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Abstract: The Tn, T, sialyl-Tn, and 2,3-sialyl-T antigens are tumor-associated carbohydrate antigens expressed
on mucins in epithelial cancers, such as those affecting the breast, ovary, stomach, and colon. Glycopeptides
carrying these antigens are of interest for development of cancer vaccines and a short, chemoenzymatic strategy
for their synthesis is reported. Building blocks corresponding to the Tn (GalNger/Thr) and

T [Galp(1—3)GalNAax-Ser/Thr] antigens, which are relatively easy to obtain by chemical synthesis, were
prepared and then used in the synthesis of glycopeptides on the solid phase. Introduction of sialic acid to give
the sialyl-Tn [Neu5Aa(2—6)GalNA-Ser/Thr] and 2,3-sialyl-T [Neu5An2—3)Ga)j(1—3)GalNAax-Ser/

Thr] antigens is difficult when performed chemically at the building block level. Sialylation was therefore
carried out with recombinant sialyltransferases in solution after cleavage of the Tn and T glycopeptides from
the solid phase. In the same manner, the core 2 trisaccharid@1fSa(GIcNAgS1—6)GalNAc] was
incorporated in glycopeptides containing the T antigen by using a recomirecetylglucosaminyltransferase.

The outlined chemoenzymatic approach was applied to glycopeptides from the tandem repeat domain of the
mucin MUC1, as well as to neoglycosylated derivativés d cell stimulating viral peptide.

Introduction acetylgalactosamine to serines and threonines by a family of
N-acetylgalactosaminyltransferases, which show overlapping but
somewhat different specificities with regard to peptide se-
quence. When the mucin MUCL1 is produced by the normal
human mammary gland, galactosyl residues are added to
the N-acetylgalactosamine moieties to form the type 1 core
Galp1—3GalNAa-Ser/Thr (also called the T antigen). The type

Most epithelial cells produce mucins, i.e. glycoproteins in
which the polypeptide backbone consists of highly conserved
tandem repeats with complex carbohydrates linked to multiple
serine and threonine residues.Biosynthesis of mucins occurs
in the Golgi apparatus and is initiated by addition M&f

T Ume& University. 1 core, in turn, acts as a substrate for cor@126GICNAC
§University of Copenhagen. transferases, so that the type 2 core trisaccharidejzal
University of Porto. 3(GIcNAB1—6)GalNAc] is formedd# Finally, oligo N-acetyl-
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lactosamine moieties are added, after which addition of sialic less complex Tn and T antigens has been described by several
acid or fucose residues terminates growth of the mucin linked groups during recent years (reviewed in refs 11, 12, and 26).

oligosaccharide structure.

However, incorporation of sialic acid in glycoconjugates by

In epithelial cancers, such as those affecting the breast, ovary,chemical means is a substantially more demanding task due to

lung, and colon, low expression of corgs2,6GIcNAc trans-

poor control of the anomeric configuration of the sialic acid

ferases together with increased levels of sialyltransferasesresidue and the requirement for multistep synthetic schéhiés.

result in that mucins display simpl@-linked carbohydrates?
The Tn (GalNA@-Ser/Thr), T [Gab(1—3)GalNAax-Ser/Thr],
sialyl-Tn [Neu5Aa(2—6)GalNAa-Ser/Thr] and 2,3-sialyl-T
[NeuSA@(2—3)Gap3(1—3)GalNAw-Ser/Thr] antigens are im-

This may explain why only a few building blocks corresponding
to the sialyl-T#%33 and 2,3-sialyl-$435 antigens have been
prepared chemically and then employed in glycopeptide syn-
thesis. Recently, enzymatic synthesis of 2,3-sialyl-T antigen

portant examples of such saccharides which constitute tumor-building blocks has been describ®& but the carboxyl group

associated carbohydrate antigé#isi® The presence of these

of the sialic acid residue and the different hydroxyl groups must

antigens on the surface of common human malignant tumorsbe protected before these building blocks can be used for
has led to intense studies directed toward development of synthesis of glycopeptidé8 Herein we describe the use of an

synthetic carbohydrate-based anticancer vacéiERecently,

alternative approach for preparation of glycopeptides in which

studies in mice showed that short Tn-based glycopeptidesbuilding blocks corresponding to the simple Tn and T antigens
coupled to the protein KLH induced a strong IgM response and are first assembled into glycopeptides on the solid phase.
a moderate 1gG response, both of which were reactive to colon Sialyltransferases and cores2,6GIcNAc transferases, which

cancer cell$213Moreover, a sialyl-Tn KLH conjugate vaccine

operate with complete regio- and stereocontrol, are then used

used in combination with cyclophosphamide was indicated to to convert these readily available glycopeptides into more

have a therapeutic effect when evaluated in clinical trials
involving breast cancer patients:16 These vaccines elicit an

complex ones that contain the sialyl-Tn and 2,3-sialyl-T
antigens, as well as the core 2 trisaccharide. This cassette-like

antibody response, but it would also be an advantage if T cells strategy332 is illustrated by synthesis of glycopeptides from
could be directed to tumor-associated carbohydrate antigensthe tandem repeat domain of the mucin MUC1, as well as
Studies performed during recent years have indeed shown thaheoglycosylated derivatives a T cell stimulating viral peptide.

T cells can recognize glycopeptides bound by MHC molecules To accomplish syntheses of the target glycopeptides novel routes

on the surface of antigen-presenting célis? Interestingly, in

to Tn and T antigen building blocks have also been developed.

one case a set of T cells reactive only to the carbohydrate moiety
of a neoglycopeptide antigen was obtained, suggesting that itResults and Discussion

may be possible to target T cells to carbohydrate antigens on

tumor cells?*

Today, the most general synthetic routeQdinked glyco-
peptides employbl®*-Fmoc protected glycosylated amino acids
as building blocks in stepwise solid-phase peptide syntResfs.
Synthesis of building blocks corresponding to the structurally
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Synthesis of building blocks corresponding to the Tn
(GaINAco-Thr) and T [GgB(1—3)GalNAax-Thr] antigens
started from2 which was obtained by silylation of azido
galactosd.3° N-Bromosuccinimide/tetrabutylammonium triflate
promoted? glycosylation of Fmoc-threonine allyl ested) fvith
thioglycoside2 gave4 (50%, Scheme 1). The Tn building block
6, which carries acid labile protective groups on the carbohydrate
moiety, was then obtained by reductive acetylation of the azido
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(93%); (b) NBS, QOTf, CHCl,, —28 °C (50%); (c) AcSH, pyridine,
room temperature (80%); (d) (PR4Pd(0),N-methylaniline, THF, room
temperature (85%).
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aReagents (yields): (a) 80% aqueous TFA® (97%); (b)a,0-

dimethoxytoluenep-TsOH (cat.), CHCN, room temperature (87%);
(c) AgOTf, CHCl -toluene (1:1);~30 °C (59%); (d) AcSH, pyridine,
room temperature (86%); (e) (P4 d(0),N-methylaniline, THF, room
temperature (88%).

group with thioacetic acid in pyridin®, followed by (PPh),-
Pd(0) catalyzetf cleavage of the allyl ester. Glycosidealso

J. Am. Chem. Soc., Vol. 123, No. 4512091
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a Reagents (yields): (a) Fmoc solid-phase peptide synthesis (23%
for 12, 19% for 13); (b) R—G—-Y—-V—-Y—-X—-G-L (X = homo-
cysteine), C&££O;, DMF, room temperature (74% fd6, 58% for17).

2-bromoethyl glycoside¢4 and 15,4647 into the two selected
peptide backbones (Scheme 3). The first peptide represents the
tandem repeat domain of the mucin MUC1 in which the
glycosylated threonine is located in the center of the immuno-
dominant regior?. The second peptide is an analogue of a class
I MHC restricted epitope from vesicular stomatitis virus
nucleocapsid proteif? where the native GIn6 has been replaced
by homocysteine. Incorporation of the Tn and T antigen building
blocks 6 and 11 in the first peptide to give glycopeptidd®
and13was accomplished by Fmoc solid phase peptide synthesis
on a TentaGel resin, using conditions reported previously by
us3149Neoglycopeptided 6 and 17, which carry the carbohy-
drate moieties of the Tn and T antigens, were prepared in
solution by a convergent strategy involving akylation of the
homocysteine residue of the viral peptide with 2-bromoethyl
glycosidesl4 and 15.46

served as a precursor for synthesis of the T antigen building  Having sufficient quantities of the Tn and T glycopeptides
block 11 (Scheme 2). Unfortunately, attempted cleavage of the in hand, enzymatic extension of the carbohydrate moieties to

TBDMS group in4 with tetrabutylammonium fluoride in acetic
acid!® or using zinc tetrafluoroboraté, failed. Instead, hy-
drolysis of both the TBDMS and the benzylidene group with
aqueous TFA followed by reprotection with,a-dimethoxy-
toluene gavé. Silver triflate mediated glycosylation @fwith
peracetylated galactosyl bromi@proceeded with excellent
stereoselectivity to afforgh-glycoside9 as the only product

provide the sialyl-Tn and 2,3-sialyl-T antigens, as well as the
core 2 trisaccharide, was investigated (Scheme6)4First,
recombinant mous&l-acetylgalactosamine2—6 sialyltrans-
feras&® (ST6GalNAc-I) expressed in insect céllsas used to
convert Tn glycopeptided2 and 16 into the corresponding
sialyl-Tn analogues (Scheme 4). On a semipreparative scale,
incubation of 12 and 16 (each 0.5 mg) with recombinant

(59%). Reductive acetylation and deprotection of the allyl ester ST6GalNAc-1 and CMP-Neu5Ac at pH 6.0 gave sialylated

was performed as fatto afford T building blockl1,*445which
is ready for use in solid-phase peptide synthesis.
After preparing the two building blocks we turned our

attention to incorporating them, as well as the Tn and T antigen
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1580-1582.
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1988.
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595-598.

