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A MUC1-related glycopeptide having five core-2 hexasaccharide brancheg$l{&N40207, MW =
8450.9) was synthesized by a new strategy using a combination of microwave-assisted solid-phase synthesis
(MA-SPGS) and enzymatic sugar elongation. Synthesis of a key glycopeptide intermediate was best
achieved in a combination of PEGA [poly(ethylene glycol)-pdi;N-dimethylacrylamide) copolymer]
resin and MA-SPGS using glycosylated amino acid building blocks with high speed and high purity.
Deprotection of the glycopeptide intermediate and subsequent glycosyltransferase-catalyzed sugar
elongations were performed for generation of the additional diversities with the sugar moieties of
glycopeptides usingsl,4-galactosyltransferasgl(,4-GalT) and two kinds oftx2,3-sialyltransferases
[ST3Gal lll; a2,3-(N)-SiaT and ST3Gal 1Ip2,3-()-SiaT]. These reactions proceeded successfully in
the presence of 0.2% Triton X-100 to convert the chemically synthesized trisaccharide glycans to
disialylated hexasaccharide.

Introduction inflammatory proces$?® and cancer metastasisn addition,
leukocytes in the peripheral blood express a substantial amount
of core-2 branched oligosaccharides in the patients with
immunodeficiency syndromes such as Wiskditdrich syn-
drome?’8 AIDS,? and leukemid? while leukocytes of normal
individuals do not express them. Core-2 type oligosaccharides

Mucin-type O-glycans are known to exist ubiquitously on
the surface of mammalian cell membrane and play various roles
in biological systems. Among many types of mué€glycan
motifs, core-20-glycans are one major class of the core
structures having functional oligosaccharides such as sialyl-Le
and sialyl-L&, and related structures are ligands for selectins " (Z&ngnaaggR.g;B%_n;%%usen, R. T.; Sullivan, F. X.; Cumming, D. A.
and galectins in celtcell interaction events that play important 00 d i - .
roles in T-cell developmeﬁt,lymphocyte traffickingz,~3 the 49?) McEver, R. P.; Cummings, R. 0. Clin. Invest.1997 100, 485—

(4) Tsuboi, S.; Fukuda, MEMBO J.1997, 16, 6364-6373.

 Hokkaido University. (5) Ellies, L. G.; Tsuboi, S.; Petryniak, B.; Lowe, J. B.; Fukuda, M.;
* National Institute of Advanced Industrial Science and Technology (AIST). Marth, J. D.Immunity1998 9, 881—-890.
§ Shionogi & Co., Ltd. (6) Yousefi, S.; Higgins, E.; Daoling, Z.; Pollex-Kruger, A.; Hindsgaul,
(1) Baum, L. G.; Pang, N.; Perillo, N. L.; Wu, T.; Delegeane, A.; O.; Dennis, J. WJ. Biol. Chem.199], 266, 1772-1782.
Uittenbogaart, C. H.; Fukuda, M.; Seilhamer, JJ.JExp. Med1995 181, (7) Piller, F.; Le Deist, F.; Weinberg, K.; Parkman, R.; Fukuda,M.
877-887. Exp. Med.1991, 173 1501-1510.
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FIGURE 1. Representative synthetic target of glycopeptide related to the mucin MUC1 tandem repeating unit.

are also the basement structure for the generation of tandenyield in each step. We thought that the advent of novel methods
repeatingN-acetyllactosamine extensiéid 13 and provide the for the practical solid-phase synthesis of simple glycopeptides
backbone structure for additional modifications of functional would contribute to the construction of much more complicated
sugars such as sialyl-keetrasaccharide® Therefore, glyco- glycopeptides by enzymatic modificatios??

peptides having core-2 bas@dglycans are attractive candidates Recently, our attention has been directed toward studying the
for drug discovery because of their various biological functions effects of microwave irradiation on accelerating the reaction
and consequent therapeutic potentials. If large and diversespeed of a variety of chemical reactiddg?In particular, highly
glycopeptide libraries can be constructed, they will become nice enhanced coupling efficiency in solid-phase peptide synthesis
tools for vast areas of many biological investigations. However, by microwave irradiatiof?26 motivated us to apply this
syntheses of glycopeptides having complex sugars such as core-procedure to the synthesis of some key glycopeptide intermedi-
type branched trisaccharide are still challenging stutfie’s. ates that can be employed for further enzymatic modifications.
The main difficulty in glycopeptide synthesis is caused by the In this paper, we describe a practical synthesis of highly
extremely low coupling yield due to the amino acids bearing glycosylated glycopeptide by combined microwave irradi&fion
sterically hindered sugar moiety. At present, solid-phase gly- and enzymatic modifications. Figure 1 shows the representative
copeptide synthesis (SPGS) is needed to use large excesgarget compound, a MUC1-related glycopeptitlg having five
amounts of sugar-bound amino acid derivatives compared to hexasaccharide branches at the positions of Thr-7, Ser-8, Thr-
those of common amino acid derivatives and require a much 12, Ser-18, and Thr-19.

longer reaction time (over 10 h) for achieving a satisfactory

(19) (a) Takano, Y.; Kojima, N.; Nakahara, Y.; Hashimoto, H.; Nakahara,

(8) Higgins, E. A.; Siminovitch, K. A.; Zhuang, D.; Brockhausen, I.; Y. Tetrahedror2003 59, 8415-8427. As for the preparative-scale synthesis
Dennis, J. W.J. Biol. Chem.1991, 266, 6280-6290. of mucin glycopeptides, see, for example; (b) Bezay, N.; Dudziak, G.; Liese,

(9) Saitoh, O; Piller, F.; Fox, R. |.; Fukuda, Blood1991, 77, 1491— A.; Kunz, H.; Angew. Chem., Int. E®001, 40, 2292-2295. (c) Halkers,
1499 K. M.; St. Hilaire, P. M.; Croker, P. R.; Meldal, Ml. Comb. Chen2003

(10) Brockhausen, |.; Kuhns, W.; Schachter, H.; Matta, K. L.; Sutherland, 5, 18—27. (d) Coltart, D. M.; Royyuru, A. K.; Williams, L. J.; Glunz, P.
D. R.; Baker, M. A.Cancer Res1991 51, 1257-1263. W.; Sames, D.; Kuduk, S. D.; Schwarz, J. B.; Chen, X.-T.; Danishefsky, S.

(11) Fukuda, M.; Carlsson, S. R.; Klock, J. C.; Dell, A.Biol. Chem. J.; Live, D. H.J. Am. Chem. So2002 124, 9833-9840.
1986 261, 12796-12806. (20) Koeller, K. M.; Smith, M. E. B.; Hung, R.-F.; Wong, C.-d. Am.

(12) Maemura, K.; Fukuda, M. Biol. Chem1992 267, 24379-24386. Chem. Soc200Q 122, 4241-4242.

(13) Wilkins, P. P.; McEver, R. P.; Cummings, R. D. Biol. Chem. (21) Gallego, R. G.; Dudziak, G.; Kragl, U.; Wandray, C.; Kamerling,
1996 271, 18732-19742. J. P.; Vilegenthart, J. F. @iochimie2003 85, 275-286.

(14) Mathieux, N.; Paulsen, H.; Meldal, M.; Bock, B. Chem. Soc., (22) Leppaen, A.; PenttilaL.; Renkonen, O.; McEver, R. P.; Cummings,
Perkin Trans. 11997 2359-2368. R. D.J. Biol. Chem2002 42, 39749-39759.

(15) Takano, Y.; Motoki, H.; Someya, M.; Hojo, H.; Nakahara, Y. (23) Lidstram, P.; Tierney, J.; Wathey, B.; Westman, Tktrahedron
Tetrahedron Lett2002 43, 8395-8399. 2001, 57, 9225-9283.

(16) George, S. K.; Schwientek, T.; Holm, B.; Reis, C. A.; Clausen, H.; (24) Kappe, C. OAngew. Chem., Int. EQR004 43, 6250-6284.
Kihlberg, J.J. Am. Chem. SoQ001 123 1117-11125. (25) Yu, H.-M.; Chen, S.-T.; Wang, K.-T. Org. Chem1992 57, 4781~

(17) Dziadek, S.; Brocke, C.; Kunz, khem. Eur. J2004 10, 4150~ 4784,
4162. (26) Erdeyi, M.; Gogoll, A. Synthesi2002 11, 1592-1596.

