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Abstract: We describe a novel chemoenzymatic synthesis of eel calcitonin (eCT) glycopeptide analogues having
natural N-linked oligosaccharides, such as a disialo biantennary complex-type [(NeuAc-Gal-GIcNAg-Man)
Man-GIcNAg)], an asialo complex-type [(Gal-GIcNAc-Man)Man-GIcNAg], and a high-mannose type [Man
GIcNACc;] as model compounds for glycoprotein synthesis. First, a glycoprotein cont&iraicgtylglucosamine
(GIcNAc) was prepared by a chemical synthesis. Next, natural oligosaccharides were added to the prepared
glycopeptide containing GIcNAc by a transglycosylation reaction using gAdecetylglucosaminidase (endo-
B-GlcNAc-ase) fromMucor hiemalis

Introduction unit of the N-glycopeptide, using the new simple method that

Glycoproteins play an important role in biological processes, We described previousfyThe second was the preparation of
such as cell recognition, cell adhesion, immunogenic recognition, the glycopeptide moiety containing the GIlcNAc using the
and so on. Moreover, the oligosaccharide moieties of the dimethylphosphinothioic mixed anhydride (Mpt-MA) methibd.
glycoprotein contribute to the solubility and thermal stability N @ conventional glycopeptide SyntheSIS, sugar hydrqul
of proteins and to protection against proteolysTa study these = functions were deprotected at the final stage by sodium
roles of oligosaccharide moieties, proteins without the sugar Methoxide, TMSOTf/TFA, hydrogenolysis, and so oHow-
chain of the original glycoprotein have been prepared by an €Ver, sev_eral S|d¢.react|ons h_ave been repo_rted under these
enzymatic method usinty-glycanase. Recently, recombinant deprotection condition®® To av0|q the deprotgctlon step of the
proteins whose Asn residues containing oligosaccharides wereSugar hydroxyl group, we described the solid-phase syntheses
replaced with other amino acids, such as Ala and GIn, have ©f glycopeptides containing GIcNAc by the Mpt-MA method,
been prepared by genetic engineering. However, the artificial N Which no protection of the sugar hydroxyl function was
addition of oligosaccharides to the Asn residue in a protein necessary’ The Mpt-MAs of amino acid derivatives have no
having no sugar chains by genetic engineering is impossible. Féactivity with the hydroxyl function but have high reactivity
We then tried a chemoenzymatic method to transfer the sugarWith the amino functiorf. The third was a synthesis of the
chain to anN-acetylglucosaminyl peptide, as a new strategy polypeptide chain using the thioester segment condensation

. . . . . 9—-11 i i ini i
for glycopeptide synthes’.Eel calcitonin is a calcium- method? 1! The thioester method is a minimum protection
regulating hormone that con5|§,ts of 32 amino acid res@ues and 3) (a) Mizuno, M- Muramoto, I.- Kobayashi, K.. Yaginuma, H. Inazu,
has a consensus sequence of “Asn-Leu-SerNfgfycosylation 1 synthesisin press. (b) Inazu, T.; Kobayashi, Bynlett1993 869-870.
but no sugar chains. The Asn residue at the position 3 exists in  (4) Inazu, T.; Mizuno, M.; Maegami, T.; Haneda, Reptide Chemistry
a ring structure formed by a disulfide bridge between two 199‘?1K£iltzda, C., Ed.; Protein Research Foundation: Osaka, Japan, 1997
cysteln_e_ r_eS|due_s_at posmo_ns 1 anq 7. In this paper, we describé® (5) (a) Paulsen, H.; Schleyer, A.; Mathieux, N.: Meldal, M.; BockJK.
the artificial addition of N-linked oligosaccharides to the Asn chem. Soc., Perkin Trans. 1997 281-293. (b) Teshima, T.; Nakajima,
residue of eel calcitonin by a chemoenzymatic method. We alsoK.; Takahashi, M.; Shiba, TTetrahedron Lett1992 33, 363-366. (c)
studied the influence of the oligosaccharide attached to the Asng‘gk?;f{f%giﬂa‘;agﬁga' S ato, v Ogawa, Tﬁlt;akgﬁg:gn\l(‘?tggf\z;a -
resi(_jue_on the structure and on the biological activity of the eel angew. Chem., int. Ed. Englo97, 36, 1464-1466. (e) Seitz, O.; Kunz,
calcitonin. H. J. Org. Chem1997, 62, 813-826.

Our strategy in this study consisted of four steps. The first __(6) Sjdin, P.; Elofsson, M. Kihlberg, JJ. Org. Chem1996 61, 560~
step was the synthesis of glycosylasparagine, which is the core (%) The use of unprotected sugar hydroxyl group in glycopeptide synthesis
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Scheme 1. Synthesis of Glycosylasparagie
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Scheme 2. Synthesis of Glycopeptide Thioester Segmént
Using the Mpt-MA Method
Boc-Gly-S-CH,CH,CO-Nle-MBHA-resin
3
ABI 430A Peptide Synthesizer
System Software Ver. 1.40 NMP/ HOBt -Boc
End Capping by Ac,0
Blzl Blzl Acl:m
H-Leu-Ser-Thr-Cys-Val-Leu-Gly-S-CH,CH,CO-Nle-MBHA-resin
4 . .
1) Boc-Asn(GlcNAc)-O-P(S)Me, 0 10 20 30 40
2) Boc-Ser(Bzl)-O-P(S)Me, Retention time/min
3) Fmoc-Cys(Acm)-O-P(S)Me, X . . . i
Figure 1. HPLC elution profile of crude glycopeptide thioester segment
Acm Bzl GIcNAc Bzl Bzl Acm 6: HPLC elution conditions; column: Cosmosil &8R (10 x 250
Fmoc-Cys-Ser-Asn-Leu-Ser-Thr-Cys-Val-Leu-Gly-S-CH,CH,CO-Nle-MBHA-resin mm); linear increase of acetonitrile concentration from 30 to 70% in
5 0.1% aqueous trifluoroacetic acid over 40 min at a flow rate of 2.5
12% from3 | 2 Rppre mL min~*.
Acm  GlcNAc Acm - Q. _ _ ; i
i ] i prepared Boc-Gly-S-CHCH,CO-Nle-MBHA resin @). This