(45) Jiaang, W.-T.; Chang, M.-Y.; Tseng, P.-H.; Chen, ST-6trahedron
Lett. 200Q 41, 3127-3130.

glycopeptides 8 and19 with >90—95% conversion o012 and

(46) Bengtsson, M.; Broddefalk, J.; Dahmd.; Henriksson, K.; Kihlberg,
J.; Lonn, H.; Srinivasa, B. R.; Stenvall, KGlycoconj. J.1998 15, 223~
231.

(47) George, S. K.; Holm, B.; Reis, C. A.; Schwientek, T.; Clausen, H.;
Kihlberg, J.J. Chem. Soc., Perkin Trans.2D01, 880-885.

(48) Fremont, D. H.; Matsumura, M.; Stura, E. A.; Peterson, P. A.;
Wilson, I. A. Sciencel992 257, 919-927.
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1999 64, 8948-8953.
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Scheme 4
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@ Reagents (conversion and yield): (a) CMP-Neu5&2;6-sialyl-
transferase (ST6GalNAc-I), Bis-Tris buffer (20 mM, pH 6.0), &7,
<6 h (for 18 >95% conversion ofl2, 74% isolated yield; forl9:
90—95% conversion oi.6).

Scheme 8
OH
Ho OH  Ho
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13 RO = Peptide 1
17 RO = Peptide 2

OH OH
HO. coH OHCH  HO
o) o)
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20 RO = Peptide 1
21 RO = Peptide 2
a Reagents (conversion and yield): (a) CMP-Neu5&g;3-sialyl-
transferase (ST3Gal-l), calf intestinal phosphatase, Tris-HCI buffer (25
mM, pH 6.5), 37°C, <3 h (For20: >95% conversion ofL3, 94%
isolated yield; for21: ~95% conversion ofL7, 64% isolated yield).

16, as determined by nanoscale reversed-phase FPIC
combination with MALDI-TOF mass spectrometry. When
glycopeptidel2 was sialylated on a preparative scale (5.0 mg)
18 was obtained in 74% yield after purification by reversed-
phase HPLC. To the best of our knowledge this is the first report
describing the preparation of glycopeptides which contain the
sialyl-Tn antigen based on enzymatic incorporation of the sialic
acid moiety. Moreover, synthesis dO reveals that glyco-
peptides with nonnatural linkages between GaldAeand the
peptide moiety can be sialylated by ST6GalNAc-I.

Synthesis of glycopeptide) and21 reveals that enzymatic
o-(2—3)-sialylation of glycopeptides which contain the T
antigen is also facile (Scheme 5). Incubation of either of
glycopeptidesl3 or 17 with human core 1-specifiex2—3
sialyltransferase (ST3GakRI, obtained by expression in Sf9

(51) Gobom, J.; Nordhoff, E.; Mirgorodskaya, E.; Ekman, R.; Roepstorff,
P.J. Mass Spectronil999 34, 105-116.
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Scheme 6
OH
HO Q
OH OH o
HO HO AcHN
0 Q a Ho SO T ho
HO (o] - . o o
HO
AcHN OR HO ~ o)
AcHN OR

13 RO = Peptide 1

17 RO = Peptide 2 22 RO = Peptide 1

23 RO = Peptide 2
a2 Reagents (conversion): (a) UDP-GIcNAc, cor®3jlycan31—6
N-acetylglucosaminyltransferase (C2GnT3), calf intestinal phosphatase,
MES buffer (100 mM, pH 6.5) containing EDTAy-galactono-1,5-
lactone, and 2-acetamido-2-deomyglucono-1,5-lactone, 37C, ~24
h for 22 and <3 h for 23 (>95% conversion of both3 and 17).

cells), calf intestinal phosphatase, and CMP-Neu5Ac at pH 6.5
gave20 and21 with almost quantitative conversior 05%) of

the starting materials on a semipreparative scale (0.5 mg). When
13 and 17 were sialylated on a larger scale (2.0 and 3.5 mg,
respectively) glycopeptide®0 and 21 could be isolated in 94
and 64% vyields, respectively, after purification by reversed-
phase HPLC. This reveals that ST3Gal-I, just as ST6GalNAc-
I, accepts glycopeptide substrates in which the carbohydrate
moiety does not need to be linked via serine or threonine to the
peptide backbone.

Finally, recombinant human core @-glycan f1-6 N-
acetylglucosaminyltransfera@€C2GnT3), expressed in insect
cells, was used to convert the T antigen of glycopeptitieés
and17 into the core 2 trisaccharide (Scheme 6). Initial studies
with mucin derived glycopeptid&3 led to the formation of a
3:1 mixture of the expected produ2f and glycopeptidel2
which carries the Tn antigen. This was assumed to be due to a
competing $-galactosidase activity in the C2GnT3 enzyme
preparation leading to degradation @B in parallel with
conversion of the T antigen into the core 2 trisaccharide.
However, by inclusion of the galactosidase inhibitomgalac-
tono-1,5-lactone, as well as the hexosaminidase inhibitor
2-acetamido-2-deoxyp-glucono-1,5-lactone, degradationXs
could be avoided. In the presence of these two inhibil@s
and 17 could be transformed t@2 and 23, respectively, by
incubation with C2GnT3, UDP-GIcNAc, and calf intestinal
phosphatase. On a semipreparative scale (0.6 mg)X&ximd
17 were completely converted 82 and 23, as determined by
nanoscale reversed-phase HPLC in combination with MALDI-
TOF mass spectrometry. Interestingly, conversion of neoglyco-
peptidel?into 23 with C2GnT3 was found to be substantially
faster than transformation of mucin-derivd®. This is in
contrast to use of the2—6 anda2—3 sialyltransferases, where
conversion of mucin glycopeptidd® and 13 was faster than
for neoglycopeptided6 and17. The observation that all three
transferases were able to glycosylate neoglycopepfidesd
17 suggests that these enzymes may find wide use for synthesis
of (neo)glycopeptides with substantial structural variation in the
peptide moiety.

Previously, chemoenzymatic approaches to glycopeptides
have predominantly concerned synthesisNsfinked glyco-
peptide83~°¢ and glycopeptides which carry the sialyl Lewis

(52) Schwientek, T.; Yeh, J.-C.; Levery, S. B.; Keck, B.; Merkx, G.;
van Kessel, A. D.; Fukuda, M.; Clausen, Bl. Biol. Chem.200Q 275,
11106-11113.

(53) Unverzagt, C.; Kelm, S.; Paulson, J.@arbohydr. Resl1994 251,
285-301.

(54) Unverzagt, CAngew. Chem., Int. Ed. Endl996 35, 2350-2353.

