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Abbreviations

Amino Acids: Ala (alanine), Arg (arginine), Asn (asparagine), Asp (aspartic acid), Cys (cysteine), Gln
(glutamine), Glu (glutamic acid), His (histidine), Hyl (hydroxylysine), Hyp (hydroxyproline), Ile
(isoleucine), Leu (leucine), Lys (lysine), Met (methionine), Phe (phenylalanine), Pro (proline), Ser (serine),
Thr (threonine), Trp (tryptophan), Tyr (tyrosine), Val (valine).

Monosaccharides: Ara (arabinose), Fuc (fucose), Gal (ga alactose), GalNA

LS i ' s

¢ (2-N-acetyl-2-deoxygalactose)
\ D 7

Al u vy
Gle (glucoq ), GleNAc (2-N-acetyl-2-de oxyglucose) Man (mannose) Rha (rthamnose), Xyl (xylose).
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Other Abbreviations: Ac ( CNnzyl), Arar {(anuirecze
glycoprotein), AIBN (z,z’-azomslsobutyrommle), Alloc (allyloxycarbonyl), Ar (aryl group), Bn (benzyl -
CH,Ph), Boc (tert-butoxycarbonyl), BOP [benzotriazolyl-1-yloxy-tris(dimethylamino)phosphonium
hexafluorophosphate], Bu [tert-butyl, C(CH3)3], Bz [benzoyl, C(=0)Ph], C (carbon), Cbz
(carbobenzyloxy), DCC (dicyclohexylcarbodiimide), DHQD (dihydroquinidine), DIC
(diisopropylcarbodiimide), DMAP  (4-dimethylaminopyridine), DME (dimethoxyethane), DMF
(dimethylformamide), DMSO (dimethylsulfoxide), DMTST [dimethyl(methylthio)sulfonium triflate],
DPPA (dmh ]ph@sph , EDC [1-(3- dlmethvlamlnnnrnpyl\-?-efhvlrarhnd_um del EEDQ (2-

[ e ¥ LA} ¢ aL 5 ARReRL 1 Ly CLilyLaliow 2222825 1y

ethoxy-1-ethoxylcarbonyl-1,2-dihydroquinoline, ethyl 1,2-dihydro-2-ethoxy-1-quinolinecarboxylate), eq.
nnnnnnnnnnn /o D fatlic, ] MIT_MITN TLTAD (6o s b L T TRl L4l 1
{equivalent/s), Et {(ethyl, CH3CH3), FAB (fast atom bombardment), Fmoc {(fluorenyimethoxycarbonyl),

HATU [O-(7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium  hexafluorophosphate], ~HBTU  (O-
benzotrioazol-1-yl-N, NN’ N'-tetramethyluronium hexafluorophosphate)), Hep [heptyl, CH3(CHj)g],

HMPA (hexamethylphosphoramide), HOAt (1-hydroxy-7-azabenzotriazole), HOBt (hydroxybenztriazole),
{Pr [isopropyl, CH(CH3),], LH-RH (lutenizing hormone - releasing hormone), Me (methyl, CH3), NBS (V-
bromosuccinimide), NIS (N-iodosuccinimide), NMM (N-methylmorpholine), NMR (nuclear magnetic
resonance), OT (oligosaccharyl transferase), pfp (pentafluorophenyl), Ph (Dhenvl CgHs), PhAcOx (p-
phenylacetoxybenzyloxycarbonyl), Pht (phthalimido), Piv [pivaloyl, (CH3);CCO], R (alkyl or carhghvd_

1 UULI Y1), T LHL  UHdlLY Vs A% Qi

Agily A I IITR e T e T LY T
ipnnexxjy}Snl_yl), TFA  ({(trifluoroacetic  acid), THO \t iflic  anhydride),

MSOTC (trimethyisilyltrifiate), TsOH (p-toluenesuifonic acid), X (a good leaving group)
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peptide domain. Glycoproteins are larger variants which contain more than about 50 amino acids per
peptide (or protein) component. The carbohydrate can be a single monosaccharide or a compiex, possibly
branched, oligosaccharide containing up to about 20 monosaccharide units.