(18) Dziadek, S.; Kowalczyk, D.; Kunz, HAngew. Chem., Int. E@005 (27) Matsushita, T.; Hinou, H.; Kurogochi, M.; Shimizu, H.; Nishimura,
44, 7624-7630. S.-1. Org. Lett.2005 7, 877—880.
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TABLE 1. Solid-Phase Synthesis of Glycopeptide 4 with/without Microwave Irradiation

SPGS condition 1 2 3 4
microwave - - + +
resin TentaGel TentaGel TentaGel PEGA
T(°C) rt 50 50 50
coupling for Fmoc-AA-OH (3.0 equiv) 2h 10 min 10 min 10 min
coupling forl or 2 (1.5 equiv) 12h 20 min 20 min 20 min
acetyl capping 5 min, rt (entries-4)
Fmoc deprotection (min) 20 3 3 3
total operating tim&(h) 99 7 7 7
total reaction yiel8l (%) 41 15 44 67

aSum total time of iteration procedures of couplings, Fmoc-deprotections, and acetyl cappings (5 mDeteyminated by Fmoc photometric test.

OAc OAc 100
AcO Q AcO o)
Ac&/O vie o] )
NHAc NHAc &
OAC oa¢ HO OAc opc  HO 5 90
o] Q o) o} 2
AcO O AcO o] 2 85
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O, CHg O _H é 80
Fmoc\N/[N/OH Fmoc\NII(OH 75 F
H o H o
70
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0 2 46 810121416 18 20
FIGURE 2. Glycosylated amino acid building blocksand 3 with Reaction time (min)

core 2 structure. FIGURE 3. Coupling reaction o with Ala-TentaGel resin at 50C
) ) under microwave irradiatiortY), at 50°C without microwave irradiation
Results and Discussion (@), and at room temperature without microwave irradiatiai. (The

. . . . yields were calculated from Fmoc photometric tests according to the
A. Microwave-Assisted Glycopeptide Synthesis on Tenta-  method described in the Experimental Section.

Gel or PEGA Resin. In our earlier communicatiofy, we

demonstrated microwave-assisted efficient synthesis of glyco-

peptides using Fmoc amino acid building blogand3, each  rejated glycopeptide having five core-2 branched trisaccharide
having a core-2 type trisaccharide moféts? (Figure 2), with 6 using building blocks2 and 3.

alanine preloaded TentaGel reSiI’l funCtlonallzed with R|nkam|de As we expected, Solid_phase Syntheses of Compdlmd a

linker?%:%° (Ala-resin). The coupling reaction was promoted by TentaGel resin functionalized with Rinkamide linker (0.25
using 2-(H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium  mmol/g) were accelerated by employing microwave irradiation
hexafluorophosphate (HBTS) N-hydroxybenzotriazole (HOBY),  at 50°C (entry 3 in Table 1, 44%), while the yield obtained
and diisopropylethylamine (DIEA) in DMF under microwave  jthout irradiation was found to be 15% at the same temperature
irradiation (2450 Hz) at 50C. As shown in Figure 3, coupling  (entry2 in Table 1). To achieve a similar level of yield for the
of 1 with Ala-resin proceeded smoothly, and over 90% yield synthesis of4 by a classical solid-phase protocol, we had to
of the reactions were obtained after 4 min with microwave emp|0y a much |0nger reaction time (99 h) as shown in entry
irradiation and 98% yield after 20 min. These preliminary results 1 jn Table 1 (41%), compared with the time required for entry
motivated us to apply the microwave irradiation to the practical 3 (449%, 7 h). Compoun8 released from the resin under general
solid-phase synthesis of glycopeptides sucdisked glyco- conditions [TFA/triisopropylsilane/s® (95/2.5/2.5)2 h atroom
peptides named MUCl1-related glycopeptides as synthetictemperature] was characterized by reversed-phase HPLC and
targets. MUC1 has an antigenic structure that consists of highly matrix-assisted laser desorption/ionization time-of-flight (MALDI-
O-glycosylated tandem-repeating units of mucin-type glyco- TOF) mass spectrometry.

protein which is expressed on the surfaces of epithelial cells in  Figure 4A shows analytical reversed-phase HPLC profiles
a variety of tissue&: The tandem-repeating units of MUCl are  of the crude produch prepared under the conditions listed in
composed of 20 amino acid residues with core-2 cl@s  Taple 1 (entries 3). The peaks eluted at 25.8 min (indicated
glycans, and all serine and threonine residues are found inpy asterisks) were identified as the desired compoBiriay
sequence. Scheme 1 shows the synthetic route to a MUCL-\MALDI-TOFMS ([M + H]*: mVz6197.429) (Figure 4B). Other
peaks at af were assigned as byproducts by MALDI-TOF/

(28) Meinjohannes, E.; Meldal, M.; Schleyer, A.; Paulsen, H.; Bock, K. i i i i
3. Chem. Soc., Perkin Trans 1896 985-993. TOFMS analysi&’ (Figure 4C). The proportion of the desired

(29) Rink, H. Tetrahedron Lett1987, 28, 3787-3790. product5 in three HPLC profiles (Figure 4A) coincide with
(30) Bernatowicz, M. S.; Daniels, S. B.;"Ker, H.Tetrahedron Lett. the trends in the overall yields in the synthesigidiTable 1).
19?391)3% 4645E46_|f18- A B W Gl trahed These results also suggest that microwave irradiation signifi-
norr, R.; lrzecliak, A.; bannwartn, W.; Gillessen, ranedaron : .
Lett. 1989 30, 1927-1930. It should be noted that combined us@ef7- cantly accelerated the speeds of the coupling reaction on the

azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HATU) Solid-phase support. Figure 4C indicates that major byproducts
and 1-hydroxy-7-azabenzotriazole (HOAt) would also allow for highly can be classified into two types: (1) products derived due to

efficient microwave-assisted glycopeptide synthesis because this methodthe difficulty in the coupling reactions between sterically

has been known as a standard procedure for coupling sterically demanding, . . .
amino acids: Carpino L. AJ. Am. Chem. Sod993 115, 4397-4398. hindered amino acids, namely Thr-core2, Ser-core2, Arg(Pbf),
(32) Hanisch, F.-G.; Moller, SGlycobiology200Q 10, 439-449. and His(Trt), and (2) compounds generated by mis€iragetyl
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SCHEME 1. Synthetic Route to MUC1 Glycopeptidé
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a Conditions: (a)2, 3, or Fmoc-amino acid, HBTU, HOBt, DIEA, and DMF; (b) 4@, HOBt, DIEA, and DMF; (c) 20% piperidine and DMF; (d)
repeating the procedures-e; (e) TFA/triisopropylsilane/bD (95:2.5:2.5, viviv); (f) 10 mM NaOH/MeOH.

groups owing to basic conditions during coupling &fdFmoc at m'z 3771.2 corresponding to the glycopeptide having three
removal reactions. Peak ln{z 2522.7) was found to be the carbohydrate chains andratz 6155.4 corresponding to the de-
octapeptide byproduct generated during the coupling reaction O-acetylated byproduct derived frofn Similarly, peaks drtvVz

at the 13th Arg(Pbf) with the 12th FmocThr-cored.(Peak a 4719.6) and enyz 5838.4m/z) were also assigned as two
(m/z 2480.9) was identified as a d@-acetylated derivative from  incomplete glycopeptides. This result suggests that improvement
the compound detected at peak b. It was suggested that peak of the efficiency in the coupling between the 7th Thr-core2 and
contains two kinds of byproducts such as molecular ion peaks 8th Ser-core2 may become a crucial step to enhance the overall

3054 J. Org. Chem.Vol. 71, No. 8, 2006
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FIGURE 4. (A) HPLC profiles of a crude glycopeptidesynthesized
under the conditions of entry 1 (bottom), entry 2 (middle), and entry 3
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FIGURE 5. HPLC and MALDI-TOF MS analysis of the crude and
purified products synthesized under the conditions of entry 4 in Table
1. (A) HPLC profiles: (a) the reaction mixture obtained by treatment
with a “cleavage cocktail” for 2 h, (b) the product obtained by addition
of tert-butylmethyl ether. (B) MALDI-TOF mass spectrum &
prepared by the above purification procedure.