Fmoc-Cys-Ser-Asn-Leu-Ser-Thr-Cys-Val-Leu-Gly-S-CH,CH,CO-Nie-NH . R .
Y 6 e 2 resin was used for the synthesis #fcorresponding to the

sequence of eCT(410). Next, the Asn(GIcNAc) residue was
method that requires only protection of side-chain amino groups coupled by the Mpt-MA method using Boc-Asn(GIcCNAc)-OH.
and is very useful for protein synthesis. The last step was the Successively, the corresponding Mpt-MAs of Boc-Ser(Bzl)-OH
transglycosylation reaction using enfléslcNAc-ase from  and Fmoc-Cys(Acm)-OH were introduced one by one. The
Mucor hiemalis(Endo-M)12 Most of the endgs-GlcNAc-ases ~ coupling of an Asn(GIcNAc) and coupling to an Asn(GIcNAc)
can act only on high-mannose and hybrid-type oligosaccha- residue require a lot of care because the reactivity of the Asn-
rides!3 Endo-M has transglycosylation activity not only on high-  (GICNAc) residue is not very hig.So we repeated the coupling
mannose and hybrid-type oligosaccharides but also on complex-reactions of Asn(GIcNAc), Ser(Bzl), and Cys(Acm) residues

type oligosaccharides. with the Kaiser test, which is a color test for the detection of
free terminal amino group$.The glycopeptide thioester resin
Results and Discussion 5 was treated with anhydrous HF containing 10% anisole to

cleave the glycopeptide from the resin and remove the side-
chain protecting groups. The glycopeptide thioediewas
obtained in 12% yield by reversed-phase HPLC (RP-HPLC)
(Figure 1). During the synthesis 6ffrom 3, no significant side
reactions were observed.

Synthesis of C-Terminal Peptide SegmentThe other
peptide segment [Lys(Bot)!§-eCT(11-32) (9) was prepared
by a Boc-solid-phase method as shown in Scheme 3. A protected
peptide resiry corresponding to the sequence of eCTHB2)
was synthesized by starting from the MBHA resin. The peptide
resin was treated with HF containing 7.5% anisole and 7.5%
1,4-butanedithiol to cleave the peptide from the resin and remove
the side-chain protecting groups. The peptide segrBemas
obtained in 34% vyield by RP-HPLC. For the thioester segment
condensation, Boc groups were introduced to block the side-

Synthesis of N-Terminal GIcNAc-peptide Thioester Seg-
ment (6) by Mpt-MA Method. Boc-Asn(GIcNAc)-OH R)
which is a key compound in glycopeptide synthesis was prepared
as shown in Scheme 1. Boc-Asn(GIcNAc(OBEPBzI (1) was
synthesized using Boc-Asp-OBz| and 2-acetamido-3,4,6Hri-
benzyl-2-deoxy3-p-glucopyranosyl azide in the presence of tri-
n-butylphosphiné.Reduction ofl via catalytic hydrogenation
gave? in quantitative yield. The N-terminal GIcNAc-peptide
thioester segment, Fmoc-[Cys(AcATAsn(GIcNAcY]-eCT(1—
10)-S-CHCH,CO-Nle-NH, (6), was prepared as shown in
Scheme 2. First, the protected heptapepfideas prepared by
a Boc solid-phase method using Boc amino acid derivatives
and N,N-dicyclohexylcarbodiimide (DCC)1-hydroxybenzo-
triazole (HOBt). By starting from an MBHA resin, we manually

(10) Hojo, H.; Aimoto, SBull. Chem. Soc. Jpr(a) 1991, 64, 111; (b) chain amino groups of the peptide segm@by treatment with
1992 65,3055. ) N-(tert-butoxycarbonyloxy)succinimide (Boc-OSu) in the pres-
(11) Kawakami, T.; Kogure, S. and Aimoto, Bull. Chem. Soc. Jpn
1996 61, 3331. (14) Inazu, T.; Mizuno, M.; Kohda, Y.; Kobayashi, K.; Yagimuma, H.

(12) (a) Haneda, K.; Inazu, T.; Yamamoto, K.; Nakahara, Y.; Kobata, Peptide Chemistry 1993Nishi, N., Ed.; Protein Research Foundation:
A. Carbohydr. Res1996 292 61. (b) Yamamoto, K.; Fujimori, K.; Haneda, Osaka, Japan, 1996; pp 664.

K.; Mizuno, M.; Inazu, T.; Kumagai, HCarbohydr. Res1998 305, 415— (15) Kaiser, E.; Colescott, R. L.; Bossinger, C. D.; Cook, PAnal.
422. Biochem 197Q 34, 595-598.
(13) (a)Trimble, R. B.; Atkinson, P. H.; Tarentino, A. L.; Plummer, T. (16) Hashimoto, H.; Toma, K.; Nishikido, J.; Yamamoto, K.; Haneda,

H.; Malley, F.; Tomer, K. BJ. Biol. Chem1986 261, 12000-12005. (b) K.; Inazu, T.; Valentine, K. G.; Opella, S. J. In preparation.