The biological functions of glycopeptides are many and varied, and scientists have probably only
uncovered a fraction of these novel biomolecules to-date. The carbohydrate often alters the structure and
function of the peptide/protein. Carbohydrates exposed on the surface of a protein can serve as recognition
elements - either on the molecular level, between molecules and cells, or on an intercellular level. The nature,
and indeed existence of the carbohydrate can vary during the life cycle of a cell, as a sophistocated battery of

glycosyl transfer enzymes operate on it,
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The level of interest in this field has grown exponentially in the past 10-15 years. As a consequence
several excellent reviews have appeared; some have have focussed on structure,!-4 others on function,3:6
biosynthesis,” and chemical synthesis.3-1! The intention of this review is to concentrate solely on the
glycosidic linkage (i.e., the crucial covalent bond/s which join the carbohydrate and the peptide/protein).

In order to investigate fully the role of glycopeptides in biology, and begin to manipulate their

behaviour for medical purposes, we need to identify first the detailed structure of the glycoconjugates in
nartinant hinlngiral cvcteme Mieonveriee and knawledoe in thic area are dicencead in 82 with emnhacic nn
PUI LI IRL Ul\llusl\dul Y Jlwiilo. AZEOWNU ¥V wliwyd CGlING NIV YY A\I\JEU A1l WiilD Ui wild Ul w WIDWUWHJIOWN 11 "“l-, YYARAL VIIIPII“JAO iz

more common, and arguably more important, types of giycosidic linkages.

The structure elucidation of these large, complex molecules is often made difficult by the small amounts
of material available from nature. Moreover, nature tends to produce heterogeneous glycoproteins which
vary in many aspects, including the extent of glycosylation. Separating individual compounds from such
families of closely related compounds is not trivial.

{9

Studies of the behaviour of glycopeptides in biochemical systems are greatly facilitated by milligram
D

intities of prototypical compounds in homogeneous form. To this end, chemical synthesis
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important part. In §3, the methods used by chemists to form glycosidic linkages to peptides will be
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prepared by chemical synthesis which have no counterparts in nature. These "glycopeptidomimetics” are
potentially very useful because they emulate the natural compounds, but have enhanced stability.

2. GLYCOSIDIC LINKAGES IN NATURE

Of the 20 coded amino acids, seven contain either no side chain (Gly), or purely hydrocarbon side
chains (Ala, Val, Leu, Ile, Phe, Pro). No evidence has so far been found for C-glycosylation of the side
chains of these residues.

The remaining 13 coded amino acids contain various functional groups in their side chains, which

suggest possible sites for glycosylation. These possibilities are summarized in Table 1. For example, the

first entrv iq for Cyg- i aminn acid hag thial in ite cide chain Tf tha thinl were nyranngylatad thic
ISl Ny 15 10T LYS, WilS allind 4acid nas 4 ulin i 1S 5160 Chdifl. 11 e 0 WOIC PYranosy.aila, uiis
.............. ol e Tt L S QL. 1 g i VO-PR LSS R R RIS LIS LV (R -~ 1
wOouia glVC rlsc to the putative IyCOSIacC snOwI I >encme 1. 1018 Kina or giycosiaic 1nnkKkage 1S Known ln
nature, as indicated in the final coiumn of Tabie i
0]
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~ ,N\/\ 5
{ X + 1 rr,.r H
>Ar\r .}'1_‘ 7 ~ o S’/
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L J glycoside
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Scheme 1. Glycosylation of a Cys Residue.
Some non-coded amino acids have also been identified at the linkage site in glycoconjugates:
4-hydroxyproline, 5-hydroxylysine and t-histidinoalanine (vide supra).
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2.1 N-Glycosides

2.1.1 N-Glycosides: Linked via the Side Chain of Asparagine Residues.12 By far the most commonly
observed site of peptide/protein glycosylation is the amide nitrogen of Asn side chains. An enzyme known
as oligosaccharyl transferase (OT) transfers the oligosaccharide depicted in Scheme 2 from dolichol
phosphate to the amide nitrogen of Asn residues in the rough endoplasmic reticulum. This is a co-
translational modification. Glycosylation is only observed when Asn is embedded in the consensus sequence