TentaGel resin. As anticipated, PEGA resin allowed much more
efficient glycopeptide synthesis than those observed in cases
of TentaGel resin. As shown in entry 4 listed in Table 1, the
total yield detected by the Fmoc-photometric assay was
significantly increased to be 67% by combined use of microwave
irradiation and PEGA resin. This clearly suggests that DMF-
swelled PEGA resin may permit the permeation both of reagents
and steric building block&/3 into the porous surfaces of the
polymer particles. The resulting PEGA resin was treated with
a cleavage cocktail [TFA/triisopropylsilane/@ (95:2.5:2.5)]

for 2 h, and the mixture obtained by filtration was applied onto
HPLC column chromatography (Figure 5A-a). When the mixture
is simply purified by precipitation withert-butylmethyl ether,
much improved purity of the compourglcompared to those

of entries 13 (Figure 4A) can be achieved as shown in Figure
5A-b and Figure 5B. However, it was revealed that subsequent
purification of this crude product by HPLC gave p&ran 11%

(top) indicated in Table 1, respectively. Peaks marked with an asterisk isolated yield. Here, the isolated yield was determined by amino

(*) indicate the desired glycopeptide (B) MALDI-TOF mass spectrum

of the pUriﬁed prOdUCS by HPLC. Qﬁd_|379N360137 [M + H]Jr, calcd

m/z 6197.380, foundnmvz 6197.429. (C) Byproducts detected by
analytical reversed-phase HPLC (Figure 4A;fawere characterized
by MALDI-TOF MS. Bold red letters in the sequences in the byproducts
indicate the Thr or Ser residues having acetylated core-2 structure.

yield of the full-length glycopeptide on the solid phase even
under microwave irradiation.
Since a combination of the highly bulky amino acii3 with

the hydrophobic nature of the TentaGel resin seemed to make
large glycopeptide intermediates difficult, we selected PEGA

resini433-36 g poly(ethylene glycol)-poly(dimethylacrylamide)

copolymer, as an alternative potential solid support to the

(33) Meldal, M. Tetrahedron Lett1992 33, 30773080.

(34) Meinjohanns, E.; Meldal, M.; Paulsen, H.; Dwek, R. A.; Bock, K.
J. Chem. Soc., Perkin Trans.1D9§ 549-560.

(35) Kajihara, Y.; Suzuki, Y.; Yamamoto, N.; Sasaki, K.; Sakakibara,
T.; Juneja, L. REur. J. Chem2004 10, 971-985.

(36) Mezzato, S.; Schaffrath, M.; Unverzagt,Ahgew. Chem., Int. Ed.
2005 44, 1650.

acid analysis and estimated on the basis of the first alanine
residue loading on PEGA resin (the yield based on the weight
of the freeze-dried material was approximately 13%). This
unfavorable result means that the low isolated yield of the
glycopeptide5 may be due to the general condition for the
deprotection of the peptides and cleavage of the linker moiety.
Since acidic cleavage cocktails seem to cleave acid-labile
glycoside bonds of the oligosaccharide branches, alternative
combination of the protective groups for amino acids and the
releasing reagent for the glycopeptides will be required for the
totally successful glycopeptide synthesis on the solid supports.
We are currently investigating a novel protection/deprotection
strategy in amino acid residues suitable for solid-phase synthesis
of glycopeptides. FinallyD-acetyl groups of the sugar moiety
in 5were removed by treatingwith 10 mM sodium hydroxide
in methanol solution at room temperature fb h to afford
MUCL1 glycopeptides having five core-2 branches in 57% yield.
Figure 6B shows MALDI-TOF/TOF MS analysis of the
compounds under the matrix-dependent selective fragmentation
method in the presence of 2,5-dihydroxybenzoic acid (DHB)

J. Org. ChemVol. 71, No. 8, 2006 3055
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FIGURE 6. (A) 600 MHz*H NMR spectrum of6. The 1D spectrum was recorded on a Bruker DRX 600 Avance spectrometer equipped with a
cryoprobe using a Shigemi tube at 300 K. The measurement was achieved by suppressing the water peak using the presaturation method. [Compound
6] = 100 uM in 300 uL of 99.96% BO. (B) MALDI-LIFT-TOF/TOF mass spectrum of glycopeptide S* and T* indicate serine and threonine

residues having a pé&-acetylated core-2 trisaccharide, respectively.

as a matrix”38 Fragmentation by LIFT-TOF/TOF occurred

aminee2,3-sialyltransferasé[a2,3-(0)-SiaT] were preliminar-

successfully in the peptide linkages and gave meaningful b- andily examined for generation of more complicated glycopeptide

y-series product ion peaks without serious cleavageOat

series {, 8, 9, 10, and1) than the starting compourtil First,

glycoside linkages. The result suggests that important fragmentwe examined an extension of galactose residue at the C-4

ion peaks such as b6, b8, bl1, b12, b17, b18, b19, y1, y2, y3,

y8, y9, y12, y13, and y14 are due to the target 20-residue
glycopeptide having five fullyD-acetylated core-2 trisaccharide

residues attached to the positions at Thr-7, Ser-8, Thr-12, Ser-

18, and Thr-19.

B. Enzymatic Sugar Elongation. Our next interest was
focused on the feasibility of enzymatic modification of highly
glycosylated glycopeptidés to generate diversities in the
synthetic libraries of MUC1-related glycopeptides. As indicated
in Scheme 2, commercially available hunaiglucose 45-p-
galactosyltransferasgl,4-GalT), rat livers-p-galactosylg1,3/
4-N-acetylf-p-glucosaminex2,3-sialyltransferasé[a.2,3-(N)-
SiaT], and rat livef3-p-galactosylg1,3-N-acetyl$-p-galactos-

(37) Kurogochi, M.; Matsushita, T.; Nishimura, SAngew. Chem., Int.
Ed. 2004 43, 4071-4075.
(38) Kurogochi, M.; Nishimura, S.-Anal. Chem2004 76, 7097-6101.
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position of the GIcNAc residue of compouBdising31,4-GalT
with UDP-Gal under general conditions. However, the reaction
did not proceed smoothly and gave a mixture of the partially
galactosylated materials (data not shown). We thought that this
may be due to a poor solubility of the macromolecular
intermediate6 in addition to the sterically hindered sugar
clustering on the MUCL1 polypeptide. Fortunately, it was found
that enzymatic reaction toward an unusually modified peptide
chain was promoted efficiently in the presence of 0.2% Triton
X-100 and gave a target compouidn quantitative yield as
shown in the analytical reversed-phase HPLC (Figure 7b).
Similarly, a2,3-(O)-SiaT catalyzed sialylation 06 also pro-

(39) Williams, M. A.; Kitagawa, H.; Datta, A.; Paulson, J. C.; Jamieson,
J. C.Glycoconjugate J1995 12, 755-761.

(40) Lee, Y. C.; Kojima, N.; Wada, E.; Kurosawa, N.; Nakaoka, T.;
Hamamono, T.; Tsuji, SJ. Biol. Chem 1994 269 10028-10033.
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SCHEME 2. Enzymatic Glycosylation Strategies
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ceeded smoothly in the presence of CMP-Neu5Ac and 0.2% Conclusion
Triton X-100 at 25°C for 24 h to afford compoun@ in 77%
yield (Figure 7c). As for the synthesis of the compouBd$0, A rapid synthesis of highly glycosylated MUC1 glycopeptides
and1, it was demonstrated that selective or sequential sialylation having core-2 typ@©-glycans at fiveO-glycosylation sites was
reactions by means @f2,3-(0)-SiaT anda2,3-(N)-SiaT made carried out by combining microwave-assisted solid-phase gly-
parallel syntheses of these glycopeptides possible in satisfactorycopeptide synthesis (MA-SPGS) and enzymatic modifications.
yields as shown in Figure 7¢. Figure 8 indicates MALDI-  Coupling reactions of highly bulky sugaamino acid building
TOFMS data of the target compounds synthesized in this study. blocks on solid supports were greatly accelerated by microwave
Structural characterization of all new synthetic MUC1 gly- irradiation. In fact, our protocol for SPGS of the MUC1-related
copeptides by NMR could also be performed, indicating that 20-residue glycopeptioéwas accomplished in opl7 h using
the present strategy is suited for the preparative-s&l&4(7 microwave heating, while a general and conventional protocol
mg; 7, 4.2 mg;8, 4.7 mg;9, 2.4 mg;10, 2.9 mg; andl, 3.0 required more than 4 days to synthesize this same compound.
mg) synthesis of this class of mucin-type glycopeptides. Figure In addition, the combination of PEGA resin and MA-SPGS gave
9 exhibits a fingerprint region of 600 MHz TOCSY spectra of the best conditions for achieving the synthesis of MUC1
MUC1 glycopeptided (a), 9 (b), 10(c), andl (d) at pH 4.0 in glycopeptides with high speed and high purity. Subsequent
90% H0/10% D:O at 300 K. It was clearly suggested that the enzymatic glycosylation using(l,4-galactosyltransferase?,3-
connectivities of the intraresidue spin system of carbohydrate (N)-sialyltransferase, and2,3-(O)-sialyltransferase were also
moieties in these glycopeptides can be well identified as carried out to generate molecular diversities of the biologically
indicated by the solid lines in these TOCSY spectra. In addition, interesting glycopeptides. It was also demonstrated that addition
the TOCSY and NOESY spectra of glycpeptide 1 revealed that of the detergent (Triton X-100) allowed for much-improved
overlapping cross-peaks with TOCSY spectra represent in- enzymatic glycosylation of glycopeptide intermediates with poor
traresidue NOEs and other cross-peaks represent interresidusolubility toward buffer solutions and/or relatively rigid con-
NOEs (Figure 10)H NMR chemical shifts of glycopeptides  formation. The combination strategy of MA-SPGS and glyco-
assigned by means of DQF-COSY, TOCSY, and NOESY syltransferase-catalyzed sugar extension should greatly contrib-
spectra are summarized in Tables 2 and 3. Further preciseute to high-speed parallel syntheses of useful glycopeptide
structural characterization and biological evaluation are under libraries for further biochemical and immunological investiga-
investigation and the results will be reported as soon as possible tions.
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TABLE 2. 600 MHz *H NMR Chemical Shifts (ppm) of the Amino Acid Moieties in Glycopeptides 6-10 and 1 at pH 4.0 in 90% H0O/10%
D,0 at 300 K