(55) Wang, L.-X.; Tang, M.; Suzuki, T.; Kitajima, K.; Inoue, Y.; Inoue,
S.; Fan, J.-Q.; Lee, Y. Cl. Am. Chem. S0d.997, 119, 1113711146.
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X tetrasaccharide, or fragments thereof! As described herein 4-Methylphenyl 2-azido-2-deoxy-1-thij#-b-galactopyranoside was
chemoenzymatic synthesis is an attractive approach also forprepared from 3,4,6-ti®-acetyl-2-azido-2-deoxy-b-galactopyranosyl
preparation of glycopeptides which contain the tumor associatedbromidé®®* as described previousty. 2,3,4,6-TetraD-acetyl-o-
sialyl-Tn and 2,3-sialyl-T antigens, as well as the core 2 galactopyranosyl bromw&was prepared fron: peracetylated galactose
trisaccharide. As revealed by the examples given above, bothltOy tref‘tmertl W'tth HBIr '?] HOAC/’??D f‘tl 0 E-I "Afg'e;‘g lglycyl-L-
natural and nonnatural glycopeptides can be prepared since the, oo = oy L=YTOSYH -NOmMOTyS einylglycyl-feucine” was pre-

. - o ared manually by Fmoc solid-phase synthesis in a mechanically
glycosyl transferases show little, if any, specificity for the agitated reactor with standard conditiéh&-Bromoethyl 2-acetamido-

peptide moiety. The approach is based on the fact that cassette;_geoxye-p-galactopyranosideld) and 2-bromoethyl 2-acetamido-
like building blocks corresponding to the Tn and T antigens 2-deoxy-30-3-p-galactopyranosyt:-p-galactopyranoside16) were

can be readily prepared via chemical synthesis. Such building prepared as describétiRecombinant mousal-acetylgalactosamine
blocks allow site-specific incorporation of the carbohydrate «2—6 sialyltransferas®(ST6-GalNAc-1) was expressed in insect cells.
moieties at selected positions in a polypeptide, in contrast to The enzyme was purified by sequential ion-exchange chromatographies
enzymes belonging to the family of GalNAc-transferdsesich ~ on Amberlite (IRA95, Sigma) and SP-sepharose (Sigma) essentially
constitute potential alternatives. Introduction of sialic acid, which as describedPurified samples were concentrated in a centrifugation
is difficult when performed chemically at the building block cartndge (Sigma) before use. Human core 1-speaific3 sialyltrans-
level, is then carried out in solution after cleavage of the fe.raSé (ST3Gal-1) was expressed and partially purified as desc'qb?d'

’ . . . -~ Final purification of ST3Gal-I was performed on MiniS (PC3.2/3) with
glycopeptide from the solid phase. Performing the enzymatic e of the Smart system (Pharmacia). Recombinant human core 2
step in solution avoids problems associated with penetration of o_giycan s1—6 N-acetylglucosaminyltransferase (C2GnT3) was ex-
the enzyme into the cross-linked solid suppg8ras well as  pressed in insect cells and purified by sequential ion-exchange
incompatibilities between enzyme and solid support or the linker chromatography as describ&Rurified samples were concentrated in
used as attachment for the glycopepfidieStudies directed  Biomax-10 Ultrafree cartridges (Millipore) before use.
toward chemoenzymatic synthesis of more complex mucin-  4-Methylphenyl 2-Azido-4,6-O-benzylidene-2-deoxy-1-thigs-o-
derived glycopeptides, as well as attempts to use the glyco-galactopyranoside (1)A solution of 4-methylphenyl 2-azido-2-deoxy-

peptides described herein for development of cancer vaccines -thio3-0-galactopyranoside (2.98 g, 9.6 mmol) and,a-dimethoxy-
are underway in our laboratories. toluene (2.00 g, 13.1 mmol) in acetonitrile (60 mL) was stirred at room

temperature in the presence of a catalytic amoumpttmiuenesulfonic
. . acid (monohydrate, 50 mg) for 2 h. The solution was concentrated and
Experimental Section flash column chromatography of the residue (toluene/EtOAc;8:1
2) gavel (3.69 g, 97%) as a white solidiH and**C NMR data were
consistent with those reported previouly.

4-Methylphenyl 2-Azido-4,6:0-benzylidene-30-tert-butyldimeth-
ylsilyl-2-deoxy-1-thiof#-D-galactopyranoside (2).tert-Butyldimeth-
ylsilyl triflate (1.73 g, 1.5 mL, 6.55 mmol) was added dropwise to an
ice cold and stirred solution df (1.47 g, 3.68 mmol) in pyridine (15
mL), containing a catalytic amount of DMAP (15 mg). After 2 h, the

e . solution was allowed to attain room temperature and was then stirred

concentrated. TLC was performed on silica gel 6@ fMerck) with for a further 24 h. It was diluted with methanol (25 mL) and the solvents

detection by UV light or charring with aqueous sulfuric acid (10%). . / .
Flash column chromatography was performed on silica gel (Matrex, were evaporated under vacuum after which the residue was dissolved

: . - : H.Cl, (150 mL). The solution was washed with cold aqueous
60 A, 35-70 um, Grace Amicon) with distilled solvents. Analytical in CH.Cl, . A
reversed-pha/;e HPLC was performed on a Kromasil C-8 column (250 saturated NaHCX50 mL), followed by brine (50 mL), and then dried.

. : . : Concentration followed by flash column chromatography of the residue
x 4.6 mm, 5um, 100 A), eluted with a linear gradient of MeCN in i .
H20 containing 0.1% TFA (flowrate of 1.5 mL/min, detection at 214 (toll_Léene/ Ezgo_ﬁ% éoo'é)gga\fH(é'?Slg’Ngﬁg’) gg (?I ng;eG%mngr:jous
nm). Preparative reversed-phase HPLC was performed on a Kromasil 5% [odo & (c0.99, b; ( 5) 07.60 (2H, d,
: ArH), 7.47-7.36 (5H, m, ArH), 7.01 (2H, d, ArH), 5.59 (1H, sHPh),
C-8 column (250x 20 mn?, 5 um, 100 A) with the same solvent 443435 (24 H-1 and H-6). 4 053.96 (2H H-3 and H-6
system (flowrate of 11 mL/min, detection at 214 nm). -43-4.35 (2H, m, H-1 and H-6), 4.653.96 (2H, m, H-3 and H-6),

The *H and**C NMR spectra fo2—11 were recorded at 400 and 3.66-3.58 (2H, m, H-4 anq H-2), 3.47 (1M, m, H-5), 2-'32 (13H’ S
100 MH tively. f luti inC idual CHC4 (6 ArCHz), 0.88 (9H, s, t-BuSi), 0.13 and 0.09 (6H, 2s, Si@EH °C
z, respectively, for solutions in CD{Jresidua (0w NMR (CDCl) 6 138.4, 137.8, 134.3, 129.7, 128.9, 128.0, 126.6, 126.3,
7.26 ppm) or CDG (6c 77.0 ppm) as internal standard], €DD ) !
; . 100.7, 85.4, 75.6, 74.4, 69.8, 69.3, 61.7, 25.6, 21.3; HRMS (FAB):
[residual CBHOD (0n 3.35 ppm) or CROD (6c 49.0 ppm) as internal - "
. e . calcd for GeHzsN3O4,SSi (M + HT) 514.2196, found 514.2194.
standard], or in a 1:1 mixture of GDD and CDC} [residual CBHOD @ ’
. Ne-Fluoren-9-ylmethoxycarbonyl+ -threonine Allyl Ester (3).
(61 3.35 ppm) or CROD (d¢c 49.0 ppm) as internal standard] or DMSO- e
ds [residual (CH);SO ©n 2.50 ppm) or (CH)SO G 39.5 ppm) as Compound3 was prepared by modification of a known procedire.
o 2 H 200 PP 2 c 39. Pp! Thus, a solution of Fmoc-Thr-OH (2.0 g, 5.9 mmol) in aqueous ethanol
internal standard] at 298 K. Proton resonances were assigned from

. L . (80%, 17 mL) was titrated with a solution of £30; (1.0 g, 3.1 mmol,
appr opriate qomblnatlons of COSY, NOESY.' and TOCSY expe_rlments. 25% in water) to pH 7 with bromothymol blue as indicator. The solvents
Optical rotations were recorded on a Perkin-Elmer 343 polarimeter.

were evaporated, the residue was co-concentrated with absolute ethanol
(4 x 25 mL) and then dried under vacuum overnight. The cesium salt

General Methods and Materials. All reactions were carried out
under an inert nitrogen atmosphere with dry solvents, under anhydrous
conditions, unless otherwise stated. £CH was dried by distillation
from calcium hydride whereas THF and toluene were distilled from
sodium benzophenone. Pyridine was driedravé molecular sieves.
DMF was distilled and then dried over flame dtig@ A molecular sieves.
Organic solutions were dried over anhydrous,8@, before being

(56) Mizuno, M.; Haneda, K.; Iguchi, R.; Muramoto, |.; Kawakami, T.;

Aimoto, S.: Yamamoto, K.: Inazu, T. Am. Chem. Sod.999 121, 284 thus obtained was suspended in dry DMF (20 mL), cooled t€0
290. and treated with allyl bromide (7.08 g, 58.6 mmol) by dropwise addition

(57) Seitz, O.; Wong, C.-HJ. Am. Chem. S0d.997, 119, 8766-8776. over 10 min. After 30 min the solution was allowed to attain room

(58) Leppaen, A.; Mehta, P.; Ouyang, Y.-B.; Ju, T.; Helin, J.; Moore,
K. L.; van Die, |.; Canfield, W. M.; McEver, R. P.; Cummings, R. D. (63) Lemieux, R. U.; Ratcliffe, R. MCan. J. Chem1979 57, 1244~
Biol. Chem.1999 274, 24838-24848. 1251.