Asn-Xxx-Ser/Thr, In this tripeptide sequence, Xxx can be any amino acid, although Pro is not favoured. A
Ser or Thr residue, in the next-but-one position is an absolute requirement for glycosylation. Various
glycosyl hydrolases and transferases then act upon the oligosaccharide, in what is referred to as the trimming
process. Monosaccharide residues are added and hydrolyzed, but the core pentasaccharide remains in all
derived N-glycosides.
a-1,2
Man———Mag\ a-1,6 €16
Man
Man® 2w 7 ‘ ; b1
——Man 14 1,4
Man——_GlcNAc ——GIcNAc Asn Xxx Ser/Thr
a-1,2 - R —A ———— ——
(Gic);——Man—- Mar! 2y @13 4 o . 0
T a sl
o -_rl—*fo + 5 K ” 1 H " S
}7-,: ~ >N N7
H H H
R . H2N\ /= o ’/=\\
CH, CH,4 O=P—0" T HO R
| | | - R = H (Se)
CH3—C—CH—CHQ—\CHZ—C———CH——CHdn—CHZ—CHZ-—-O 0 R = Me (Thr)

o-1,2
Man—Man ¢-1,6

L7
S sa A A
- Hii . N/'\]r ~H

oligosacchary! .
transterase N _ dolichol
\

1,2, S X Y
Man——Man l B-14_ p-1.4 B i
Man—— GicNAc GicNAc——N > 0 A
. o 012, a2 /51,3 \n/ Ho” R
QiCj3 ——Man ———man---—-vian ]
(o]

Scheme 2. Nature's approach to N-glycosylation
In recent years, other monosaccharides and oligosaccharides have been found attached to Asn side
chains including -D-glucosei3 and p-N-acetylgalactosamine.14 Messner and Sleytr described a trisaccharide
of L-rhamnose attached to an Asn residue in GP 1 of Bacillus stearothermophilus.15 In these cases, too, the
Asn-Xxx-Ser/Thr motif is a prerequisite to glycosylation.
There are two known exceptions to this. Firstly, a glycopeptide called nephritogenoside (1) with
glucose a-linked to the amide side chain in the sequence Asn-Pro-Leu (Fig. 1).16

a-1,6_ B-1,6
GIc-———Glc-——O\ le]
HQHE-\A/O\ H:‘-,N\/ Jl\
- Pro— Leu— Phe—Gly—lle— Ala— Gly— Glu—A
Q/‘m ; y y ?p
HN lle—Gly—Ser—Pro— Gly—Thr—Pro—Gly

Val—Gly——Gin-OH

Figure 1, Nephritogenoside (1)



The second example is the heavy chain of bovine protein C.17 This protein contains three carbohydrate
groups. The first two are attached in typical environments: Asn%3Tyr%Thr%5 and Asn!54Arg!55Thr!56.
The third site of glycosylation, however, is Asn!70Alal71Cys!72. A Cys residue occupies the next-but-one
position, and this Cys residue is part of a disulfide bridge.

These glycosylated Asn residues, in unusual sequences appear to be of quite different biosynthetic

origins to those outlined in Scheme 2.

1.2 N-Glycosides:  Unusual N-Linkages. The theonellamides are a family of cyclic peptides,
eonellamide A (2) (F'IU 2). The i i i
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theoneilamide E (B-D-gaiactose).
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Figure 2. Theoneilamide A (2)

Gide et al. isolated a glycopeptide called Cam-HrTH-II (3) (Fig. 3) from the corpus cardiacum of
the Indian stick insect, Carausius morsus.20 This decapeptide was shown, by FAB mass spectrometry,
to have a hexose sugar attached to the indole of the Trp side chain. They stated that "the prime candidate
would be attachment to the nitrogen of the indole ring." No further reports have appeared. It seems more
likely, based on recent NMR data for a related peptide (see §2.5), that attachment might be via C2 of the
indole (i.e., a C-glycoside rather than a N-glycoside).

p-Glu— Leu—Thr—Phe—Thr — Pro— Asn—Tp— Gly—Thr-NH,

I
hexose

Figure 3. Cam-HrTH-II (3)