glycopeptides glycopeptides
residues 6 7 8 9 10 1 residues 6 7 8 9 10 1
Prot oH n.d. n.d. n.d. n.d. n.d. n.d. ALp NH 834 836 836 836 837 835
pH n.d. n.d. n.d. n.d. n.d. n.d. oH 464 463 459 463 444 468
yCHz n.d. n.d. n.d. n.d. n.d. n.d. BCH; 2.54 2.56 2.60 2.56 2.61 2.54
OCH, n.d. n.d. n.d. n.d. n.d. n.d. 2.71 2.72 2.75 2.72 2.76 2.71
Pro oH 427 440 427 426 427 4.28 Thr NH 8.61 861 863 861 862 8.66
pH 2.17 2.17 2.18 2.16 2.16 2.17 aH 4.40 4.39 440 4.38 4.40 4.41
yCHz 1.77 1.77 1.89 1.77 1.77 1.78 SH n.d. n.d. n.d. n.d. n.d. n.d.
1.90 1.89 n.d. 1.90 1.90 1.90 yCHs 1.11 1.09 1.11 1.13 1.11 1.07
oCH, 356 355 356 358 357 350 Afg NH 824 824 817 825 817 820
3.67 3.67 3.66 3.70 3.63 3.63 aH 4.36 4.37 4.34 4.38 4.35 4.32
Ala3 NH 8.37 8.37 8.37 8.38 8.37 8.39 SH 1.64 1.64 1.65 1.62 1.65 1.67
aH 4.44 4.42 4.44 4.43 4.44 4.42 1.74 1.73 1.73 1.73 1.74 1.72
BCHs 1.27 1.27 1.27 1.27 1.26 1.26 yCHz 1.60 1.59 1.60 1.58 1.60 1.59
His* NH 8.39 8.39 8.35 8.39 8.36 8.34 OCH;, 3.11 3.11 3.12 3.11 3.11 3.11
aH 4.60 4.60 4.64 4.58 4.59 458 Pto aH 4.35 4.34 4.35 4.23 4.36 4.28
BH 3.09 309 309 309 309 3.09 pH 220 221 216 220 221 217
3.19 3.19 3.19 3.19 3.19 3.20 yCHz 1.89 1.90 1.90 1.90 1.90 1.90
2H 8.44 8.44 8.42 8.44 8.43 8.41 OCH, 350 3.49 3.50 3.49 3.50 3.50
4H 7.22 7.22 723 723 3.09 3.09 3.62 3.62 362 361 362 364
Gly® NH 8.39 8.39 8.39 8.39 8.39 8.37 Afa NH 8.45 8.45 8.46 8.45 8.46 8.45
aH 3.82 3.81 3.81 3.83 3.81 3.82 aH 4.14 4.12 4.12 4.13 4.12 4.12
3.93 3.93 3.94 3.91 3.93 3.92 BCHs 1.24 1.23 1.24 1.23 1.24 1.24
Val® NH 8.04 804 807 803 805 804 Pfo oH 433 432 433 431 432 432
aH 4.23 4.23 4.21 4.22 4.22 4.20 pH 2.20 2.19 2.19 2.20 2.20 2.21
BH 1.98 1.98 1.98 1.99 1.98 1.98 yCHz  n.d. n.d. n.d. n.d. n.d. 1.76
yCH; 086 086 087 086 0.87 0.88 1.89 1.93 1.90 1.87 1.88 1.89
Thr’ NH 8.63 8.63 8.63 8.61 8.62 8.59 OCH, 3.55 3.56 3.56 3.56 3.56 3.56
aH 4.60 4.60 4.60 4.61 4.59 4.61 3.65 3.68 3.69 3.68 3.69 3.70
pH 4.18 4.17 n.d. n.d. n.d. n.d. Gk NH 8.25 8.27 8.24 8.27 8.25 8.27
yCH;  1.12 1.13 1.09 111 1.12 1.12 oH 385 384 383 384 382 381
Seg NH 8.69 8.64 8.77 8.67 8.73 8.72 4.00 4.00 4.02 4.01 4.02 4.05
oH 454 454 456 454 455 457 Ser NH 833 833 833 83 83 837
BCH, 3.68 3.68 3.65 3.71 3.67 3.70 aH 4.74 4.74 4.73 4.73 4.73 4.72
3.80 3.80 3.82 3.79 3.82 3.81 BCH; 3.78 3.78 3.78 3.77 3.79 3.79
Ala® NH 8.35 8.36 8.43 8.36 8.44 8.46 3.95 3.94 3.93 3.95 3.94 3.93
aH 4.40 4.40 4.38 4.38 4.38 4.39 Thr NH 8.79 8.79 8.85 8.81 8.83 8.82
BCHs 1.27 1.27 1.28 127 17 1.25 aH 4.51 4.50 4.52 4.50 4.52 4.51
Prot0 aH 4.31 4.27 4.40 4.27 4.27 4.25 pH 4.15 4.14 4.13 4.14 4.13 4.12
SH 2.18 2.16 2.18 2.17 2.16 2.16 yCHs 1.13 1.12 1.13 1.13 1.11 1.12
yCH> 1.80 1.78 1.76 1.78 1.77 1.77 Afa NH 8.37 8.37 8.37 8.37 8.35 8.34
1.90 1.89 1.89 1.89 1.90 1.87 aH 4.17 4.17 4.16 4.16 4.16 4.15
0CH; 3.55 3.55 3.56 3.55 3.57 3.54 BCH3 1.27 1.27 1.27 1.27 1.27 1.27

367 367 366 370 38 3.64

Experimental Section cocktail” solution [TFA/triisopropylsilane/DCM (95/2.5/2.5,
vIviv)]. FAB-mass analyses were carried out usimgitrobenzyl
General Method and Materials. All commercially available alcohol (NBA) as a matrix. In enzymatic glycosylation experiments,
solvents and reagents were used without further purification. Fmoc the prepurification in order to remove detergent was accomplished
amino acids of Arg, Asp, and His were employed as Arg(Pbf), Asp- by HPLC equipped with gel permeation chromatography (GPC)
(O'Bu), and His(Trt) according to the general synthetic protocols column eluted with 10 mM ammonium acetate containing 10%-CH
reported previously-*?All solid-phase reactions for glycopeptide  CN at a flow rate of 1 mL/min. Condition of the analytical reversed-
synthesis were performed manually in a polypropylene tube phase HPLC is described as follows: elution buffer A, 10 mMm
equipped with a filter. Swelling, washing, acetyl capping, and final  ammonium acetate buffer (pH 5.8); elution buffer B, £
cleavage procedures in the solid-phase syntheses were carried oWontaining 10% buffer A; linear gradient from 0 to 60 min,

at room temperature. The reaction vessel for solid-phase synthesiga/g) = (98/2) to (89/11); flow rate, 1 mL/min; UV monitoring,
was placed inside a cavity of a microwave instrument and Was 250 nm: column temperature, 28.

stirred with a vortex mixer. Single-mode microwave was irradiated Preparation of Crystals for MALDI-TOF and MALDI-LIFT-

at 2450 MHz using temperature control at 80. Glycopeptide - ; . : .
syntheses without microwave irradiation at 8D were performed TO.(';/ TD%FBMS' Slnnzmlc acutj_(Cgﬁg) ;)(r) 2,5-d|hyro(>j<ybe?zoc;c_
in a dry oven, and the reaction vessel was stirred. The resulting \E/lv(;ter( 1 m)L\)NE;;\SnSS(?H gz vr\r/]:sn;fepared( as Zi)amfgtetljszgl\tﬁor:nin
lycopeptidyl-resins were cleaved by treatment with a “cleavage P . ;
glycopeplidy ns w v 4 w vag 3:1 (v/v) of acetonitrile/water. Stock solutions of glycopeptides were
. . prepared by dissolving them in pure water. A matrix solution (0.5
(41) Carpino, L. A.; Shroff, H.; Triolo, S. A.; Mansour, E.-S. M. E.;  4L) was applied on the target spot of a MALDI-TOF plate and the