Takegawa, K.; Tabuvhi, T.; Yamaguchi, S.; Kondo, A.; Kato, I.; Iwahara, (17) Suzuki, H.; Nakamura, I.; Takahashi, N.; Ikuhara, T.; Matsuzaki,
S.J. Biol. Chem1995 270, 3094-3099. (c) Wang, L. X.; Tang, M.; Suzuki, K.; Isogai, Y.; Hori, M.; Suda, TEndocrinology1996 137, 4685-4690.

T.; Kitajima, K.; Inoue, Y.; Inoue, S.; Fan, J. Q.; Lee, Y.Z.Am. Chem. (18) Morikawa, T.; Munekata, E.; Sakakibara, S.; Noda, T.; Otani, M.
Soc.1997 119 1113711146. Experiential976 32, 1104-1106.
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Scheme 3. Synthesis of Peptide Segmedt
MBHA-resin
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7

1) 7.5% Anisole + 7.5% 1,4-butanedithiol/ HF
2) RP-HPLC

Fmoc-Lys-Leu-Ser-Gln-Glu-Leu-His-Lys-Leu-GIn-Thr-Tyr-Pro-Arg-Thr-Asp-Val-Gly-Ala-Gly-Thr-Pro-NH,
8
1) Boc-OSu, DIEA/ DMSO

2) 5% Piperidine/ DMSO
3) RP-HPLC

Boc Boc
H-Lys-Leu-Ser-Gln-Glu-Leu-His-L'ys-Leu-GIn-Thr-Tyr-Pro-Arg-Thr-Asp-VaI-GIy-AIa-GIy-Thr-Pro-NHz
9

Scheme 4. Thioester Method for the Synthesis D@
6 + 9

1) AgNO;,, DIEA, HOOBt

55% | 3) RP-HPLC
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Fmoc-Cys-Ser-Asn-Leu-Ser-Thr-dys-VaI-Leu-GIy-Lys-Ser-Gln-GIu-Leu-His-Lys-Leu-GIn-Thr-Tyr-Pro-Arg-
Thr-Asp-Val-Gly-Ala-Gly-Thr-Pro-NH,

10

ence of PLNEt (DIEA)! and an N-terminal 9-fluorenylmethyl-  than that of the remainind2 was observed. The fraction
oxycarbonyl (Fmoc) group was removed by treatment with 5% corresponding to the new peak of the reaction mixture was
piperidine in dimethyl sulfoxide (DMSO). After RP-HPLC isolated by HPLC, freeze-dried, and subjected to ESI mass
purification, the partially protected C-terminal peptide segment spectrometry. A triply charged mass ion [iM3H]3" with m/z
9 was obtained in 19% yield, based on the amino group in the 1874.4 was detected (Figure 4). The molecular mass of 5620.2
starting resin. Da calculated from this value was in accord with the theoretical
Glycopolypeptide Synthesis Using Thioester Fragment  Vvalue of [Asq (NeuAc-Gal-GlcNAc-Man}-Man-(GIcNAc)} 3]-
Condensation.The N-terminal glycopeptide thioester segment €CT, GadHz770108N40S, (5620.9 Da). After treatment of the
6 and the partially protected C-terminal peptide segrleméere isolated product with sialidase, the molecular ion fMH]*
added to a mixture of AgN§) 3-hydroxy-3,4-dihydro-4-oxo- measured by a MALDI-TOF mass spectrometer shifted to
1,2,3-benzotriazine (HOObt), and DIEA in DMSO (Scheme 4). 5041.6 Da corresponding to the theoretical value of [A&al-
The reaction mixture was stirred overnight at room temperature. GIcNAc-Man)-Man-(GIcNAc)} ?]-eCT (5038.4 Da). On the
Dithiothreitol (DTT) was added to the reaction mixture to basis of these data, the product was identified as the eCT
terminate the coupling reaction. The RP-HPLC profile of the analogue having disialo biantennary complex-type oligosaccha-
reaction mixture is shown in Figure 2. Partially protected
glycopeptidel0 was obtained in 55% yield after purification
by RP-HPLC, followed by freeze-drying. The Boc groupl®f
was removed by treating with TFA containing 5% 1,4-
butanedithiol, and the Fmoc group was removed by treating with
5% piperidine in DMSO. After RP-HPLC puirification, precursor
11 was obtained in 83% yield. The precursbt was treated
with AgNOz; and DIEA in aqueous DMSO, followed by 1 M
HCI-DMSO at room temperature to remove the Acm groups
and form a disulfide bond (Scheme 8)After RP-HPLC
purification of the reaction mixture, [Asn(GIcNAG)eCT (12)
was obtained in 6% overall yield based on the amount of the W

10

Azzo(nm)

amino group in the starting resin. The characterizatiod f
was performed by MALDI-TOF MS and amino acid analysis.