(59) Sallas, F.; Nishimura, S.-0. Chem. Soc., Perkin Trans.2D0Q (64) Broddefalk, J.; Nilsson, U.; Kihlberg, J. Carbohydr. Chenml994
2091-2103. 13, 129-132.

(60) Koeller, K. M.; Smith, M. E. B.; Huang, R.-F.; Wong, C.-d. (65) Holm, B.; Broddefalk, J.; Flodell, S.; Wellner, E.; Kihlberg, J.
Am. Chem. So00Q 122, 4241-4242. Tetrahedron200Q 56, 1579-1586.

(61) Matsuda, M.; Nishimura, S.-1.; Nakajima, F.; NishimuraJTMed. (66) Chang, M. L.; Eddy, R. L.; Shows, T. B.; Lau, J.Glycobiology
Chem.2001, 44, 715-724. 1995 5, 319-325.

(62) Meldal, M.; Auzanneau, F.-1.; Hindsgaul, O.; Palcic, M. MChem. (67) Wang, S.-S.; Gisin, B. F.; Winter, D. P.; Makofske, R.; Kulesha, I.

Soc., Chem. Commut994 1849-1850. D.; Tzougraki, C.; Meienhofer, J. Org. Chem1977, 42, 1286-1290.
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temperature and stirring was continued for a further 3 h. The solids
were filtered off, the filtrate was concentrated, and the residue was
suspended in water. The aqueous phase was extracted witl B

x 25 mL) and the combined organic layers were dried and concentrated.

George et al.

amorphous pale yellow solida]p?® +123 (c 0.72, CHC}); *H NMR
(CDCL:CDs0D) 6 7.82 (2H, d, ArH), 7.71 (3H, m, ArH), 7.55 (3H,
m, ArH), 7.47-7.29 (8H, m, ArH), 5.61 (1H, s, BPh), 4.99 (1H, d,
J = 3.0 Hz, H-1), 4.654.48 (2H, m, CHE®,0CO), 4.48-4.36 (2H,

Flash column chromatography of the residue (toluene/EtOAc, 1:1) gave m, H-2 and Hp), 4.35-4.12 (4H, m, GICH,OCO, H-6, H-6, and

3%268(2,0 g, 90%) as a white amorphous solid.
Ne-Fluoren-9-ylmethoxycarbonyl-3-O-(2-azido-4,60-benzylidene-
3-O-tert-butyldimethylsilyl-2-deoxy-o-p-galactopyranosyl)+ -threo-
nine Allyl Ester (4). A solution ofN-bromosuccinimide (600 mg, 3.37
mmol) and tetrabutylammonium trifl#e (328 mg, 0.84 mmol) in
CHCI; (30 mL) was added, dropwise, during 5 min to a stirred solution
of 2 (1.72 g, 3.35 mmol) an@ (2.68 g, 7.03 mmol) in CkCl, (70
mL) at —28 °C. The solution was stirred at this temperature until TLC
indicated completion of the reaction (toluene/EtOAc, 1®4= 0.3).
The reaction was quenched by adding triethylamine (2.5 mL) and the
solution was allowed to attain room temperature. Concentration
followed by flash column chromatography of the residue (toluene/
EtOAc, 10:1, containing 0.5% triethylamine) ga#4€1.28 g, 50%) as
a colorless amorphous solidx]p® +98.0° (¢ 1.1, CHC}); *H NMR
(CDCh) 6 7.79 (2H, d, ArH), 7.677.59 (2H, m, ArH), 7.557.49
(2H, m, ArH), 7.45-7.31 (7H, m, ArH), 6.0+5.89 (1H, m, OCHCH=
CHy), 5.85 (1H, dJ = 9.3 Hz, NH®), 5.39 (1H, ddJ = 17.2, 1.4 Hz,
OCH,CH=CHy), 5.27 (1H, dd,J = 10.4, 1.2 Hz, OCHCH=CH)),
5.04 (1H, d,J = 3.6 Hz, H-1), 4.69 (2H, dJ = 5.9 Hz, OH.CH=
CHy), 4.50 (1H, ddJ = 9.9, 6.6 Hz, CHE,0CO), 4.46 (1H, ddJ =
6.5, 2.4 Hz, Hp), 4.41 (1H, ddJ = 9.3, 2.4 Hz, Hey), 4.36-4.25
(3H, m, CHMH,0OCO, H-6 and H-4), 4.144.05 (3H, m, GZiCH,OCO,
H-6 and H-3), 3.79-3.71 (2H, m, H-2 and H-5), 3.28 (3H, d,= 6.4
Hz, y-CHg), 0.95 (9H, s, t-BuSi), 0.22 and 0.17 (6H, 2s, Si@JH
13C NMR (CDCk) 6 176.5, 170.1, 143.8, 141.4, 137.7, 133.9, 131.5,

H-4), 3.99 (1H, m, Het), 3.79 (1H, bs, H-5), 1.99 (3H, s, NHC®{3),

1.25 (3H, d,J = 6.2 Hz, y-CHjs), 0.89 (9H, s, t-BuSi), 0.11 (6H, s,

Si(CHa)2); 13C NMR (CDCEL:CDsOD) ¢ 173.4, 172.6, 158.8, 145.0,

144.8, 142.4, 139.1, 129.7, 128.8, 128.6, 128.0, 127.2, 125.9, 125.8,

120.8,120.8, 101.9, 101.2, 79.1, 78.8, 78.5, 77.3, 76.6, 70.2, 69.6, 67.5,

64.4,59.6,56.7, 48.3, 26.1, 23.3, 19.4, 18:8,9; HRMS (FAB): calcd

for CsoHsoN2010SiNa (M + Nat) 769.3132, found 769.3121. Anal.

Calcd for GgHsoN20410Si: C 63.3; H 6.8; N 3.8. Found: C 63.6; H

6.8; N 3.8.
Ne-Fluoren-9-ylmethoxycarbonyl-3-O-(2-azido-4,60-benzylidene-

2-deoxy-o.-D-galactopyranosyl)+-threonine Allyl Ester (7). An ice

cold solution of TFA in water (25 mL, 80%) was added to an ice cold

and stirred solution o4 (1.24 g, 1.61 mmol) in CECl, (5 mL) during

5 min. After 8 h at 0°C, cold CHCI, (50 mL) was added and the

solution was neutralized with cold saturated aqueous NaiCBe

phases were separated and the aqueous phase was successively extracted

with CH.Cl; (3 x 50 mL) and EtOAc (3x 50 mL). The combined
organic phases were washed with brine (50 mL), dried, and concen-
trated. Flash column chromatography of the residue (GHMEIOH,

9:1) gaveN*-fluoren-9-ylmethoxycarbonyl-8-(2-azido-2-deoxyx-D-
galactopyranosyl)-threonine allyl ester (881 mg, 97%) as a gum. A
solution ofN*-fluoren-9-ylmethoxycarbonyl-8-(2-azido-2-deoxya-
p-galactopyranosyl)-threonine allyl ester (760 mg, 1.33 mmak),o.-
dimethoxytoluene (407 mg, 2.67 mmol), and a catalytic amount of
p-toluenesulfonic acid (monohydrate, 30 mg) in {0 (18 mL) was

130.2, 129.0, 128.2, 127.8, 127.2, 127.1, 126.1, 125.3, 125.2, 120.1,stirred at room temperature for 24 h. Concentration of the mixture
119.4,100.7, 99.7, 76.5, 76.1, 69.4, 68.7, 67.4, 66.6, 63.6, 61.0, 58.9,followed by flash column chromatography of the residue (toluene/

47.3, 28.7, 25.8, 19.0, 18.1, 4.2, 4.6; HRMS (FAB): calcd for
Ca1Hs1N4OeSi (M + HT) 771.3425, found 771.3400.
N*-Fluoren-9-ylmethoxycarbonyl-3-O-(2-acetamido-4,60-ben-
zylidene-3:O-tert-butyldimethylsilyl-2-deoxy-a-p-galactopyranosyl)-
L-threonine Allyl Ester (5). Freshly distilled (5 times) thioacetic acid
(8 mL) was added dropwise to a stirred solutiondof285 mg, 370
umol) in pyridine (8 mL) at °C and the solution was allowed to attain
room temperature. After 4 h, toluene (20 mL) was added and the