Wenshuh, H.; Albericio, FTetrahedron Lett1993 34, 7829-7832. sample solution (1.0L) was added to the matrix droplet, and then
(42) Caprino, L. A.; Imazumi, H.; EI-Faham, A.; Ferrer, F. J.; Zhang, .
C.: Lee, Y.. Foxman, B. M.; HenKlein, P.; Hanay, C. g€, C.; Wenshuh dried at room temperature. We employed these samples (about

H.; Klose, J.; Beyermann, M.; Bienert, M\ngew. Chem., Int. EQ002 1-10 pmol) with both MALDI-TOF and MALDI-LIFT-TOF/TOF
41, 441-445. mode using the above preparation procedure.
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TABLE 3. 600 MHz *H NMR Chemical Shifts of the

66— Carbohydrate Moieties in MUC1 Glycopeptides 6-10 and 1 at pH
@) 4.0 in 90% H,0/10% D0 at 300 K
n glycopeptides

7o /“)_']\ () residues 6 7 8 9 10 1
. L w GalNAc! (Thr7) H-1 481 483 481 483 4.83 4383
T I — (7% H-2 409 409 410 410 410 4.10
9.+ 2% Neue] 2 %) —\ [ X Newe] %) © H-3 392 392 391 392 390 391
| H-4 nd. nd. 403 4.03 4.05 4.03
) CH3 190 190 190 189 189 1.89
806%) — NH 735 736 726 732 727 724
8- [1 X NeuAc] (4 %) @ GalNAcl (Ser8) H-1 475 475 474 476 477 475
- H-2 420 410 410 420 4.18 4.18
— 100%) H-3 393 392 390 397 394 3.96
10+ [1 X NeuAc] (8 %) 10 - [1 X NeuAc] (2 % (e) H-4 n.d. n.d. 4.08 4.08 4.07 4.06
J T\l eAde cH3 194 189 190 1.88 1.83 1.88
NH 788 788 793 7.83 784 7.79
192%) — . ®) GalNAcl (Thr12) H-1 475 476 476 465 471 471
J /\I 1-[1XNeuAc] (8 %) H-2 410 420 4.18 411 411 410
H-3 392 395 394 391 390 391
H-4 n.d. n.d. 4.07 4.01 404 4.01

3 B x & ® CH; 194 189 1.88 1.89 1.891%
min NH 787 786 7.81 7.87 794 7.99
GalNAcl (Ser18) H-1 473 481 465 479 n.d. n.d.
FIGURE 7. HPLC profiles of a key intermediaté (a) and crude H-2 415 414 412 414 413 412
products 7 (b), 9 (c), 8 (d), 10 (e), and1 (f) obtained by the H-3 392 392 392 391 391 391
modifications with glycosyltransferases. All materials were purified by H-4  nd.  nd nd 408 404 407

CH3 188 188 186 187 1.87 1.88

using GPG-HPLC to remove the detergent before applying to HPLC
analyses. NH 759 758 754 756 753 751
GalNAcl (Thr19) H-1 481 481 480 480 480 4.79
| H-2 414 412 413 4.14 413 413
6 (4727.0 m/z) L @) H-3 396 393 395 393 391 391
- H-4 n.d. nd. 4.05 4.06 405 4.04
7(5537.6 mz) C43 191 1.88 1.89 1.89 1.90 1.90
L (®) NH 757 757 749 759 757 761
GIcNAc llla H-1 443 444 442 443 444 443
8(6184.2 m/z)—»{ © H-2 358 360 359 362 360 359
o H-3 340 348 333 348 348 347
H-4 nd. 388 340 356 nd. 357
9 (6994.6 m/z) —— (d) CH3 19 193 193 194 192 193
A—JL NH 8.11 8.13 8.08 813 8.12 8.12
GIcNAc llib H-1 443 444 443 4.44 444 444
10 (6994.5 m/z) —'l @ H-2 359 357 352 363 361 361
- ” H-3 342 348 333 348 348 347
m 1(8433.5 m/z) = 0 H-4 nd. 38 344 357 nd 356
e " A CH3 194 194 196 193 193 193
NH 8.08 8.10 8.03 810 8.09 8.09
r T T T T T T T T T T IERARRRRRES T T T Neu5AcV H-3a 1.67 1.68 1.67
1000 2000 3000 4000 5000 6000 7000 8000 9000 m/z H'Se 264 264 263
CH:
FIGURE 8. Positive-ion-mode MALDI-TOF mass spectra 6f(a) N,_:’; %gg %gé %g;
and7 (b) and negative-ion-mode MALDI-TOF mass spectre8dt), NeuSAcVI H-3a ' T 166 167
9 (d), 10 (e), andl (f), respectively. All materials were purified by H-3e 263 263
HPLC before the measurements. CHs 190 1.91
NH 7.95 7.95

MALDI-TOF Mass Spectrometry. The MALDI-TOF mass
spectrometer was equipped with a reflector and controlled by the
Flexcontrol 1.2 software package according to the general protocolsmixture of these peptides was measured on the central spot of a 3
reported in the previous papers’®In MALDI-TOF MS reflector x 3 square by using external calibration. To achieve mass accuracy
mode, ions generated by a pulsed UV laser beam (nitrogen laser,better than 60 ppm, internal calibration was carried out by doping
A = 337 nm, 5 Hz) were accelerated to a kinetic energy of 23.5 the matrix solution with a mixture of the calibration peptides.
kV. Metastable ions generated by laser-induced decomposition of Calibration of these mass spectra was performed automatically by
the selected precursor ions were analyzed without any additional utilizing a customized macro command of the FlexControl 2.1
collision gas. software package. The macro command was used for the calibration

In MALDI-LIFT-TOF/TOF mode, precursor ions were acceler-  of the monoisotopic singly charged peaks of the above-mentioned
ated to 8 kV and selected in a timed ion gate. The fragments were peptides. TOF/TOF spectra were annotated with the BioTools 2.1.
further accelerated by 19 kV in the LIFT cell (LIFT means “lifting” NMR Spectroscopy. The glycopeptides6—10 and 1 were
the potential energy for the second acceleration of ion source), anddissolved at a final concentration of 2.0 mM in 300uL of
their masses were analyzed after the ion reflector passage. Masse80% H0/10% DO at pH 4.0. The pH was adjusted to 4.0 by
were automatically annotated by using FlexAnalysis 2.0 software addition of HCl and NaOH. All 1D and 2EH NMR spectra were
package. External calibration of MALDI mass spectra was carried recorded with an operating frequency of 600 MHz at a temperature
out using singly charged monoisotopic peaks of a mixture of human of 300 K. Standard NMR pulse sequences were used for 2D DQF-
angiotensin Il Wz 1046.542), bombesin{z 1619.823), ACTH COSY, TOCSY, and NOESY experiments. TOCSY spectra with
(18—39) (m'z 2465.199), and somatostatin 28/¢ 3147.472). The MLEV-17 sequenc&** were collected with a spin-lock time of
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FIGURE 9. Fingerprint region of 600 MHz TOCSY spectra of MUC1 glycopeptidda), 9 (b), 10 (c), andl (d). The two-dimensional TOCSY
spectra were recorded on a Bruker DRX 600 Avance spectrometer equipped with cryoprobe at pH 4.0 yO2D0%AH0 at 300 K. Solid lines
represent the connectivities of the intraresidue spin system of carbohydrate moieties in glycopeptides.
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FIGURE 10. Overlay of TOCSY (red) and 400 ms-NOESY spectra (black) of glycpeptid®verlapping cross-peaks with TOCSY spectra
represent intraresidue NOESs, and other cross-peaks represent interresidue NOEs.