Enzymatic Transfer of Natural N-Linked Oligosaccha-
rides. The reaction mixture for transglycosylation was composed
of glycosylasparagine having a disialo complex-type oligosac-
charide from human transferrin as a glycoside dofg@ras an ]
acceptor, and Endo-M in the phosphate buffer, pH 6.25 (Scheme . .
6).12 The reaction mixture after incubation at 3Z for 6 h was 0 w20 30 40
analyzed by HPLC using an ODS column as shown in Figure Retention time/min

3. A single new peak13—15) with an earlier retention time Figure 2. HPLC elution profile of the reaction mixture of the thioester
method: HPLC elution conditions; column: Cosmosil BAR (10 x

(19) Haneda, K. Inazu, T.. Mizuno, M.; Iguchi, R.; Yamamoto, K.; 290 mm); linear increase of acetonitrile concentration from 30 to 70%
Kumagai, H.; Aimoto, S.; Suzuki, H.; Noda, Bioorg. Med. Chem. Lett. in 0.1% aqueous trifluoroacetic acid over 40 min at a flow rate of 2.5
199§ 8, 1303-1306. mL min~2,
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Scheme 5. Disulfide Bond Formation between Cyand Cyg for the Synthesis of [Asn(GICNA&)-eCT 12

10

83% | D 5% 1.4-Butanedithiol/ TFA
2) 5% Piperidine/ DMSO

[Cys(Acm)”, Asn(GIcNAc)S]-eCT
11

1) AgNO3, H,0, DIEA/ DMSO
2) IN HC/DMSO
3) RP-HPLC

67%

GI(I:NAc

H-Cys-Ser-Asn-Leu-Ser-Thr-Cys-Val-Leu-Gly-Lys-Ser-GIn-Glu-Leu-His-Lys-Leu-GIn-Thr-Tyr-Pro-Arg-Thr-
Asp-Val-Gly-Ala-Gly-Thr-Pro-NH,

[ Asn(GIcNAc)®-eCT 12

Scheme 6. Transglycosylation of Disialo Complex-Type Oligosaccharidd 2doy Endo-M
12

NeuAc-Gal-GicNAc-Man. Endo-M

Man-GIcNAc-GIcNAc
NeuAc-Gal-GlcNAc-Marn H-Akn-OH \ phosphate buffer pH 6.25

8.5%
GIeNAC | )
H-Asn-OH

NeuAc-Gal-GlcNAc-Man.

NeuAc-Gal-GlcNAc-Mary 12 GlcNAc-GleNAc

H-(':ys-Ser-Alsn-Leu-Ser-Thr-'Cys-VaI-Leu-Gly-Lys-Ser—GIn-GIu-Leu-His-
Lys-Leu-Gin-Thr-Tyr-Pro-Arg-Thr-Asp-Val-Gly-Ala-Gly-Thr-Pro-NH,

13

ride 13, and the resulting yield of transglycosylation was 8.5%. (GIcNAc)3-eCT and 1016—10-12 M of elcatonin, which is an
The yields of the eCT analogues having an asialo complex- analogue of eel calcitonin having a disulfide bond £€gys’
type [AsH (Gal-GIcNAc-Man}-Man-(GIcNAc)}®]-eCT (14) replaced by an ethylene linkage between residues 1 and 7,
and a high-mannose-type [AgiMan)-(GIcNAc),} %]-eCT (15) showed approximately the same strength of biological activity
were 7.5% and 3.5%, respectively. (relative strength is 0.79} also inhibited actin ring formation
The reason that the disialo complex-type oligosaccharide wasof OCLs1?
a better glycoside donor for the transglycosylation reaction of
Endo-M than an asialo complex type and a high-mannose type
was described previously We have also studied the conforma- We have described a new strategy for theglycoprotein
tions of glycosylated-eCT using NMR, and the NMR data for using the Mpt-MA method, the thioester method and the
15 were obtained (Table 1). The detailed results will be transglycosylation reaction of Endo-M. We made it possible to
described in the futur®. transfer various N-linked oligosaccharides to tacetylglu-
The potential biological activity o5 was tested with murine  cosaminyl peptide using the chemoenzymatic method. This
osteoclast-like multinucleated cell (OCLX)The calcitonin strategy can be generally used for the preparation of natural

Conclusions

derivativel5inhibited actin ring formation of OCLs at 1&— N-glycopeptides and their analogues and neoglycopeptides. This
1071° M concentration depending on the concentration of the is the first report on the artificial addition of N-linked oligosac-
drug administered. Concentrations of 38-10-1° M of [Asn- charides to the bioactive peptide having no natural sugar chains.
12 12
1l IIE v
| 12 1f i
¢
E
c
o
&
®
8 ]
5 |
.E i
2 13 J 14 ’ |
2 b bl v 1
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Figure 3. Transglycosylation reactions of natural N-linked oligosaccharideR2tby Endo-M. The reaction mixtures were analyzed by HPLC
using an ODS column and monitoring the UV absorption at 210 nm. A sample of each reaction mixture containing H-Asnf@Glab@ENACc-
Man)-Man-(GIcAc)]-OH (1), H-Asn[(Gal-GIcNAc-Man}-Man-(GIcNAc)]-OH (ll), or H-Asn[(Man)-(GIcNAc),]-OH (1) as a glycoside donor
was analyzed by HPLC. The reaction mixture without a donor was also analyzed (IV).
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Figure 4. ESI mass spectrum df3.