EtOAc, 5:1) gaver (762 mg, 84% fromd) as a white amorphous solid.
[0]o® +110° (c 0.90, CHCY); *H NMR (CDCL) 6 7.77 (2H, d, ArH),
7.64-7.60 (2H, m, ArH), 7.5£7.46 (2H, m, ArH), 7.45-7.30 (7H,
m, ArH), 5.95 (1H, m, OCKHCH=CH,), 5.74 (1H, d,J = 9.4 Hz,
NHFmoc), 5.59 (1H, s, BPh), 5.34 (1H, ddJ = 17.1, 1.1 Hz,
OCH,CH=CHy), 5.28 (1H, dd,J = 10.4, 1.1 Hz, OCHCH=CH)),
5.07 (1H, d,J = 3.4 Hz, H-1), 4.71 (2H, dJ = 5.9 Hz, OGH,.CH=
CHy), 4.59-4.41 (3H, m, CHEI,0CO, Ho and Hf), 4.37 (1H, m,

solvents were evaporated. The residue was co-concentrated twice fromFmocCH), 4.33-4.20 (3H, m, H-6, GICH,OCO and H-4), 3.80 (1H,

toluene. Flash column chromatography of the residue (toluene/EtOAc,

6:2) gave5 (233 mg, 80%) as a white amorphous solid]° +89.6°
(c 0.66, CHCY); 'H NMR (DMSO-de) 6 7.91 (1H, d, ArH), 7.73 (1H,
d, ArH), 7.60 (1H, d,J = 9.7 Hz, NHe), 7.47-7.23 (12H, m, ArH
and NHCOCH), 5.94-5.81 (1H, m, OCHCH=CH,), 5.83 (1H, s,
CHPh), 5.33 (1H, ddJ = 17.2, 1.6 Hz, OCBCH=CH,), 5.25 (1H,
dd,J=10.4, 1.5 Hz, OCKHCH=CHy), 4.68 (1H, dJ = 3.8 Hz, H-1),
4.56-4.47 (4H, m, O®1,CH=CH, and CHGH,0CO0), 4.37-4.24 (3H,
m, CHCH,OCO, Hea and H{), 4.18 (1H, m, H-4), 4.124.99 (3H,
m, H-2 and H-6), 3.88 (1H, ddl = 10.9, 3.5 Hz, H-3), 3.68 (1H, bs,
H-5), 1.81 (3H, s, NHCO#), 1.10 (1H, d,J = 6.4 Hz,y-CHs), 0.80
(9H, s, t-BusSi), 0.03 and 0.02 (6H, 2s, Si(§K); *C NMR (DMSO-

bs, H-5), 3.62 (1H, ddJ = 10.6 and 3.5 Hz, H-2), 2.47 (1H, d,=

11.0 Hz, 3-OH), 1.33 (3H, d] = 6.4 Hz,y-CHs); 23C NMR (CDCk)

0 169.9, 156.8, 143.9, 143.7, 141.3, 137.8, 131.3, 129.4, 129.0, 129.0,

128.6, 128.6, 128.4, 128.2, 127.7, 127.7, 127.1, 127.1, 126.2, 120.0,

119.9, 119.3, 101.3, 99.6, 76.4, 75.3, 69.1, 66.5, 63.3, 61.2, 58.8, 47.2,

18.8; HRMS (FAB): calcd for gHseNsOgNa (M + Na') 679.2380,

found 679.2368.
Ne-Fluoren-9-ylmethoxycarbonyl-3-O-[2-azido-4,60-benzylidene-

2-deoxy-30-(2,3,4,6-tetraO-acetyl{-p-galactopyranosyl)-o.-p-

galactopyranosyl]+-threonine Allyl Ester (9). A solution of silver

triflate (165 mg, 642:mol) in toluene (3 mL) was added dropwise to

a suspension of (300 mg, 457umol), 2,3,4,6-tetréd@-acetylo.-b-

de) 0 169.7, 168.7, 156.7, 1437, 143.6, 140.8, 140.7, 138.4, 1319, qalactopyranosyl bromid® (245 mg, 596 mmol), and crushed
128.8, 128.6, 128.2, 127.9, 126.6, 127.0, 125.9, 125.1, 120.2, 120.1,molecular sieves (flame dried. 4 A, 400 mg) in & (6 mL) at—30

118.6, 99.7, 99.6, 75.6, 74.4, 68.5, 67.9, 65.5, 65.2, 62.8, 58.5, 48.7,

46.8, 25.8, 22.9, 18.8, 17.8;4.4, —4.6; HRMS (FAB): calcd for
Cu3Hs4aN2010SiNa (M + Nat) 809.3445, found 809.3438.
Ne-Fluoren-9-ylmethoxycarbonyl-3-O-(2-acetamido-4,60-ben-
zylidene-3O-tert-butyldimethylsilyl-2-deoxy-a-p-galactopyranosyl)-
L-threonine (6). A solution of allyl ester5 (120 mg, 153umol),
(PPh)4Pd(0) (16 mg, 14mol), andN-methylaniline (62 mg, 58@mol)
in THF (4 mL) was stirred at room temperature foh in theabsence
of light. The solution was diluted with EtOAc (50 mL) and washed

°C. After 1 h, the reaction was quenched by addition of pyridine (1
mL) while keeping the temperature belowd0 °C. After 5 min, the
mixture was allowed to attain room temperature and the solids were
removed by filtration (Hyflow, Supercel) and washed with £ (5

x 10 mL). The combined filtrates were washed with a mixture of
aqueous N&£,0;3 (0.5 M) and saturated aqueous NaHO@:1, 2 x

12 mL), dried, and concentrated. Flash column chromatography of the
residue (toluene/EtOAc, 3:1) gave (265 mg, 59%) as a white
amorphous solid.d]p?° +51.7 (c 1.00, CHC}); *H NMR (CDCl) 6

with saturated aqueous ammonium chloride (5 mL) and the aqueousy 7g (2H, d, ArH), 7.66-7.60 (2H, m, ArH), 7.56-7.50 (2H, m, ArH)

phase was extracted with EtOAc (2 15 mL). The organic phases

7.45-7.30 (7H, m, ArH), 5.96 (1H, m, OC}CH=CH,), 5.75 (1H, d,

were combined, dried, and concentrated. Flash column chromatographyJ = 9.5 Hz, NHFmoc), 5.57 (1H, s,lPh), 5.43 (1H, m, H-3, 5.41—

of the residue (CHGIMeOH, 40:1) gave6 (97 mg, 85%) as an

(68) de la Torre, B. G.; Torres, J. L.; Bardaji, E.; ClapP.; Xaus, N.;
Jorba, X.; Calvet, S.; Albericio, F.; Valencia, G. Chem. Soc., Chem.
Commun.199Q 965-967.

5.26 (3H, m, OCHCH=CH, and H-2), 5.10-5.05 (1H, m, H-3), 5.04
(1H, d,J = 3.1 Hz, H-1), 4.82 (1H, d) = 8.0 Hz, H-1), 4.70 (2H, m,
OCH,CH=CH;), 4.54 (1H, dd,J = 10.3, 6.8 Hz, CHE,0CO), 4.50
(1H, m, H-B), 4.46 (1H, m, He), 4.41 (1H, m, H-4), 4.36 (1H, m,
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CHCH,OCO), 4.32-4.18 (3H, m, H-6, BICH,0CO and H-6), 4.18—
4.10 (1H, m, H-6), 4.10-4.00 (2H, m, H-3 and H-6), 3.993.93 (1H,

m, H-5), 3.84 (1H, ddJ = 10.9, 3.6 Hz, H-2), 3.73 (1H, m, H-5),
2.18, 2.07, 2.05, and 2.00 (12H, 4s, 4 Ac), 1.35 (3HJ) & 6.2 Hz,
7-CHs); 13C NMR (CDCk) 6 170.3, 170.3, 170.1, 169.9, 169.4, 156.7,

J. Am. Chem. Soc., Vol. 123, No. 4512981

equiv) and 1-hydroxybenzotriazole (HOBt, 6 equiv) in dry DMF.
Acylations were monitored by using bromophenol blue as indi€ator
(the color of the resin changes from blue to yelloviy*-Fmoc
deprotections were performed by a flow of piperidine in DMF (20%)
for 3 min and then by shaking for 7 min. Before and after treatment

143.8, 143.6, 141.3, 137.5, 131.2, 128.2, 127.8, 127.1, 127.0, 126.1,with piperidine the resin was washed 5 times with DMF. Glycosylated
125.1, 125.1, 120.0, 119.5, 102.4, 100.7, 99.7, 76.2, 75.8, 75.6, 71.0,amino acid building block$ (70 mg, 94 mmol) and1 (110 mg, 114