100 ms. NOESY spectfawere acquired with a mixing time of  multiplied by a 90 phase shift sine bell window function prior to
100, 200, and 400 ms. All 2D spectra were processed using Fourier transformation. Proton resonance assignments were achieved
NMRPipe softwarg® Time domain data in both dimensions were using XEASY software?
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Synthesis of Sugar Amino Acids. O-{2-Acetamido-O-[2-
acetamido-3,4,6-triO-acetyl-2-deoxyp-p-glucopyranosyl-(1-6)]-
2-deoxyO-[2,3,4,6-tetraO-acetyl3-p-galactopyranosyl-(+3)]-
o-D-galactopyranosyk -N*-(fluoren-9-ylmethoxycarbonyl)-L -
threonine (2). O-{ 2-Acetamido©-[2-acetamido-3,4,6-ti3-acetyl-
2-deoxy$-p-glucopyranosyl-(+6)]-2-deoxy©-[2,3,4,6-tetra©-
acetyl{3-p-galactopyranosyl-(%3)]-a-p-galactopyranosykNe-
(fluoren-9-ylmethoxycarbonyl)-threonine tert-butyl ester was
synthesized by modifying the procedures reported previodgfy:
1H NMR (400 MHz, CDC}; Me,Si) 0 7.80-7.32 (8 H, m, AH),
6.02 (1 H, d,J;nn 9.6, NH), 5.80 (1 H, d,Jz nu- 8.9, NH"), 5.56
(1 H, d, Jchann 8.9, NH Thr), 5.37 (1 H,J3» 2.9, 4-H), 5.19-
5.13 (2 H, m, 2H and 3'-H), 5.09-5.05 (1 H, dd, 4-H), 4.98-
4.96 (1 H, dd, 3H), 4.79 (1 H, d,J;23.4, 1-H), 459 (2 H, 2 d,
Ji/',2 8.0, I-H and J;» »» 8.0, 1'-H), 4.55-4.45 (3 H, m, Fmoc
CH, and 2-H), 4.28-4.23 (2 H, m, Fmoc CH and"éH?), (10 H,
m, 6'-HP, Thr CH*, 2"-H, 4-H, 6-Hab 5-H, 6-H*b, and Thr CH),
3.77 (1 H, dd, 5-H), 3.693.66 (2 H, m, 3-H and '5H), 2.80 (1

JOC Article

with DMF (5 x 10 mL). Fmoc-Ala-OH (128 mg, 41Amol) was
assembled onto the resin by treatment with 0.4 M HBTHOBt

in DMF solution (1.03 mL) and DIEA (144l, 822 umol), and the
resin was stirred fo2 h atroom temperature. Quantification of
Fmoc-Ala residue attached onto the resin was confirmed by
measuring UV absorption at 290 nm corresponding to the diben-
zofulvene-piperidine adduct. Deprotection of Fmoc group was
achieved with 20% piperidine in DMF (10 mL) for 20 min. Finally,
the Ala-resin was filtered, washed with DMF ¢ 10 mL) and
DCM (5 x 10 mL), and then dried in vacuo for 24 h.

Preparation of Ala-PEGA Resin. PL-PEGA resin (Polymer
Laboratories, Inc.) functionalized with Rinkamide linker was
employed for the solid-phase synthesis using a manual procedure
in polypropylene column. PL-PEGA resin (0.055 mmol/g of wet
resin, 347 mg, 6.xmol) was washed with DMF and GBI, and
dried in vacuo. First, Fmoc-Rink linker (35 mg, @bnol) was
incorporated into the resin in the presence of 0.4 M HBTHOBt
in DMF solution (164uL, 65 umol) and DIEA (22uL, 130umol).

H, br s, 4-OH), 2.16, 2.08, 2.07, 2.02, 1.99, 1.98, 1.90 and 1.78 The mixture was stirred at room temperature by using a vortex

(27 H, 8 s, 9x COCH), 1.46 (9 H, s, BY) and 1.27 (3 H, d, Thr
CH") (the primes ) and (') mean Gal and GIcNAc residues,
respectively); HRMS-FABI{Vz) calcd for GoH7gN3027 [M + H]*
1260.4823, found 1260.4850.

Thetert-butyl group of the above precursor (101 mg,880l)
was cleaved by treatment with a solution of 95% TFA in DCM at
room temperature for 60 min. The mixture was coevaporated with
toluene. The residue was dissolved in 30% aqg3;CN and
lyophilized to give2 (97 mg, 85%): HRMS-FABItV2) calcd for
CssH70N3O27 [M + H]* 1204.4197, found 1204.4194.

O-{2-Acetamido-O-[2-acetamido-3,4,6-triO-acetyl-2-deoxy-
p-p-glucopyranosyl-(1-6)]-2-deoxy-0-[2,3,4,6-tetra©-acetyl5-
p-galactopyranosyl-(1-3)]-a-b-galactopyranosy} -N-(fluoren-
9-ylmethoxycarbonyl)+ -serine (3).0-{ 2-AcetamidoO-[2-acetamido-
3,4,6-tri-O-acetyl-2-deoxyj-p-glucopyranosyl-(+6)]-2-deoxy-
0-[2,3,4,6-tetra©-acetyl-p-galactopyranosyl-(£3)]-o-b-
galactopyranosytNe-(fluoren-9-ylmethoxycarbonyl)-seringert-

mixer. After 2 h, the resin was washed with DMF and £CH and

then dried in vacuo. Fmoc-Rinkamide linker introduced onto the
original PL-PEGA resin was estimated to be 7/4tol by Fmoc-
photometric test. This resin was swollen with DMF and used for
the coupling with Fmoc-Ala-OH (6.92 mg, 22mol) under a
procedure similar to that described above. Unreacted amino groups
of the resin were blocked by acetyl capping. Fmoc-Ala residues
substituted on the resin were quantified by photometric titration of
the Fmoc group released (Gurmol).

Coupling Reaction of Compound 2 with the Ala-Rinkamide-
TentaGel Resin.Coupling of 2 (7.0 mg, 5.85umol) with Ala-
Rinkamide-TentaGel resin (0.26 mmol/g) (15 mg, 3.800l) was
performed in the presence of 0.4 M HBFHHOBt in DMF (14.6
uL) and DIEA (2.0ul, 11.7umol) and DMF (83.4.L). The mixture
was stirred by using a vortex mixer under suitable conditions (either
microwave at 50C, nonmicrowave at 50C, or nonmicrowave at
room temperature) for an appropriate time. The coupling reaction

butyl ester was also synthesized by modifying the procedures in was stopped by filtration, and the resin was washed with DMF

the previous papers:?® H NMR (400 MHz, CDCk; Me,Si) o
7.80-7.31 (8 H, m, AH), 6.07 (1 H, dJcronn 7.4, NH Ser), 6.00
(1 H, d,Jr N 8.9, \H"), 5.70 (1 H, dJo N1 8.8, NH), 5.37-5.32
(2H, m, 4-H and 3'-H), 5.22-5.15 (1 H, m, 2H), 5.05-4.95 (2
H, m, 3-H and 4'-H), 4.77 (1 H, d,J;> 3.4, 1-H), 4.69 (1 H, d,
i 7.6, 1'-H), 4.56-4.40 (5 H, m, 1-H, 2-H, Fmoc ®,, Ser
CH®), 4.27-4.21 (2 H, m, 6-H3 Fmoc (H), 4.20-3.59 (13 H,
m, 3-, 4-, 5-H, 6-Hb, 5-H, 6'-H&b, 2"~ 5'-H, 6'-HP and Ser G,
), 2.72 (1 H, br s, 4-OH), 2.16, 2.06, 2.05, 2.02, 1.98, 1.95, 1.89
and 1.81 (27 H, 8 s, %« COCH3) and 1.50 (9 H, s, Bj HRMS-
FAB m/z calcd for GgHzeN3O,7 [M + H]* 1246.4666, found
1246.4642.

The tert-butyl group of the above precursor (80 mg, @hol)
was cleaved by treatment with a solution of 95% TFA in DCM at
room temperature for 60 min. The mixture was coevaporated with
toluene. The residue was dissolved in 30% aq;CMN and
lyophilized to give3 (48 mg, 63%): HRMS-FABmz calcd for
C54H68N3027 (M + H) 1190.4040, found 1190.4048.

Preparation of Preloaded Ala-Rinkamide-TentaGel Resin
(Ala-resin). To Fmoc-TentaGel resin functionalized with Rinkamide
linker (0.25 mmol/g, 548 mg, 13iZzmol) swollen in DMF (10 mL)
for 30 min was added 20% piperidine in DMF (10 mL), and the
mixture was stirred for 20 min. The resin was filtered and washed

(43) Braunschweiler, L.; Ernst, R. R. Magn. Reson1983 53, 521—
528.

(44) Bax, A.; Davis, D. GJ. Magn. Reson1985 65, 355-360.

(45) Jeener, J.; Meier, B. N.; Bachmann, P.; Ernst, R1.&hem. Phys.
1979 71, 4546-4553.

(46) Delaglio, F.; Grzesiek, S.; Vuister G.; Zhu, G.; Pfeifer, J.; Bax, A.
J. Biomol. NMR1995 6, 277-293.

(47) Bartels, C.; Xia, T. H.; Billeter, M.; Guert, P.; Wthrich, K. J.
Biomol. NMR1995 5, 1-10.

(5 x 1 mL) and DCM (5x 1 mL). The resulting resin was dried
in vacuo.

Determination of Coupling Yields by Fmoc Photometric
Tests.The amount of Fmoc groups on the resin was determined as
substitution level oR on the Ala-resin. To the resulting resin (1.0
mg) was added 20% piperidine in DMF (1 mL) and the mixture
was stirred at room temperature for 20 min. The absorbance of the
sample solution was read at 290 nem=t 5800 M~*cm™?) in a
quartz cell. Duplicate measurements were carried out and the
average was substituted in the followirgguation 1to obtain
experimental Fmoc loading.