22 O-Glvcosides
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221 O-(iz’yCGSidGS. Linked via the Side Chain ij Oer ine or Threonine Residues. The most COMMOn
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O-glycosidic linkage is an a-linkage between GicNAc and the hydroxyl group of Ser and Thr (Fig. 4).5,21.22
Glycoproteins containing such linkages are found within cells (i.e., in the nucleus or the cytoplasm). The
carbohydrate is a monosaccharide unit. An a-D-GalNAc unit attached to a Ser or Thr is a common linkage in
tumour-associated glycoproteins. The a-D-Gal-Ser unit has been described in plant glycoproteins (e.g.,



extensin and potato lectin) and also in "cellulosomes” - extracellular complexes of cellulases produced by
cellulolytic bacteria.23

The first example of a fucose residue attached to a Thr side chain was reported in 1975.24 From each
litre of normal human urine, 0.2-0.3 mg of 3-O-8-D-Glc-o-L-Fuc-L-Thr could be isolated. There have
subsequently been several reports of L-Fuc o-linked to Ser and Thr side chains.25-28

/OH H?/OH H?/)H HZN\/COOH
HO/§/O\ g/o\ %/0\
HO——X9) o= ] Ho—= %] o7 ™R

ACHNOI R AT o A ”V(:l)
Y \r \' o) oH
NN H

OH
HoN COOH HZN/\‘COOH HZN/\COOH O'H
«-GleNac-Thr (R=H) a-GalNac-Ser (R=H) a-Gal-Ser a-L-Fuc-Ser (R=H)
@-GlcNac-Thr (R =Me) a-GalNac-Thr (R = Me) a-L-Fuc-Thr (R=Me)

Figure 4. Common monosaccharides attached to Ser/Thr residues
A B-D-Gle-Ser linkage occurs in compound 4, a residue in bovine blood clotting factor IX (Fig. 5).29
Blood clotting factor IX is a plasma glycoprotein involved in the middle phase of the intrinsic pathway of
blood coagulation. It has a molecular weight of 55,400 and consists of a single chain of 416 amino acids.
There are oligosaccharides attached to four Asn residues,30 as well as the unusual B-D-Glc-Ser linkage. The

D-Xyi
Figure 5. Trisaccharide bound to Ser33 (4) in Bovine Biood Clotting Factor IX
When human insulin-like growth factor-1 (IGF-I) was expressed in yeast, a new form of the IGF-I was
formed in addition to IGF-I. It was found that Thr2? of the 155 amino acid protein was glycosylated by a
disaccharide containing two mannose residues (5), as depicted in Fig. 6. This is interesting because it
highlights the different specificities of mannosyltransferase enzymes in man and yeast, and cautions that

expression of foreign proteins in species such as yeast may not always produce what is expected.32

 oH

HO -Q
HO

OH

H,N~ “COOH
Figure 6. «-(1,2)-D-Man-o-D-Man-Thr (5)
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222 O-Glycosides: Linked via the Side Chains of Hydroxyproiine Residues. In 1969, Lamport

proposed that the role of hydroxyproline in extensin was to provide a site for a covalent linkage between
the protein and the cell wall.33 Treatment of the cell walls of tomatoes with a crude cellulase preparation
liberated glycopeptides, which yielded galactose and arabinose on acid hydrolysis, suggesting that these
residues were directly attached to the protein (Fig. 7). The site of glycosylation was shown to be the 4-
hydroxy group of trans-4-hydroxyproline. The stereochemistry of the glycosidic linkage was not

determined.
Nielsen et al. isolated a protein, which they called SP2, a class IV chitinase from leaves of sugar beet
) » JRPSNENIT SIS U . S NP N SIS JU o S SN IY I o S L_ar. 724 L
(Beta vulgaris), which had been infected with Cercospora beticola>* The mature protein contains 261

amino acids, including five hydroxyproline residues. Mass spectrometry indicated the presence of up to
seven pentose sugars. SP2 reacted with Xyl-p, an antibody which is specific for p-1,4-linked xylose.

e o

2] L

lstele ] (o] A
WCOOH i On
Y R /07 MO0
}J HO% i HO\ N\ —
RG OH OH OH
L- trans—4 hydroxyprollne R = D-galactose R = D-arabinose R = p-D-xylose