70.9, 69.1, 68.6, 67.3, 66.9, 66.6, 63.5, 61.3, 59.1, 58.7, 53.8, 47.1,

29.2,20.7, 20.6, 18.9; HRMS (FAB): calcd fordBlsaN4O1gNa (M +
Na') 1009.3331, found 1009.3337.
Ne-Fluoren-9-ylmethoxycarbonyl-3-O-[2-acetamido-4,60-ben-
zylidene-2-deoxy-30-(2,3,4,6-tetraO-acetyl-p-galactopyranosyl)-
o-D-galactopyranosyl]+-threonine Allyl Ester (10). Freshly distilled
(5 times) thioacetic acid (5 mL) was added dropwise to an ice cold
solution of9 (210 mg, 213mol) in pyridine (5 mL) and the solution
was allowed to attain room temperature. After 8 h, the solvents were
evaporated and the residue was co-concentrated with toluere2(B
mL). Flash column chromatography of the residue (toluene/EtOAc, 3:2)
gavel0 (184 mg, 86%) as a white amorphous solid]° +73.1° (¢
0.70, CHC}); *H NMR (CDCly) 6 7.78 (2H, d, ArH), 7.65-7.58 (2H,
m, ArH), 7.54 (2H, dd, ArH), 7.457.30 (7H, m, ArH), 5.88 (1H, m,
OCH,CH=CH,), 5.72 (1H, dJ = 9.2 Hz, NHCOCH), 5.64 (1H, dJ
= 9.3 Hz, NHFmoc), 5.56 (1H, m, H¥} 5.39-5.24 (2H, m,
OCH,CH=CH,), 5.20 (1H, ddJ = 10.4, 7.9 Hz, H-2, 5.00 (1H, m,
H-3), 4.98 (1H, dJ = 2.9 Hz, H-1), 4.77 (1H, dJ = 7.7 Hz, H-1),
4.73-4.46 (3H, m, H-2 and Hy), 4.36-4.18 (2H, m, Hp and H-4),
4.01-3.86 (2H, m, H-5and H-3), 2.16 (3H, s, NCOCH), 2.15, 2.04,
1.98, 1.95, and 1.90 (15H, 5s, 5 Ac), 1.29 (3HJe5 6.4 Hz,y-CHy);
13C NMR (CDCk) ¢ 170.6, 170.5, 170.3, 170.2, 169.8, 169.5, 156.5,

mmol) were activated in dry DMF (1 mL) at room temperature during
35 min by addition of 1,3-diisopropylcarbodiimide (1.1 equiv) and
1-hydroxy-7-azabenzotriazole (HOAt, 3 equiv), respectively. The
activated esters were then coupled to the peptide resins during 24 h.
After coupling of building block$ and11, unreacted peptide® amino
groups were capped by addition of a 1:1 mixture of acetic anhydride
and DMF.

After completion of the synthesis, the resin was washed witbGEH
(5 times) and dried under vacuum. Cleavage from the resin and removal
of acid labile protective groups was performed with TFAQHA
thioanisole/ethanedithiol (87.5:5:5:2.5, 20 mL/200 mg of resin) for
3—3.5 h, followed by filtration. Acetic acid (15 mL) was added to the
filtrate which was then concentrated. The residue was co-concentrated
several times with acetic acid until it formed a thin film. It was then
washed with diethyl ether (3 times), dissolved in a mixture of water
and acetic acid (6:1), and freeze-dried. Purification by preparative
reversed-phase HPLC gave glycopeptid@sand 13.

L-Alanyl-L-histidinylglycyl- L-valyl-L-threonyl-L-seryl-L-alanyl-L -
prolyl- L-aspartyl-3-O-(2-acetamido-2-deoxya.-D-galactopyranosyl)-
L-threonyl-L-arginyl-L-prolyl- L-alanyl-L-prolylglycyl- L-seryl-L-thre-
onyl-L-alanyl-L-prolyl- L-prolyl- L-alanine (12).Synthesis, cleavage of
the resin-bound glycopeptide (78 mmol) with simultaneous deprotection,

1436, 1413, 1375, 1308, 1289, 1282, 1279, 1271, 1262, 1249,and then purlﬂcaﬂon by reversed_phase HPLC (grad|eﬁﬂ_m%

120.1, 120.1, 120.0, 101.0, 100.7, 100.4, 76.4, 75.5, 73.8, 71.0, 70.8

69.1, 68.8, 67.0, 66.4, 63.6, 61.4, 58.6, 48.0, 47.2, 20.7, 20.6, 18.7;

HRMS (FAB): calcd for GiHsgN2O19Na (M + Nat) 1025.3532, found
1025.3551.
Ne-Fluoren-9-ylmethoxycarbonyl-3-O-[2-acetamido-4,60-ben-
zylidene-2-deoxy-30-(2,3,4,6-tetraO-acetyl{#—D-galactopyranosyl)-
o—D-galactopyranosyl]+-threonine (11).A solution of allyl esterlO
(160 mg, 160umol), (PPh),Pd(0) (19 mg, 16umol), and N-
methylaniline (62 mg, 58@mol) in THF (4 mL) was stirred at room
temperature fol h in theabsence of light. The solution was diluted
with EtOAc (50 mL) and washed with saturated agueous ammonium
chloride (5 mL). The aqueous phase was extracted with EtOAe (2

'CH3CN in H,O, both containing 0.1% TFA, during 80 min), according

to the general procedure, gat2 (35 mg, 78% peptide content, 23%
overall yield). MS (FAB): calcd for GH148N27034 (M + H)* 2161,
found 2162. Amino acid analysis: Ala 5.00 (5), Arg 1.00 (1), Asp
1.02 (1), Gly 2.08 (2), His 1.01 (1), Pro 5.00 (5), Ser 1.99 (2), Thr
2.91 (3), Val 1.00 (1).

L-Alanyl-L-histidinylglycyl- L-valyl-L-threonyl-L-seryl-L-alanyl-L-
prolyl- L-aspartyl-3-O-(2-acetamido-2-deoxy-32-f-p-galactopyrano-
syl-o-D-galactopyranosyl)+ -threonyl-L-arginyl-L-prolyl- L-alanyl-L-
prolylglycyl- L-seryl-L-threonyl-L-alanyl-L-prolyl- L-prolyl- L-
alanine (13).Synthesis, cleavage of the resin-bound glycopeptide (90

umol), with simultaneous deprotection, and then purification by

15 mL) and the combined organic phases were dried and then reversed-phase HPLC (gradient=000% CHCN in H,O, both

concentrated. Flash column chromatography of the residue (£ZHCI
MeOH/AcOH, 92:7:1) gavd 1l (135 mg, 88%) as an amorphous pale
yellow solid. [o]p?° +98.4 (c 0.63, CHC}); *H NMR (CDCl) 6 7.82
(1H, d, ArH), 7.69 (1H, d, ArH), 7.567.51 (2H, m, ArH), 7.477.30
(8H, m, ArH), 5.61 (1H, s, €Ph), 5.39 (1H, m, H-3, 5.16 (1H, dd,
J=10.5, 8.0 Hz, H-2, 5.04-4.86 (2H, m, H-3and H-1), 4.73 (1H,
d,J = 7.9 Hz, H-1), 4.61 (2H, m, H-2 and Hy), 4.46-4.42 (1H, m,
H-f), 3.89 (1H, ddJ = 11.3, 3.13 Hz, H-3), 3.783.71 (1H, m, H-5),
2.18, 2.06, 2.04, 1.99, and 1.98 (15H, 5s, 5CB), 1.25 (1H, dJ =

6.4 Hz,y-CHjs); *C NMR (CDCk) 6 173.6, 171.8, 171.3, 170.3, 170.1,

containing 0.1% TFA, during 60 min), according to the general
procedure, gave the target glycopeptide which ca@eatetyl groups

on the GgB-moiety [56 mg, MS (FAB): calcd (M+ H)* 2490.14 ,
found 2492.14]. Methanolic sodium methoxide (283 0.2 M) was
added to a solution of thi©-acetylated glycopeptide (23 mg) in
methanol (23 mL) and the solution was stirred under nitrogen for 1 h.
It was neutralized with a solution of acetic acid in methanol (2:5, dry
pH paper) and concentrated under vacuum. The residue was purified
by reversed-phase HPLC (gradiert000% CHCN in H,O, with 0.1%

TFA, during 60 min) to givel3 (16 mg, 75% peptide content, 19%

169.4, 157.1, 143.4, 143.2, 140.8, 137.2, 128.3, 127.6, 127.4, 127.2,,yerall yield). MS (ES): calcd for §H1sN»0s6 2322.1 (MY, found

126.6, 125.7, 124.3, 119.4, 101.3, 100.2, 99.5, 70.6, 69.9, 68.6, 68.3

66.6, 66.1, 62.9, 60.7, 57.9, 46.8, 21.9, 19.9, 19.8, 19.7, 19.6, 18.2;

HRMS (FAB): calcd for GgHs4N2Oz9Na (M + Nat) 985.3219, found
985.3248. Anal. Calcd for £Hs4N2016: C 59.8; H 5.7; N 2.9. Found
C59.3; H5.7; N 2.8.