Table 1. Assignment offH NMR of 15
chemical shifts (ppm)

residue a-NH o-H B-Hz others

Cysl 4.41 3.65

Ser2 8.52 456 3.94,3.82

Asn3 7.77 4.56 3.19

Leu4d 8.61 4.04 1.77,1.73/ 1.66,6 0.93

Ser5 8.46 3.94 4.08

Thré 7.89 4.24 4.27 y 1.35

Cys7 8.61 4.70 3.21

Val8 8.55 3.77 2.21 y 1.06,6 0.93

Leu9 8.27 4.05 1.92,1.85/ 1.63,0 0.93

Glylo 8.14 4.04,3.91

Lysll 7.65 4.26 2.03,1.92 1.57,1.52p 1.77,¢ 2.99,
e-NH, 7.45

Leul2z 8.33 4.03 1.89,1.85 1.62,00.88

Serl3 8.49 4.03 4.03

Glnl4 7.85 4.13 2.33,2.26y 2.58, 2.43

Glul5 8.07 4.33 2.20, 2.13y 2.65, 2.35

Leulé 8.46 4.03 1.71 y 1.67,0 0.88

Hisl7 8.01 455 3.37,3.30 ,8.56, G 7.33

Lys18 7.85 4.12 2.02 y 1.43,6 1.76, 1.67¢ 2.99,
€-NH2 736

Leul9 7.91 4.16 1.91 y 1.67,0 0.94, 0.88

GIn20 8.94 4.17 2.17 y 2.53, 2.42

Thr21 7.55 4.25 4.18 y 111

Tyr22 7.65 4.76 3.09, 3.05) 7.14,¢ 6.77

Pro23 4.43 2.20 y 1.98, 1.949 3.78, 3.40

Arg24 8.10 4.35 1.95,1.85y 1.74, 1.700 3.23, NH 7.20

Thr25 7.88 4.31 4.27 y 1.19

Asp26 8.23 4.78 2.99, 2.86

Val27 7.87 4.07 2.14 y 0.95

Gly28 8.30 3.99,3.92

Ala29 7.97 4.32 1.39

Gly30 8.23 3.97

Thr3l 7.92

Pro32 y 1.97,0 3.81, 3.75

Mizuno et al.

[M+3H]**
1874.4

A

» i ¥ T T T T — T T g
S8 6@ A2 B S0 (G20 1192 1200 30@ (400 1SBE (602 1702 [(89@ 1997 200 2109 2200 2300 2490 2588
moz

m/z

Fmoc, 9-fluorenylmethyloxycarbonyl; HOBt, 1-hydroxybenzotriazole;
HOODbt, 3,4-dihydro-3-hydroxy-4-oxo-1,2,3-benzotriazine; Mpt-Cl, di-
methylphosphinothioyl chloride; MBHA resin, 4-methylbenzhydryl-
amine resin; TFA, trifluoroacetic acid; TMSOTT, trifluoromethane-
sulfonic acid trimethylsilyl ester; Tof-toluenesulfonyl.

Preparation of GIcNAc-eCT. RP-HPLC was performed on Cos-
mosil 5C18AR (10x 250 mm) (Nakalai Tesque, Inc., Kyoto, Japan).
Solvent system A: 0.1% TFA in water. Solvent system B: 0.1% TFA
in acetonitrile. Detection was at 220 nm. Amino acids were analyzed
on an L-8500 amino acid analyzer (Hitachi, Ltd., Tokyo, Japan) after
hydrolysis wih 6 M HCI or 4 M methanesulfonic acid at 12C for
24 h in an evacuated sealed tube. Peptide mass numbers were
determined by matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) mass spectrometry using a Voyage RP (PerSeptive
Biosystems, Inc., Framingham, MA). Mass numbers were calculated
as averages. MALDI-TOF mass spectrometry was performed in the
positive ion mode using-cyano-4-hydroxycinnamic acidyCHCA)
as a matrix.

Solid-phase synthesis of peptide segment was carried out on a peptide
synthesizer 430A (Applied Biosystems, Inc., Foster City, CA.). The
0.5-mmol standard protocol of system software version 1.40 NMP/
HOBLt t-Boc was employed. End capping by acetic anhydride was
performed after each amino acid introduction reaction.

Preparation of the Enzyme.Endo-M was partially purified from
the culture medium of. hiemalis as described by Kadowaki etZl.

The enzyme preparation was free from other glycosidase activities but
contained very little protease activity.

Preparation of Substrates.The glycosylasparagines having disialo
complex-type H-Asn[(NeuAc-Gal-GlcNAc-MagMan-(NeuAc)]-OH
and the asialo complex-type asparagine H-Asn[(Gal-GIcNAc-Man)
Man-(GIcNAc)]-OH, derived from human serum transferfirand the
glycosylasparagine having high-mannose type oligosaccharide H-Asn-
[(Man)s-(GIcNACc),]-OH of ovalbumin were prepared as described
previouslyt322

Transglycosylation Reaction.The yield of the transglycosylation
product was calculated by the followimg equation: yield Gjarea
of the peak of the product/initial areas of the peak of the acceptor)

Furthermore, prepared glycosylated-eCT derivatives exhibited 10012 Electrospray (ESI) mass spectrometry was performed in the

strong inhibitory activity on the actin ring formation of OCLs.

Experimental Section

Materials and Methods. Abbreviations used are Acm, acetami-
domethyl; Boc,tert-butoxycarbonyl; Boc-OSulN-(tert-butoxycarbo-
nyloxy)succinimide; Bom, benzyloxymethyl; Bzl, benzyl; Br-Z, 2-bro-
mobenzyloxycarbonyl; cHex, cyclohexyl; CI-Z, 2-chlorobenzyloxycar-
bonyl; DCC,N,N-dicyclohexylcarbodiimide; DIEAN,N-diisopropylethyl-
amine; DTT, dithiothreitol; EDTA, ethylenediaminetetraacetic acid,;

(20) Kadowaki, S.; Yamamoto, K.; Fujisaki, M.; Tochikura, T.
Biochem 1991, 110 17-21.

(21) Recently, we prepared it from egg yéfk.