Figure 7. Glycosidic Linkages to Hydroxyproline
223 O-Glycosides: Linked via the Side Chain of Hydroxylysine Residues. Butler and Cunningham

reported the identification of a disaccharide attached as an O-glycoside to the side chain of hydroxylysine in
SRR, | PROOTIURL. P, DRI [ oHUNN. NI SR, SN £ S o J SRR SV U TRPRLIRI o % TR L T ¥ 1 Y
{ropOCo11ageri 1801al€d 1T0IM guinea pig SKifn.-- 1 1is OCCUrs in a special region of the collagen molecule 1n the

]

sequence depicted in Fig. 8. The disaccharide was determined to be 2-o-D-giucopyranosyl-g-D-
galactopyranose.36 Levine and Spiro isolated the same Glc-Gal-Hyl unit (6) from a bovine glomerular
basement membrane glycoprotein.37

nu OH
| NHz
m/O
—Giy—Mel—Hyi— Giy——His——Arg— o_.7\k;| /
OH HN"" NCooH
6
Figure 8. Glycosylation of Hydroxylysine
2.2.4 O-Glycosides: Linked via the Phenol of Tyrosine Residues. Glycogen is an o-1,4-linked

polymer of glucose, which has long been recognised for its role in energy storage. The synthesis of
glycogen begins with a priming protein called glycogenin (Fig. 9). Glycogenin is a glycoprotein, which
bears an oligosaccharide of o-1,4-linked glucose units. The reducing end of the oligosaccharide is o-
linked38 to the phenolic group of a Tyr residue (7) of the protein. Rodriguez and Whelan identified the

glycoprotein in rabbit liver muscle.39 At about the same time, Aon and Curtino identified glycogenin
A
|

catalyzes the addition of about eight more glucose units to itself, then an enzyme called glycogen

takes over. Glycogen synthetase must be bound to glycogenin to be catalytically active.

=’



l glycogenin I

glucosy!
transferase

OH

Glc—l glycogenin l (
[ —

H
o N _-COOH
HO N\ ]

aiitocatalysis HO/T\;’EO\ /" }/
(GIC),,"“‘| glycogenin | 0/\///

glycogen o-Gle-Tyr (7)
synthase

[GLYCOGEN ]|

|GLY N
Figure 9. Glycosidic Linkage in Glycogenin
As early as 1978, Chen er al. identified B-Glc-Tyr in the mature larvae of D. busckii. This glucoside
accumulates in the late third-star larvae and then suddenly disappears at pupariation. It has been
suggested that this is a storage mechanism for Tyr, which is used in the sclerotization of the pupal case.42
In 1992, a glycosylated tyrosine residue (8) was identified in the hydrosylates of the crystalline
surface layer glycoprotein of Clostridium  thermohydrosulfurium S102-70.43 A L-rhamnose-rich
oligosaccharide was linked, via a B-D-glucose moiety to the side chain phenol of a tyrosine residue (Fig.

itree,,

i

chain of Tyr in the crystalline surface layer glycoprotein of Thermoanaerobacter thermohydrosulfuricus
T111 £0 44
1.111=-07.7"7
\_—COOH
from C. thermohydrosulfuricum OH
- =N\, H
o A
1.3 a1,2 a13 al,3 HO’W P & J/
D-Gal——D-Gal—-L-Rha——D-Man——L-Rha—O. O R
o
OH
8 H,N
\_—~COCH
Fernem T tharsabudenc M inm HO OH ~ i
LY\JIRE L. LT ITIUTLYUT L ul:lul wurr L< f\/g
1.3 VO /
ol4 13 ald at OA/Q/ /‘\ /—/
3-O-Me-L-Rha——{-D-Man L-Rha—‘)———«D-Man—L-Hha—-&— =0 AN J
N 'n~27 OH
9
Figure 10. Tyrosine Glycosides
Vancomycin is a heptapeptide antibiotic with a disaccharide attached via the p-OH of a 3,4,5-tri-
< PR, Ny, N [P A. E Taoe 11N e crwmziczeal crisevme co mallad srmemmmcnsmase s y SR BN PR o SR
h dlU)&ypllCﬂ laldilic 1CS1Uuc (Flg 11). 11C 1US I SUEAI IS CallCd vancosdiinc T"C HHIKAEC 1S 1TOI 4 p-