OD,q, x 1000

experimental Fmoc loading (mmovg;Wofresin)

@

Coupling yields were calculated by comparison of experimental
Fmoc loading with the theoretical loading. The theoretical loading
corresponding to 100% of reaction proceeding was calculated by
eq 2.

A x 1000

theoretical loading (mmol/gy = m

@

where A is the loading of starting resin (mmol/g) a®lis the
molecular weight of the target glycopeptide involved in all
protecting groups.

The amount of Fmoc groups existing on the resulting resin during
glycopeptide synthesis under the conditions (entrieg)llisted in
Table 1 was determined by the above-mentioned procedure, and
the overall yields of the full length glycopeptideon the solid
phase were estimated by using these data.
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Solid-Phase Synthesis of Glycopeptide 4 Using a Standard then filtered, and the resin was washed with DMFx51 mL).
Protocol at Room Temperature (Entry 1 in Table 1). All The appropriate Fmoc-amino acids (3.0 equiv) were incorporated
coupling andN®Fmoc removal reactions were conducted at room to the resin with HBTU (3.0 equiv), HOBt (3.0 equiv), and DIEA
temperature. Fmoc-Rinkamide resin (50 mg, 12n8ol) swollen (6.0 equiv) in DMF (66QuL) for 10 min. Coupling reactions dt
in DMF (1 mL) for 30 min was treated with 20% piperidine in (1.5 equiv) or3 (1.5 equiv) were carried out with HBTU (1.5 equiv),
DMF (1 mL). The reaction mixture was stirred at room temperature HOBt (1.5 equiv), and DIEA (3.0 equiv) in DMF (334L) for 20
for 20 min and then filtered, and the resin was washed with DMF min, and the resin was washed with DMF ¥51 mL). Unreacted
(5 x 1 mL). The appropriate Fmoc-amino acids (3.0 equiv) were amino groups were capped by acetylation with 13 mM HOBt in
incorporated to the resin with HBTU (3.0 equiv), HOBt (3.0 equiv), Ac,O/DIEA/DMF solution (4.75:2.25:93.0, v/viv, 1 mL) for 5 min,
and DIEA (6.0 equiv) in DMF (66Q:L) at room temperature for  and the resin was washed with DMF. RemovaNsfFmoc group
2 h. Coupling reactions & (1.5 equiv) or3 (1.5 equiv) were carried was performed by treatment with 20% piperidine in DMF (1 mL)
out with HBTU (1.5 equiv), HOBt (1.5 equiv), and DIEA (3.0  for 3 min and washed with DMF (% 1 mL). The glycopeptidyl-
equiv) in DMF (330uL) at room temperature for 12 h. After these  resin was washed with DMF (5% 1 mL) and DCM (5x 1 mL)
coupling reactions, the resin was washed with DMFx(3 mL). and dried over in vacuo for 24 h.

Unreacted amino groups were capped by acetylation with 13 MM Reyersed-Phase HPLC Analyses of Crude Glycopeptide 5

HOBL in ACO/DIEA/DMF solution (4.75:2.25:93.0, vIV/v, 1 ML) peleased from TentaGel ResinDried glycopeptidyl-resins ob-
for 5 min at room temperature, and the resin was washed with DMF. (5ined by entries 3 in Table 1 (each 3.0 mg) were treated with

Reomoyal of theN*-Fmoc group was performed by treatment with 5 ¢jeayage cockail (4Q6L) under vigorous stirring fo2 h atroom
20% piperidine in DMF (1 mL) at room temperature for 20 min, o mperature. The mixture was concentrated by streaming of nitrogen
and the resulting resin was washed with DMFx51 mL). The gas. Then, 50% aq GEN (1 mL) was added to the residue, and
glycopeptidyl-resin was washed with DMF (61 mL) and DCM the solution was lyophilized to give 0.97 mg, 0.92 mg, and 0.93
(5 x 1 mL) and dried Over In vacuo for.24 h. ) mg of crude glycopeptides in entries 1, 2, and 3, respectively. Each
Solid-Phase Synthesis of Glycopeptide 3 at SIC without crude glycopeptide was dissolved in 30% aqsCN containing
Microwave Irradiation (Entry 2 in Table 1). All coupling and 0.1% TFA (75uL). These solutions (20L) were directly loaded
N*-Fmoc removal reactions were conducted under heating at 50 5hto HPLC column. HPLC analyseé were performed with GL

°C in a dry oven. Fmoc-Rinkamide resin (50 mg, 125 0l) sciences C18 reversed ;
. ! ; e -phase column (Inertsil ODB436 x 250
swollen in DMF (1 mL) for 30 min was treated with 20% piperidine mm). The flow rate was 1 mL/min, and elution conditions were

in DMF (1 mL). The reaction mixture was stirred at 100M  (egcriped as follows: elution buffer A8 containing 0.1% TFA;
temperature for 20 min and then filtered, and the resin was washedy) ¢ g CHCN containing 0.1% TFA; buffer contents—& min

with DMF (5 x 1 mL). The appropriate Fmoc-amino acids (3.0 i constant flow (A/B)= (70/30), 5-45 min in linear gradient flow
equiv) were incorporated to the resin with HBTU (3.0 equiv), HOBt (A/B) = (70/30) to (10/90), and 4550 min, and constant flow

(3.0 equiv), anq DIEA (6.0 equ_iv) in DMF (GQQL) for 10 mir_l. (A/B) = (10/90). UV absorbance was measured at 220 nm and
Coupling reactions of (1.5 equiv) or2 (1.5 equiv) were carried column temperature was 2€.

out with HBTU (1.5 equiv), HOBt (1.5 equiv), and DIEA (3.0 . .
( quiv) ( quiv) ( Reversed-Phase HPLC Analysis of Crude Glycopeptide 5

equiv) in DMF (330uL) for 20 min. The resin was washed with . . -
DMF (5 x 1 mL), the unreacted amino groups were capped b Cleaved from PEGA Resin..A small portion (3.8 mg) of the dried

acetylation with 13 mM HOB in AgD/DIEA/DMF solution (4.75:  dlycopeptidyl-PEGA resin (compouritisynthesized by the condi-
2.25:93.0, v/viv, 1 mL) for 5 min, and the resin was washed with tion of the entry 4 in Table 1) was treated with 100 of the
DMF. N&Fmoc removal were performed by treatment with 20% cleavqge cocktall_. After being stlrredr_fﬁ h atroom temperature,
piperidine in DMF (1 mL) for 3 min and the resin was washed the mixture was filtered and the solution was diluted with 30% aq
with DMF (5 x 1 mL). The glycopeptidyl-resin was washed with ~ CHaCN (200 uL). A part of this solution (20uL) was directly
DMF (5 x 1 mL) and DCM (5x 1 mL) and dried over in vacuo applied to HPLC column and analyzed under the same conditions

for 24 h. as described above.

Solid-Phase Synthesis of Glycopeptide 3 under Microwave Glycopeptide 5. Glycopeptidyl-resind was synthesized using
Irradiation (Entry 3 in Table 1). Coupling andN*-Fmoc removal PEGA resin (900 mg of wet resin, 494nol) by the conditions of
reactions were conducted under microwave irradiation &C5@— entry 4 in Table 1 and treated with the same cleavage cocktail (10

40 W). Fmoc-Rinkamide resin (50 mg, 12:50l) swollen in DMF mL) as described above. After being stirred  h at room

(1 mL) for 30 min was treated with 20% piperidine in DMF (1 temperature, the mixture was filtered, and the resin was washed
mL). The reaction mixture was stirred for 3 min and then filtered, with 50% TFA in DCM (10 mL) and then filtered. The solution
and the resin was washed with DMF (51 mL). The appropriate was concentrated by streaming of nitrogen gas to approximately 1
Fmoc-amino acids (3.0 equiv) were incorporated to the resin with mL. To a solution was addetrt-butylmethyl ether (10 mL) at 0
HBTU (3.0 equiv), HOBt (3.0 equiv), and DIEA (6.0 equiv) in  °C, and the mixture was kept for 10 min. The resulting precipitates
DMF (660uL) for 10 min. Coupling reactions d (1.5 equiv) or were collected by centrifugation for 10 min (5000 rpnfG). The