(22) (a) Kadowaki, S.; Yamamoto, K.; Fujisaki, M.; Izumi, K.; Tochikura,
T.; Yokoyama, T.Agric. Biol. Chem.199Q 54, 97-106. (b) Tai, T.;
Yamashita, K.; Ogata-Arakawa, M.; Koide, N.; Muramatsu, T.; Iwashita,
S.; Inoue, Y.; Kobata, AJ. Biol. Chem 1975 250, 8569-8575.

(23) Seko, A.; Koketsu, M.; Nishizono, M.; Enoki, Y.; Ibrahim, H. R.;
Juneja, L. R.; Kim, M.; Yamamoto, Biochim. Biophys. Actd997 1335
23—-32.
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positive-ion mode on an Analytica Branford/JEOL JMS-SX 102A mass
spectrometer (JEOL, Ltd., Tokyo, Japan). MALDI-TOF mass spec-
trometry was performed in the positive ion mode using 2,5-dihydroxy-
benzoic acid (DHB) as a matrix on a Finnigan Lasermat mass
spectrometer (Finnigan Mat, U.K.).
Ne-(tert-butyloxycarbonyl)-Ne-(2-acetamido-2-deoxyg-p-glu-
copyranosyl)+-asparagine (2).Tributylphosphine (2.5 mL, 10 mmol)
was added to a dichloromethane (80 mL) solution Nf-(tert-
butyloxycarbonyl):-aspartic acidi-benzyl ester (3.88 g, 12 mmol) and
2-acetamido-3,4,6-t®-benzyl-2-deoxys-b-glucopyranosyl azide (5.17
g, 10 mmol) under an argon atmosphere-&8 °C. After being stirred
for 22 h, the reaction mixture was diluted with chloroform and washed
successively with agueous NaHg®ater, and brine, and dried over
anhydrous Nz80O, and the solvent evaporated. The resulting precipitate
was filtrated and washed with diethyl ether three times. Compdund
(5.11 g, 6.4 mmol) was obtained as a white powder in 54% vyield.
Compoundl (3.32 g, 4.2 mmol) was dissolved in GEl, (40 mL)—
MeOH (100 mL) and hydrogenated over 10% Pd/C under atmospheric
pressure. After 3.5 h, the mixture was filtered and the filtrate was
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HF (9.0 mL) and anisole (1.0 mL) at’@ for 90 min. After evaporation
of the HF, ether (10 mL) was added to the mixture and the obtained
precipitate was washed with ether (10 mL2) and dissolved in TFA
(10 mL). The TFA solution was filtered through a glass filter to remove
the resin and poured into cold ether (300 mL). The resulting precipita-
tion was isolated by decantation, and crude glycope®i@E56 mg)
was obtained. After purification by RP-HPLC [bufferAuffer B, 20:
80—40:60 (40 min)], Fmoc-[Cys(Acmb)/Asn(GIcNAc)]-eCT(1-10)-
S-CH,.CH,CO-Nle-NH. (6) was obtained (47 mg, 48mol, 12% based
on Nle in the starting resin). MALDI-TOF MS: founa/z [M + Na]*
1787.4, calcd for &H11N160258 [M + Na]™ 1787.1. Amino acid
analysis by hydrolysis wit6 M HCI at 110°C for 24 h: Asp ool hro.7c-
Sen.7/Gly1.0CysaVal+GIcNH; 1.3d-eur g0. Cys was not observed, be-
cause thésAcm group is stable under the above conditions.
[Lys(Boc)'*1§-eCT(11-32) (9).By starting from MBHA-resin (1.00
g, 0.42 mmol, NH: 0.41 mmol g?), the chain elongation reaction
was carried out and the peptide resi(2.29 g) was obtained. An aliquot
of the glycopeptide resin (500 mg) was treated with HF (8.5 mL),
anisole (0.75 mL), and 1,4-butanedithiol (0.75 mL) &for 90 min.

evaporated in vacuo. The residue was washed with diethyl ether on aAfter evaporation of the HF, ether (10 mL) was added to the mixture

glass filter, and? (1.88 g, 4.2 mmol) was obtained as a white powder
in quantitative yield. Mp: 216213°C. [o]?’p: 15.2° (c 1, DMSO).
MALDI-TOF MS: foundmvz[M + Na]* 458.3, calcd for GH29N13010
[M + NaJ" 458.4.1H NMR (400 MHz, DMSO¢g): 6 = 8.10 (1H, d,
J=8.8 Hz, 1-NH), 7.74 (1H, d) = 8.8 Hz, 2-NH), 6.62 (1H, dJ =
8.3 Hz, Asnei-NH), 4.79 (1H, tJ = 9.28 Hz, 1-H), 4.21 (1H, m, Asn-
o-CH), 3.66-3.05(6H, m, 2,3,4,5,6-H), 2.562.40 (2H, m, Asn3-CH,),
1.79 (3H, s, NAc), 1.35 (9H, g;Bu).
Boc-Gly-S-CH,CH,CO-Nle-MBHA-Resin (3). A mixture of Boc-
Nle-OH (0.80 g, 3.46 mmol), 1.0 M HOBt in NMP (2.8 mL), and 1.0
M DCC in NMP (2.8 mL) was stirred for 1 h. The solution was added
to a neutralized MBHA resin (2.4 g, NH 1.85 mmol), and this mixture
was shaken for 3 h. The resulting resin was washed with NMP {3
min), 50% methanol in CkCl, (4 x 1 min and 2x 3 min), and CH-
Cl; (3 x 1 min). The prepared resin was treated with 50% TFA in
CHxCl> (1 x 5 min and 1x 20 min), washed with CkCl, (3 x 1
min), and treated with 5% DIEA in Ci€l; (1 x 15 min and 1x 2
min) and 5% DIEA in NMP (3x 1 min). Trt-S-CHCH,COOH (0.90
g, 2.71 mmol), 1.0 M HOBt in NMP (2.7 mL) and 1.0 M DCC in
NMP (2.7 mL), were mixed for 30 min, and the resulting solution was

