STF, 26-M6) or
CT(3-M6, 26-STF), respectively. The site of attachment
of STF and that of M6 were identified by Lys-C partial
hydrolysis and MALDI-TOF-S analysis of the resulting
(glyco)peptide fragments in the same manner as for the
parent compounds.

Thus, we were able to obtain synthetic glycopeptides,
which contain both complex biantenary and high-man-
nose-type oligosaccharides, two of the representative
carbohydrate structures of N-glycans, in a single mole-
cule. This methodology may be extended to the synthe-
sis of peptides glycosylated at three or more sites with
two or more carbohydrate structures. Although it may
be difficult to control the ratio of each glycosylated
derivative, the methodology would be useful in con-
structing glycopeptide libraries, because a few short
steps are required to prepare the final products. The
methodology also represents a practical approach to
the synthesis of a single target glycopeptide, as undesir-
able glycosylation products can be recycled by digesting
the unintended oligosaccharides with endo-glycosidases.

The order of the transglycosylation reactions is
important, as Endo-M and Endo-A recognize the same
GIcNAc structure as the glycosylation tag. As summa-
rized in Scheme 1, we were able to obtain a glycopeptide
with different oligosaccharides by employing Endo-M

Q
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Scheme 1. Chemo-enzymatic procedure for preparing calcitonin derivatives that are N-glycosylated at two sites.
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and Endo-A in this order. Because Endo-M hydrolyzes
not only STF but also M6, the transglycosylated M6
may be hydrolyzed by Endo-M, if the M6 oligosaccha-
ride is introduced first by Endo-A.

3.3. Effect of di-N-glycosylation on the structure and
biological activity of calcitonin

Calcitonin assumes a random coil in aqueous solution
and forms an a-helical structure in a hydrophobic envi-
ronment.'>!'7 As evidenced by CD studies, di-N-glyco-
sylation had almost no effect on the a-helical structure
irrespective of the glycosylation sites or the carbohy-
drate structures present (data not shown). This result
is consistent with data obtained from studies on a series
of mono-N-glycosylation of calcitonin at Asn3, Glnl4,
GIn20 and Asp26, in that mono-N-glycosylation at
any site did not change the conformation of the peptide
backbone, although the possibility remains that glyco-
sylation with large oligosaccharides at GIn20 may affect
the helical structure of calcitonin."’

The hypocalcemic activity and receptor binding activ-
ity of the di-N-glycosylated calcitonin derivatives are
summarized in Table 4. The hypocalcemic activity is
known to be correlated with receptor binding activity.'”
We previously reported that the attachment of GIcNAc
to calcitonin did not hinder the binding to calcitonin
receptor,”’ and that the change in the biodistribution
caused by the GIcNAc attachment actually enhanced
its hypocalcemic activities.'® The introduction of larger
oligosaccharides, such as STF and M6, at a single site
generally reduced the receptor binding activity, although
the magnitude differed from site to site and was depen-
dent on the carbohydrate structure.'®!® The addition
of STF to Asn3, however, had no effect on the hypocal-
cemic activity, and the addition of STF to Asp26 even en-
hanced the activity, mainly because of the altered
biodistribution.'® Introduction of a hydrophilic and neg-
atively charged STF oligosaccharide to calcitonin signif-
icantly reduced the accumulation in the liver,'® which is a
main metabolic organ of hydrophobic peptides.*

Table 4. Hypocalcemic and receptor-binding activities of glycosylated
calcitonin derivatives

Compound Hypocalcemic Receptor-binding
activity® activity®

Calcitonin 1.00 2.18
[Asn**]-Calcitonin 1.04 1.39
CT(3-GlcNAc, 26-GIcNAc)  1.79 1.11

CT(3-STF, 26-STF) 0.53 2.72 % 10
CT(3-STF, 26-GlcNAc) 0.99 1.25% 10?
CT(3-GlcNAc, 26-STF) 1.34 1.55% 10
CT(3-STF, 26-M6) 0.40 1.52x 107
CT(3-M6, 26-STF) 0.41 4.32x10

#Hypocalcemic activity is expressed as the relative value to that of
calcitonin.
b Receptor-binding activity is expressed as ICs (nM).

From these observations gained from the mono-N-
glycosylated calcitonin derivatives, the biological activi-
ties of the di-N-glycosylated calcitonin derivatives which
contain both STF and GlcNAc, CT(3-STF, 26-GlcNAc)
and CT(3-GlcNAc, 26-STF), are predictable. They re-
duced their receptor binding activity, but retained or en-
hanced their hypocalcemic activity. The introduction of
two large oligosaccharides, CT(3-STF, 26-STF), CT(3-
STF, 26-M6) and CT(3-M6, 26-STF), further reduced
the receptor binding activity. It seems that even changes
in biodistribution, if any, did not compensate for the
loss in the receptor binding, and their hypocalcemic
activities became very low.

In summary, we report here the efficient synthesis of
peptides N-glycosylated at two sites not only with the
same carbohydrate structures but also with both com-
plex-type and high-mannose-type carbohydrates in a
single molecule using a short-step chemo-enzymatic pro-
cedure. Our method opens a practical route to study the
effect of multiple glycosylation by structurally defined
and chemically pure samples.
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