HW V D-Ara—0D-Man
HN o
Me RO - S
M glycosidic linkage glycosidic linkage
L ! in vancomycin in ristocetin A
LA v



2.3 Phosphorus-Linked Glycopeptides
Phosphoramidon (10) is a glycosylated dipeptide, (Fig. 12), which has L-Rha attached via a
phosphonamide to the N-terminus of Leu-Trp.#6 Phosphoramidon is a potent inhibitor of metallopeptidases
and its discovery from nature stimulated the development of phosphorus-based enzyme inhibitors.
Proteinase 1, a lysosomal cysteine protease, of Dictyostelium discoideum contains a GIcNAc residue,
attached via a phosphodiester linkage to the side chain hydroxyl of Ser (compound 11).47 Sugars linked to
ap

proteins via a phosphodiester hinge are known to function as immunological determinants. Under regular
nhucinlagiral canditinone it hae heen cnaoected that the rale of the nhnenhanate grnun ie tn iroant tha
l.lll] Ql\ll\lsl\tu‘ WwAJLINAL I.l\ll.lﬂ, At 11k Wil oussvatuu Lildan Wi IVl i Lilw }lll\lﬂyl IV11GWN 51 \Jul} 10 W7 VAL WNCL LR
mmntanan tnzirands lhacia grrlaotantas
pl WddC LOWAILUD Dadlv dUildL alvd.
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Ho\‘il [ N._ _coon < {
R “H 0~
H H (o)

H 11 :/\ _____
10 U

olvecosidic linkaoe was identified in a nentide 49-51 [ ote and Weiss isolated the octanentide 12 from normal
glycosidic linkage was 1aentified 1n a peptid Lote and Weiss 1solated the octapeptide 12 from normal
hiiman nmna Tha A nnt 111t wag attacrhoad tna tha gida Arhain Aftha A _tarmainal ~rvotaina racidna via a O
ULl Ui il 11w U L L ywad allaviivu U LIV JIUG Vi1Aiil Ul UlL fvVv=igliiniialr \JJ OULLCLIICT I0OIUUC Via a O~

ted a similar decapeptide (13) from erythrocyte
membranes. Again, the cysteine was the N-terminal residue, with an adjacent Glu residue.5! The
oligosaccharide in this case was a trimer of glucose, although the details were not reported. The peptide

sequence was very similar.

o]
H HZN\)L
/ ‘|3 ~oH \ Glu—His—Ser—His—Asp—Gly—Ala.OH

Giu—UGly—His—S er—His——Asp—His—Giy—Aia.OH

Figure 13. Component of naturally occurring S-glycosides

2.5 C-Glycosides.
Hofsteenge et al. recently identified a
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AAUALERCEIL ML ElAWwe llle ].u.vvlvv\o WVALWAMILY W WV AMWIIYWY VAWL WHIWVAWY AU B AAWAVOW UM&“& LAV IEIWSE WV LW N l/\ILJIIAVAA
a4l s 3 Al sazialasaa FT1AN Tins 1AM Thha cénhilitn: ~aftha /Mo alunanaidia linl-a a 1t A Al bt s Adanmti iy tha
Ol e MaoIC nucCicus (14 (rig. 14). 110€ staviiity o1 uie L -giyCoSiaic 1if t aifiicuit 10 1aeniry

al . FAR

nature of the monosaccharide. However, using NMR, it was estabilished that the sugar is mannose (the

absolute configuration is uncertain) and that it is attached via a a-C-glycosidic bond.33 Subsequent work has



—
[y

proven that this unusual C-glycoside does not arise artificially during the isolation procedures. Lofiler ef ai.
have identified the (C2-Man)Trp residue (14) in the intact protein by NMR.54 They have also
demonstrated that this type of C-glycoside is not unique to RNase 2 from urine; it has also been identified
in RNase 2 from human erythrocytes.