3 (1.5 equiv) were carried out with HBTU (1.5 equiv), HOBT (1.5 supernatant was carefully removed, and the residue was dried using
equiv), and DIEA (3.0 equiv) in DMF (33@L) for 20 min, and stream of nitrogen gas. The residue was dissolved in 30% ag CH
the resin was washed with DMF (5 1 mL). Unreacted amino CN containing 0.1% TFA solution (4 mL) and directly loaded onto
groups were capped by acetylation with 13 mM HOBt in ap@ic preparative reversed-phase HPLC [column, Inertsil OD$-2(
DIEA/DMF solution (4.75:2.25:93.0, v/viv, 1 mL) for 5 min, and x 250 mm); flow rate, 7.5 mL/min; elution buffer A, 4@

the resin was washed with DMN®-Fmoc removal was performed  containing 0.1% TFA; elution buffer B, G}&N containing 0.1%

by treatment with 20% piperidine in DMF (1 mL) for 3 min and TFA; composition of the solvent,-85 min in constant flow with
washed with DMF (5< 1 mL). The glycopeptidyl-resin was washed (A/B) = (70/30), 5-60 min in linear gradient flow from (A/B}

with DMF (5 x 1 mL) and DCM (5x 1 mL) and dried over in (70/30) to (55/45); column temperature, 40; UV monitoring,

vacuo for 24 h. 220 nm]. The pure fraction was lyophilized to afford glycopeptide
Solid-Phase Synthesis of Glycopeptide 3 on the PEGA Resin 5 as an amorphous solid (33.9 mg, m®ol, 11% isolated overall
under Microwave Irradiation (Entry 4 in Table 1). Coupling yield calculated from the first Ala residue introduced to the solid-

and N“-Fmoc removal reactions were conducted with microwave phase support. The isolated yield was estimated by amino acid
irradiation at 5¢°C (0—40 W). Ala-PEGA resin (50 mg, 12/amol) composition analysis): MALDI-TOFMS £gHz7gN2¢0137[M + H] ™
swollen in DMF (1 mL) for 30 min was treated with 20% piperidine  calcdm/z6197.380, founan/z 6197.429; ESI-HRMS &dHz79N360137

in DMF (1 mL). The reaction mixture was stirred for 3 min and [M — 2H]?~ calcdnvz 3097.186, foundwz 3097.186.
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Glycopeptide 6.A purified glycopeptides (33.9 mg, 5.5umol) purification was performed by a semipreparative RP-HPLC to give
was dissolved in a solution of 10 mM sodium hydroxide in MeOH 9 (2.6 mg, 0.38:mol, yield 50%): MALDI-TOF MS G79H44N410167
(20 mL), and the mixture was stirred at room temperature for 1 h. [M — H]~ calcd m/z 6994.7, foundnvz 6994.6; ESI-HRMS
The reaction mixture was then neutralized with acetic acid, and Cy7sH430N410167 [M — 4H]*~ calcd m/z 1746.9280, foundn/z
the solvent was removed by streaming of nitrogen gas. The residuel746.9346.

was dissolved in 50% aqueous €N and lyophilized. The crude Glycopeptide 10. Compound8 (4.6 mg, 0.65umol) was
product was subjected to the purification by semipreparative galactosylated by using 325 mU f,4-GalT and UDP-Gal (6.0
reversed-phase HPLC [column, Inertsil ODS¢320 x 250 mm); mg, 9.8umol) in a total volume of 65Q:L of 50 mM HEPES
flow rate, 7.5 mL/min; elution buffer A, kD containing 0.1% TFA; buffer, pH 7.0, 10 mM MnGJ, 0.2% Triton X-100, and 0.1% NaN
elution buffer B, CHCN containing 0.1% TFA; composition of  After incubation for 24 h at 25C. The reaction mixture was
the solvent, 8-5 min in a constant flow with (A/Bj= (98/2), 5-40 purified by GPC-HPLC and the fraction containing compoudsd
min in a linear gradient flow from (A/Bj= (98/2) to (86.5/13.5);  was analyzed by an analytical RP-HPLGR € 18.9 min, Figure
column temperature, Z&; UV monitoring, 220 nm]. Glycopeptide  7e). Further purification was performed by a semipreparative RP-
6 as an amorphous solid (14.7 mg, 3.1 mmol, yield 57%): MALDI- HPLC to give10 (2.9 mg, 0.41umol, 63%): MALDI-TOF MS
TOFMS GigdH300N360102 [M — H]~ calcdm/z 4727.0, foundwz CoreHasN410167 [M — H]~ calcd mVz 6994.7, foundz 6994.5;

4727.0; ESI-HRMS  GoHsofN3cOw02 [M — 2HJ*™ caled m/z ESI-HRMS GyaHasN410167 [M — 4H]4~ calcd miz 1746.9280,
2361.993, found/z 2361.994. Amino acid analysis: Asp (1) 1.0, foundnvz 1746.9336.

Thr (3) 2.9, Ser (2) 1.8, Pro (5) 5.1, Gly (2) 2.0, Ala (4) 4.0, Val  Gjycopeptide 1.Compoundé (3.5 mg, 0.74«mol) was galac-
(1) 1.0, His (1) 1.0, GIcNK(5) 3.7, and GaINH (5) 4.1. tosylated by 370 mU of1,4-GalT and UDP-Gal (6.7 mg, 11.1
Glycopeptide 7.Compounds (5.6 mg, 1.2umol) was galacto- 51y in a fotal volume of 74QiL of 50 mM HEPES buffer, pH

sylated by using 600 mU ¢f1,4-GalT and UDP-Gal (11 mg, 18.0 7.0, 10 mM MnC}, 0.2% Triton X-100, and 0.1% NaNAfter

#mol) in a total volume of 1.2 mL of 50 mM HEPES buffer, pH  jnchation for 24 h at 25C, subsequent sialylation was performed
7.0, 10 mM MNC, 0.2% Triton X-100, and 0.1% NaNAfer b\ dition of 875 mU mi 02,3-(0)-SiaT (59:0), 3.7 U mL ™

incubation for 24 h at 23C, the reaction mixture was purified by 5 3 (N)-SiaT (15
. - ,3-(N)- uL), and 200 mM CMP-Neu5Ac (114L) for
GPC-HPLC, and the fraction containing compoundas analyzed - 5, 'y 51'25°C. The reaction mixture was purified by GPEPLC
L 2o T e T, Fuhr and th racton conanng compeurivs anayzed by an
. ] analytical RP-HPLCtg = 13.8 min, Figure 7f). Further purification
7(4.2mg, 0.76mol, yield 64%): MALDI-TOF MS GagssgNssO1z7 was performed by a semipreparative RP-HPLC to di\®.0 mg,
[M + H]* calcdm/z 5537.274, foundwz 5537.623; ESI-HRMS 0.35umol, yield 48%): MALDI-TOF MS GadHszNacOs07 [M —

CoadHasdNacO127 [M — 2H]*" caled miz 2767.1257, foundWz - cqicdmiz 8450.9, foundiiz 8453.5; ESI-HRMS GyHeagNseOs07

2767.1253. -
M — 4H]*" calcdm/z 2110.7973, foundn/z 2110.7988.
Glycopeptide 8.Compounds (5.6 mg, 1.2«mol) was sialylated [ I*" caledm’z » founanz

by using 130 mU o12,3-(O)-SiaT and CMP-Neu5Ac (11 mg, 17.8 .

umol) in a total volume of 1.2 mL of 50 mM HEPES buffer, pH Acknowledgment. This W0r|_< was supported by a grant for
7.0, 10 mM MnC}, 0.1% Triton X-100 and 0.1% NaN After “Developmen_t of methodologies and databases for structural
incubation for 24 h at 25C, the reaction mixture was purified by ~ 9glycoproteomics” from the New Energy and Industrial Technol-
GPC-HPLC, and the fraction containing compouhatas analyzed 09y Development Organization (NEDO). We appreciate useful
by analytical RP-HPLC t¢ = 20.2 min, Figure 7d). Further  discussions of microwave instruments with Dr. H. Kaga of
purification was performed by a semipreparative RP-HPLC to give Research Institute of Genome-based Biofactory of AIST,
compound8 (4.7 mg, 0.76umol, yield 64%): MALDI-TOF MS Hokkaido. We also thank Ms. M. Kiuchi, Ms. S. Oka, and Mr.
Ca45H392N410142 [M — H]~ calcd m/z 6183.9, foundm/z 6184.2; T. Hirose at the Center for Instrumental Analysis, Hokkaido
ESI-HRMS GusH301N410142 [M — 2H]?~ caled miz 3089.7318, University, for FAB-MS and ESI-MS measurement and amino
found m/z 3089.7144. acid composition analysis.

Glycopeptide 9.Compound/ (4.2 mg, 0.76:mol) was sialylated
by using 15 mU ofx2,3-(N)-SiaT and CMP-Neu5Ac (7.2 mg, 11.4
mmol) in a total volume of 76@L of 50 mM HEPES buffer, pH
7.0, 10 mM MnC}, 0.2% Triton X-100 and 0.1% Naj\ After
incubation for 24 h at 28C, the reaction mixture was purified by
GPC-HPLC and the fraction containing compoud@as analyzed
by an analytical RP-HPLCt{ = 24.4 min, Figure 7c). Further = JO0526643

Supporting Information Available: H NMR and TOCSY
spectra for compountiand6—10and HSQC spectra for compound
7. This material is available free of charge via the Internet at
http://pubs.acs.org.
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