and the obtained precipitate was washed with ether (10xn2), then
extracted with 20% aqueous acetonitrile containing 5% acetic acid (20
mL) to give the crude peptide (178 mg) after freeze-drying. This was
purified on RP-HPLC [buffer A-buffer B, 20:86-60:40 (40 min)] to
yield Fmoc-eCT(11-32)8) (96 mg, 30umol, 34% based on the amino
group in the starting resin) after freeze-drying. MALDI-TOF MS: found
m'z [M + H]* 2662.0, calcd for GH1eNa:0s5 [M + H]* 2662.0.
Amino acid analysis by hydrolysis wit6 M HCI at 110°C for 24 h:
Aspy oaThrz gsSeti 0iGlus odPror 7dGly2 14A1a1 18Valo od-€s 17TYI1.0dyS2 010
Hisy.07Args.0s

Boc-OSu (16 mg, 76mol) and DIEA (60uL) were added to a
solution of peptide8 (26 mg, 7.6umol) in DMSO (2.0 mL), and the
resulting solution was stirred for 7 h. Ether was added to the reaction
mixture, and the resulting precipitation was washed with ether (10 mL
x 3) and then dissolved in DMSO (2.0 mL). To the solution was added
piperidine (0.1 mL), followed by stirring for 90 min. Ether was added
to the reaction mixture, and the resulting precipitation was washed with
ether (10 mLx 3). After purification by RP-HPLC [buffer A-buffer
B, 20:80-65:35 (30 min)], [Lys(Boc)'§-eCT(11-32) 9) was obtained
(11 mg, 4.3umol, 56%). Overall yield based on the amino group in

added to the resin. The suspension was shaken for 4 h. The resin waghe starting resin was 19%. MALDI-TOF MS: foumdz [M + H]*™

washed with NMP (3x 3 min), 50% methanol in C¥Cl; (3 x 3 min),

and then CHCI; (3 x 1 min) and finally dried in vacuo to give the
Trt-S-CHCH,CO-Nle-MBHA-resin (2.74 g, Nle: 0.52 mmol¢). An
aliquot of the resin (0.79 g) was treated with 5% 1,2-ethanedithiol in
TFA (4 x 10, 20, and 30 min), then washed with @H, (3 x 1 min),
treated with 5% DIEA in NMP (2x 1 min), and washed with NMP (3

x 1 min). A mixture of Boc-Gly-OH (0.32 g, 1.81 mmol), I HOBt

in NMP (1.8 mL), and 1.0 M DCC in NMP (1.7 mL) was stirred for

2639.7, calcd for @Hi19N3:037 [M + H]* 2640.0. Amino acid analysis

by hydrolysis wih 6 M HCI at 110°C for 24 h: Asp.osThrs 01S€h oo

Gluz 18P 1oy 55Gly2 10Ala;.08Vals od-es 23T Yro.0dyS2 11HiS1 06Ard1 06,
Fmoc-[Cys(Acm})-",Asn(GIcNAc),Lys(Boc)+*3-eCT (10). A solu-

tion of AgNG; (0.9 mg, 5.4umol), HOObt (8.8 mg, 54mol), and

DIEA (6.3 uL, 36 umol) in DMSO (0.20 mL) was stirred for 1 h, and

to the mixture was added a solution of glycopeptide thioester segment

3 (5.8 mg, 1.8umol) and peptide segmest (4.8 mg, 1.8umol) in

1 h. This solution was added to the resin and the suspension was shakeDMSO (0.30 mL). After 16 h of stirring, DTT (2.5 mg, Lémol) was

for 16 h. The resin was washed with NMP %33 min), 50% methanol

in CH.Cl; (3 x 3 min), and then CkCl, (3 x 1 min) and finally dried

in vacuo to give the Boc-Gly-S-CGiEH,CO—Nle-MBHA-resin3 (0.75

g, Nle: 0.55 mmol gb).
Fmoc-[Cys(Acm)-7,Asn(GIcNAc)?-eCT(1-10)-S-CHCH,CO-Nle-

NH> (6). By starting from the Boc-Gly-S-CH¥H,CO-Nle-MBHA-resin

(3) (0.75 g, 0.41 mmol), peptide chain elongation was carried out using

added to the reaction mixture to terminate the coupling reaction. A
partially protected glycopeptide Fmoc-[Cys(AchiAsn(GIcNACY,Lys-
(Boc)**13-eCT (7) (4.3 mg, 1.0 mmol, 55%) was isolated by RP-HPLC
[buffer A—buffer B, 30:76-70:30 (40 min)]. MALDI-TOF MS: found
m/z[M + H]" 4185.4, calcd for GsHaoN16060S, [M + H] ™ 4185.8.
Amino acid analysis by hydrolysis wit4 M methanesulfonic acid at
110 °C for 24 h: ASQ,ogThrg,syseersG|u3,0d3r01,4oGIygloﬁlazllgcy&d—

a 430A peptide synthesizer to give 1.40 g of a protected peptide resin Val+GICNH; 2.3d_eUs 23Tyro.19yS1.94HiS1 05ArJ0.96.