General Procedure for Solid-Phase Synthesis of Glycopeptides
12 and 13. A TentaGel S Trt-Ala-Fmoc resin (Rapp Polymere,
Germany) was used for the synthesis of glycopeptidzand13. N*-
Fmoc-amino acids (Bachem, Switzerland) with the following side chain

protecting groups were used in the synthesis: 2,2,5,7,8-pentamethyl-

chroman-6-sulfonyl (Pmc) for arginine; triphenylmethyl (Trt) for
histidine, andert-butyl (tBu) for aspartic acid, serine, and threonine.
DMF was distilled before being used.

Glycopeptided 2 and13 were synthesized with 78 and 90 mmol of
resin, respectivelyCouplings were performed manually in a mechani-

cally agitated reactor. Fmoc amino acids (4 equiv) were activated as

benzotriazolyl esters by using 1,3-diisopropylcarbodyimide (DIC, 3.9

12322.2. Amino acid analysis: Ala 5.13 (5), Arg 1.01 (1), Asp 1.02

(1), Gly 2.03 (2), His 1.02 (1), Pro 4.78 (5), Ser 2.02 (2), Thr 2.98 (3),
Val 1.02 (1).

Tn neoglycopeptide 16l-Arginylglycyl-L-tyrosyl+-valyl-L-tyrosyl-
L-homocysteinylglycyl--leucine (15 mg, 13:mol) was added to a
mixture of 2-bromoethyl glycosid&4 (15 mg, 46umol) and cesium
carbonate (50 mg, 154mol) in dry DMF (1.3 mL) under a nitrogen
atmosphere. The solution was stirred at room temperature until
analytical reversed-phase HPLC (gradientl®0% CHCN in H,O,
both containing 0.1% TFA, during 60 miRr = 17.2 min) indicated
that the peptide was consumed. The reaction was quenched by addition
of 0.1% aqueous TFA (15 mL) and the mixture was freeze-dried.
Purification of the residue by preparative reversed-phase HPLC
(gradient 6-100% CHCN in H,O, both containing 0.1% TFA, during

(69) Flegel, M.; Sheppard, R. @. Chem. Soc., Chem. Comma®9Q
536-538.
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Table 1. 'H NMR Data ¢, ppm) for Glycopeptidel8 in Water
Containing 10% BRO*P

George et al.

Table 2. 'H NMR Data ¢, ppm) for Glycopeptide0 in Water
Containing 10% BO*P

residue  NH Fdx HpB Hy others residue NH H Hp Hy others
Alat 4.01 1.42 Alat 4.08 1.49
His? 463 3.21,3.17 8.42 (H2), 7.24 (H4) His> 8.95 4.69 3.29,3.23 8.56 (H4), 7.30 (H2)
Gly® 8.62 3.9t Gly* 8.65 3.98
Val 8.25 4.19 2.06 0.89 Val* 8.26 4.23 2.10 0.96, 0.95
Thrd 848 437 417 1.15 Thrs  8.47 4.42 422 1.20
Sef 8.45 440 3.79 Sef 8.44 444 3.84
Ala’ 845 455 131 Ala’” 8.47 455 1.36
Asp® 8,59 4.69 272,256 Prd 4.40 2.28,2.00 1.87 3.81 and 3.66 (d)
Thi'® 874 4.46 4.27 1.24 Asp® 8.58 4.74 2.81,2.64
Arglt 847 446 1.79,1.67 1.66 3.17 (), 7.34 (NH) Thri® 885 454 4.44 1.23
Gly® 8.62 3.9% Arg!t 842 4.48 1.85,1.76 1.73 7.52,6.90, 6.62 (NH);
Sef6 824 4.46 3.87,3.83 3.23 0)°
Thrt” 834 432 417 1.15 Pro-2® 436 2.29 3.76 and 3.61d)
Alal® 8.64 454 1.29 Ala’®* 8.63 4.62 1.38
- - Prg+® 443 229 3.80 and 3.664)
aRecorded at 600 MHz, 278 K, and pH 5.6 with®as internal Gly’s 8.65 3.98
standarddn 4.98 ppm).” Resonances that could not be unambiguously ggge g 27 452 393 3.88
assigned are not reported. This includes all resonances &f a2 Thri” 833 437 422 121
Pro4, and Pré®Ala®. ¢ Degeneracy has been assunfeé@hemical Alal® 842 461 135 '
shifts @, ppm) for the Neu5Ae(2—6)GalNAc moiety—GalNAc: 4.79 Prge ' 4 '72 2 '38 1.92 2.05 3.81 and 3.65()
(H-1), 3.99 (H-2), 3.89 (H-4), 3.82 (H-3). NeuSAc: 4.07 (H-8), 3.89  p ap 438 230 ' 3.83 and 3'65&)
and 3.49 (H-9,9, 3.79 (H-5), 3.64 (H-6), 3.59 (H-4), 2.64 (H<R Al 811 410 134 : :

1.61 (H-3).

60 min) gavel6 (14 mg, 77% peptide content, 74% vyield). HRMS
(FAB): calcd for GsHgaN120:i;S (M + H*Y) 1191.5720, found
1191.5728. Amino acid analysis: Arg 0.98 (1), Gly 1.99 (2), Leu 1.01
(1), Tyr 1.98 (2), Val 1.04 (1).

T neoglycopeptide 17L-Arginylglycyl-L-tyrosyl4 -valyl-L-tyrosyl-
L-homocysteinylglycyl-leucine (12 mg, 13:mol) was added to a
mixture of 2-bromoethyl glycosid&5 (10 mg, 20umol) and cesium
carbonate (35 mg, 10Zmol) in dry DMF (1.0 mL) under a nitrogen
atmosphere. The mixture was stirred at room temperature until analytical
reversed-phase HPLC (gradient=000% CHCN in H;O, both
containing 0.1% TFA, during 60 mirRr = 16.9 min) indicated that
the peptide was consumed. The reaction was quenched by addition o
0.1% aqueous TFA (15 mL) and the mixture was freeze-dried.
Purification of the residue by preparative reversed-phase HPLC
(gradient 6-100% CHCN in H,O, both containing 0.1% TFA, during
60 min) gavel7 (10 mg, 81% peptide content, 58% vyield). HRMS
(FAB): calcd for GgHeaN12022S (M + H') 1353.6248, found
1353.6215. Amino acid analysis: Arg 1.00 (1), Gly 1.99 (2), Leu 1.03
(1), Tyr 2.00 (2), Val 0.99 (1).

L-Alanyl-L-histidinylglycyl- L-valyl-L-threonyl-L-seryl-L-alanyl-L-
prolyl- L-aspartyl-3-O-[2-acetamido-2-deoxy-69-(5-acetamido-3,5-
dideoxy-D-glycero-a-b-galacto-2-nonulopyranosylonic acid)e-p-
galactopyranosyl]+-threonyl-L-arginyl-L-prolyl- L-alanyl-L-
prolylglycyl- L-seryl-L-threonyl-L-alanyl-L-prolyl- L-prolyl- L-
alanine (18). Glycopeptidel2 (0.50 mg, 0.18tmol based on 78%
peptide content) was added to purified ST6GalNAe-R(mU) in 20
mM Bis-Tris buffer (pH 6.0, 1.0 mL) containing CMP-Neu5Ac (2mM),
EDTA (20 mM), and dithiothreitol (1 mM). The solution was then
incubated at 37C for 6 h, after which analysisby nanoscale reversed-
phase HPLC in combination with MALDI-TOF mass spectrometry
indicated>95% conversion o12. This procedure was repeated so that
5.0 mg (1.8umol) of 12 was sialylated. Purification by HPLC on a
Zorbax 300SB-C3 column (9.4 250 mm) with a gradient of-690%
CHsCN in water, both containing 0.1% TFA, gad8 (4.5 mg, 73%
peptide content, 74% vyield) after freeze-dryitlg.NMR data, see Table
1; MS (MALDI TOF) calcd for GoH1eN26042 (M) ™ 2451 , found 2451.
Amino acid analysis: Ala 4.99 (5), Arg 1.01 (1), Asp 1.02 (1), Gly
1.98 (2), His 0.99 (1), Pro 5.08 (5), Ser 1.98 (2), Thr 2.93 (3), Val
1.01 (1).

Sialyl-Tn Neoglycopeptide 19Neoglycopeptidd 6 (0.50 mg, 0.32
umol based on 77% peptide content) was added to purified ST6GalNAc-I
(~2mU) in 20 mM Bis-Tris buffer (pH 6.0, 1.0 mL) containing CMP-
Neu5Ac (2mM), EDTA (20 mM), and dithiothreitol (1 mM). The
solution was then incubated at 3C for 6 h, after which analysisby
nanoscale reversed-phase HPLC in combination with MALDI-TOF

a Recorded at 600 MHz, 279 K, and pH 5.4 with®(on = 4.95)
as internal standard.All proline resonances could not be unambigu-
ously assigned due to overlgpDegeneracy has been assumed.
d Chemical shifts §, ppm) for the Neu5Ae(2—3)Gaj3(1'3)GalNAc
moiety—GalNAc: 8.11 (NH), 4.84 (H-1), 4.21 (H-2), 4.02 (H-3), 2.02
(Ac). Gal: 4.51 (H-1), 4.06 (H-3), 3.50 (H-2). Neu5Ac: 8.14 (NH),
3.85 (H-5), 3.67 (H-4), 3.61 (H-6), 2.75 (Hxp 1.78 (H-3y).

mass spectrometry indicated-995% conversion ofl6. Purification
by HPLC on a Zorbax 300SB-C3 column (9:4 250 mm) with a
gradient of 8-90% CHCN in water, both containing 0.1% TFA, gave
19 (~250 mg) after freeze-drying; MS (MALDI-TOF) calcd for

fC54H10d\|13025S (M+) 1483 , found 1483.

L-Alanyl-L-histidinylglycyl- L-valyl-L-threonyl-L-seryl-L-alanyl-L -
prolyl- L-aspartyl-3-O-[(5-acetamido-3,5-dideoxye-glycero-a-p-
galacto-2-nonulopyranosylonic acid)-(2-3)-O-f-p-galactopyranosyl-
(1—3)-0O-(2-acetamido-2-deoxye-D-galactopyranosyl)]+ -threonyl-
L-arginyl-L-prolyl- L-alanyl-L-prolylglycyl- L-seryl-L-threonyl-L-alanyl-
L-prolyl- L-prolyl- L-alanine (20).Purified ST3Gal-l (2Q:L, ~2 mU)
was added td.3 (0.50 mg, 0.16:mol based on 75% peptide content)
in 25 mM Tris-HCI buffer (pH 6.5, 1.0 mL) containing CMP-Neu5Ac
(2 mM), Triton X-100 (0.1%), and calf intestinal phosphatase (2 mU).
The solution was then incubated at 37 for 3 h, after which analysis
by nanoscale reversed-phase HPLC in combination with MALDI-TOF
mass spectrometry indicated®5% conversion of.3. This procedure
was repeated so that 2.0 mg (0.64nol) of 13 was sialylated.
Purification by HPLC on a Zorbax 300SB-C3 column (%4250 mm)
using a gradient of ©90% CHCN in water, both containing 0.1%
TFA, gave20 (2.0 mg, 79% peptide content, 94% yield) after freeze-
drying. 'H NMR data, see Table 2; MS (ES) calcd foro17dN26047
(M + H*) 2614.2, found 2614.5. Amino acid analysis: Ala 4.90 (5),
Arg 1.00 (1), Asp 1.02 (1), Gly 2.02 (2), His 1.03 (1), Pro 5.13 (5),
Ser 1.97 (2), Thr 2.90 (3), Val 1.04 (1).

2,3-Sialyl-T Neoglycopeptide 21Purified ST3Gal-I (20 mL&2
mU) was added to neoglycopeptid@ (0.50 mg, 0.3Qmol based on
81% peptide content) in 25 mM Tris-HCI buffer (pH 6.5, 1.0 mL)
containing CMP-Neu5Ac (2 mM), Triton X-100 (0.1%), and calf
intestinal phosphatase (10 mU). The solution was then incubated at 37
°C for 3 h, after which analysisby nanoscale reversed-phase HPLC
in combination with MALDI-TOF mass spectrometry indicate85%
conversion ofl7. This procedure was repeated so that 3.5 mg (2.1
mmol) of 17 was sialylated. Purification by HPLC on a Zorbax 300SB-
C3 column (9.4x 250 mm) with a gradient of -690% CHCN in
water, both containing 0.1% TFA, gav&l (2.9 mg, 77% peptide
content, 64% vyield) after freeze-dryind NMR data, see Table 3;
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Table 3. 'H NMR Data ¢, ppm) for Glycopeptide1 in Water
Containing 10% RO?

residue NH Ft HpB Hy others
Arg 3.99 1.88 1.62 3.16 (Ho,0");
7.19 (CHNH)
Gly 8.78 4.02,3.90
Tyr 8.43 4.48 2.94,2.85 7.03 and 6.74 (ArH)
Val 7.97 3.94 1.83 0.82,0.78
Tyr 8.49 4.40 3.03, 2.87 7.16 and 6.78 (ArH)
Hecye 8.37 4.42 2.04,1.81 2.52,2.36 2°({3CH,CH,;0);
3.80and 3.60
(SCH,.CH0)
Gly 7.01 3.80
Leu 7.90 4.19 1.57 1.57 0.88and 0.84
(v.y'Me)

aRecorded at 500 MHz, 278 K, and pH 5.4 with®(0n 4.98 ppm)
as internal standard.Degeneracy has been assunfedhemical shifts
(0, ppm) for the Neu5Ae(2—3)Ga3(1—3)GalNAc moiety-Neu5Ac:
8.15 (NH), 3.82 (H-5), 3.64 (H-4), 3.57 (H-6), 2.71 (H482.00 (Ac),
1.76 (H-3y. Gal: 4.47 (H-1), 4.03 (H-3), 3.50 (H-2). GaIlNAc: 8.21
(NH), 4.87 (H-1), 4.27 (H-2), 4.19 (H-4), 3.98 (H-3), 1.98 (Ac).

MS (ES) calcd for GoH110N15020S (M) 1643.7, found 1643.6. Amino
acid analysis: Arg 1.00 (1), Gly 2.01 (2), Leu 1.01 (1), Tyr 2.00 (2),
val 0.99 (1).

L-Alanyl-L-histidinylglycyl- L-valyl-L-threonyl-L-seryl-L-alanyl-L-
prolyl- L-aspartyl-3-O-[2-acetamido-6O-(2-acetamido-2-deoxys-p-
glucopyranosyl)-3 O-(f-p-galactopyranosyl)-2-deoxye-D-galacto-
pyranosyl]-L-threonyl-L-arginyl-L-prolyl- L-alanyl-L-prolylglycyl- L -
seryl-L-threonyl-L-alanyl-L-prolyl- L-prolyl- L-alanine (22). Purified
C2GnT3 (30uL, ~ 1.7 mU) was added td3 (100ug, 32 nmol based
on 75% peptide content) in 100 mM MES buffer (pH 6.5, 0.50 mL)
containing UDP-GIcNAc (2 mM), EDTA (2 mM)p-galactono-1,5-
lactone (5 mM), and 2-acetamido-2-deaxglucono-1,5-lactone (2
mM). Calf intestinal phosphatase (100 mU) was added after 1 h
incubation. The solution was then incubated at°8€7for 6 h, after
which additional C2GnT3 (1@&L, ~ 0.6 mU) and UDP-GIcNAc (2
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uL of a 0.4 mM solution in water) were added. After incubation for
18 h analysi® by nanoscale reversed-phase HPLC in combination with
MALDI-TOF mass spectrometry indicated95% conversion ofL3.
This procedure was repeated so that 0.60 mg (0.19 mmdlBefas
converted. Purification by HPLC on a Zorbax 300SB-C3 column (9.4
x 250 mm) with a gradient of6:90% CHCN in water, both containing
0.1% TFA, gave22 (~600ug) after freeze-drying. MS (ES) calcd for
C105H159N23044 (M + H+) 25262, found 2526.5.

Core 2 Neoglycopeptide 23Purified C2GnT3 (3QiL, ~ 1.7 mU)
was added to neoglycopeptide (100 ug, 60 nmol based on 81%
peptide content) in 100 mM MES buffer (pH 6.5, 0.50 mL) containing
UDP-GIcNAc (2 mM), EDTA (2 mM), p-galactono-1,5-lactone (5
mM), and 2-acetamido-2-deoxyglucono-1,5-lactone (2 mM). Calf
intestinal phosphatase (100 mU) was added dftk incubation. The
solution was then incubated at 3C for 3 h, after which analysisby
nanoscale reversed-phase HPLC in combination with MALDI-TOF
mass spectrometry indicatedd5% conversion ofL7. This procedure
was repeated so that 0.6 mg (216ol) of 17 was converted. Purification
by HPLC on a Zorbax 300SB-C3 column (9:4 250 mm) using a
gradient of 90% CHCN in water, both containing 0.1% TFA, gave
23 (~400 ug) after freeze-drying. MS (ES) calcd forsfB108N13027S
(M + H*) 1556.7, found 1556.8.
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