corresponding to the sequence of eel calcitonin(4-10), Boc-Leu-Ser-
(Bzl)-Thr(Bzl)-Cys(Acm)-Val-Leu-Gly-S-CHCH,CO-Nle-NH-resin 4).
Further, 3-Asn(GIcNAc), 2-Ser(Bzl), and 1-Cys(Acm) residues were
coupled manually by double coupling of the corresponding Mpt-MA.
The Mpt-MAs of Boc-Asn(GIcNAc)-OH, Boc-Ser(Bzl)-OH, and Fmoc-
Cys(Acm)-OH were prepared by mixing with 1.23 mmol of Boc-Asn-
(GIcNACc), Boc-Ser(Bzl), and Fmoc-Cys(Acm)ad M Mpt-Cl in DMF

(2.2 mL) ard 2 M DIEA in NMP (0.62 mL) and NMP (1.0 mL), and
after 30 min 2 M DIEA in NMP (0.62 mL) was added to the solution
of Mpt-MA. The reaction mixture of Mpt-MA was added to the
protected peptide resid, and the coupling time was 1 h. The

[Cys(Acm)t7,Asn(GIcNAC)]-eCT (11). A partially protected gly-
copeptide10 (4.0 mg, 0.77umol) was treated with TFA containing
5% 1,4-butanedithiol (0.30 mL) at room temperature for 90 migOH
(7.0 mL) was added to the reaction mixture, and the solution was
washed with ether (3 mix 5). After freeze-drying, crude glycopeptide
was obtained. MALDI-TOF MS: foundvz [M + H]* 3985.4, calcd
for Ci7sH27N4e0s6S, [M + H]* 3985.5. This crude glycopeptide was
treated with 5% piperidine in DMSO (0.40 mL) at room temperature
for 2.5 h. Acetic acid (5@L) was added to the solution for quenching.
After purification by RP-HPLC [buffer A-buffer B, 20:86-60:40 (40
min)], [Cys(Acm)L7Asn(GIcNAcY]-eCT (11) was obtained (3.5 mg,

terminations of these coupling reactions were determined by the Kisser0.64 umol, 83% based 0i0). MALDI-TOF MS: found m/z [M +

test. An aliquot of the glycopeptide resin (400 mg) was treated with

H]* 3764.8, calcd for GaH2edN46054S; [M + H]* 3763.3. Amino acid
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analysis by hydrolysis wit6 M HCl at 110°C for 24 h: Asp.ooThrs ss
Seb 6sGlU3 16P101.65G1Y3.00Al181.06CYS1.30Val+HGICNH; 124 €Us 41Ty ne-
Lysi.gHiS1.02Arg1 00,

[Asn(GIcNACc)3-eCT (12). Glycopeptidell (3.2 mg, 0.59umol)
was dissolved in kD (0.30 mL) to which was added a solution of
AgNO; (0.5 mg, 3.0umol) and DIEA (1.5uL, 8.9 umol) in DMSO
(100uL). After 2 h of stirring, a mixture 61 M hydrochloric acid and
DMSO (1:1, viv, 3.0 mL) was added to the solution, and the reaction
mixture was stirred for 20 h. After purification by RP-HPLC [buffer
A—buffer B, 80:20-50:50 (40 min)], [Asn(GIcNACY-eCT (12) was
obtained (1.8 mg, 0.4mol, 67%). MALDI-TOF MS: foundnvz [M
+ H]* 3618.9, calcd for @aH25N440s2S, [M + H]* 3619.1. Amino
acid analysis by hydrolysis wit4 M methanesulfonic acid at 12C
for 24 h: Asp.osThrsgiSep gGlus 2P ronodGly2.0eAlae oeCyS.svVal+-
GICNH: 259 -€Us 00T Yro.9A-YS1.06HiS1.00ArJ1.03

Transglycosylation Reaction.The transglycosylation reaction was
carried out as reported previoushThe reaction mixture was composed
of 250 nmol (final 25 mM) of a glycoside donor (H-Asn[(NeuAc-Gal-
GlcNAc-Man)-Man-(GlcAc)]-OH, H-Asn[(Gal-GIcNAc-Man)-Man-
(GIcNAC),]-OH or H-Asn[(Man}-(GlcNAc),]-OH), 100 nmol (final 10
mM) of an acceptol 2, 40uU (final 4 mU mL™1) of Endo-M, 60 mM
potassium phosphate buffer (pH 6.25), and 50 mM EDTA, which was

Mizuno et al.

diluted to 200uL with cold distilled water, and analyzed by HPLC.
HPLC analysis of glycosylated-eCT derivatives was performed using
a reverse-phase (ODS) columnx6250 mm, Mightysil RP-18, Kanto
Chemical Co., Inc., Tokyo, Japan). Elution was carried out with a linear
gradient of acetonitrile (3035%) containing 0.1% TFA in 40 min at
a flow rate of 1 mL min®. The reaction products were monitored by
absorption at 210 nm. The disialo complex-typ@was obtained in
8.5% yield. The yields of the eCT analogue having an asialo complex-
typel4and a high-mannose-tyd® were 7.5% and 3.5%, respectively.
13 found 5620.2, calcd fronm/z [M + 3H]®* 1874.4, calcd for
CazH3z7N 1901082 [M + H]Jr 5621.9.14: foundm/z [M + H]+ 5040.3,

calcd for GogHzadN47092S, [M + H]* 5039.4.15: found m/z [M +
H]+ 4794.1, calcd for G:gd‘|327N45037SZ [M + H]Jr 4795.2.
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