OH
< oH

Figure 14. Glycosidic linkage in RNase Us
While screening for enkephalinase inhibitors, Vértesy and coworkers isolated a family of
compounds (15-20) called the enkastines from Streptomyces albus, ATCC 21 838.55 As shown in Table

2, some of these compounds are potent inhibitors of enkephalinase. They were demonstrated to be
[PPSR T NI PN i R S W [ 5. M lmen £ Voo 2 . OO at VA . A
I€asondoty SClECuve amongsi proieotytic enZymes. i1nes€ (-giycosiaes are errectively prodaucts oI an
Amadori reaction between D-glucose and the corresponding dipeptide (see §3.4)

Table 2. Enkastines

_.COOH

CJ
o
X

O

(19)
Enkastine ICs9 (mol L)

N-(B-1-deoxyfructos-1-yl)-isoleucylaspartate 15) 1.8x 109
N-(B-1-deoxyfructos-1-yl)-valylaspartate (16) 6.3x 109
N-(B-1-deoxyfructos-1-yl)-valylglutamate a7n 3.0x10-8
N-(B-1-deoxyfructos-1-yl)-isoleucylglutamate  (18) 5.6x 108
N-(B-1-deoxyfructos-1-yl)-alanylaspartate (19) 1.7x 107
N-{B-1-deoxyfructos-1-yl)-alanylglutamate (20) 1.2x10°3

3. CHEMICAL SYNTHESIS OF GLYCOSIDIC LINKAGES 1!

he routinely adopted approach for the formation of such N-glycopeptides is via

-

been reported (Fig. 15a).
reaction of a glycosylamine and a suitably protected Asp derivative (Fig. 15b). While this leads to an N-
glycosidic linkage, the chemistry is that of amide bond formation rather than glycosylation.

o

~
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Figure 15. (a) Direct Glycosylation of an Asn Residue; (b) Amide Bond Formation
A prerequisite to this approach is obviously access to glycosylamines. These have been prepared by
displacement of glycosyl bromides with ammonia.5¢6 However, the glycosyl halide is more often converted
to the glycosyl azide (Scheme 3) and then reduced. Spinola and Jeanloz reported the treatment of chitobiose
derivate 21 with silver azide to give 22.57 The same type of conversion has been accomplished under milder

ium azide and phase transfer catalysis,>8-60

AOre _OAc

/OAc _OAc
o) o}
AcO AgN. Ac
AcHN AcO 3
AcHN
2

AcHN  AC
AcHN|
21 o] 22
Scheme 3
Alternatively, treatment of 23 with trimethylsilyltriflate leads to formation of the oxazole 24.
Onnv-;nn nftha avarala with trimathuloilviasida cous tha A_azida V& (Qahamea AY 61
lJU.lLlllE Ul UV UAQLULG VVILLL LULliiivil 1311] raciusw EQVD i P ALIUN L&D \OUIIUIIIU 'T}.
/OAc /OAc /OAc

0 TMSOT! O MesSiN Q

RO R €351N3 RO

NHAC No | NHAG
R = hexasaccharide na \\ e
23 £9

Scheme 4
Reduction of anomeric azides to the corresponding glycosylamines has been accomplished in a
number of ways, as summarized in Table 3.

Table 3. Reduction of Glycosyl Azides

ReactionConditions Reference/s
H», Pd/C 60,62,63
Ha, neutral Raney Ni(W-2) 64,65
Hp, Lindlar's catalyst 6i
HSCH,>CH,CH3SH, Et3N, MeOH 66




Glycosylamines readily anomerize. Under acidic reaction conditions, the amine is protonated and the
species equilibrates to favour the B-anomer as a result of the reverse anomeric effect. Noble metal catalysts
have also been shown to acceleraie anomerization. For example, Teshima ef al. reduced the a-azide 26 under
standard hydrogenolytic conditions (Scheme 5).63 The resulting amine was coupled directly with Alloc-
AspOBu . Considerable anomerization had occurred, giving rise to predominantly the B-product (278).
Thus, conditions for azide reduction are preferably basic and without metal. A potentially general solution,

seems to be the use of propane-1,3-dithiol67 in the presence of triethylamine.

Preat L Bictiiyidalilillle

OAc
/
Ac Q
Ac
AcQO
\ I
/OAc 270 (13%) HN\/\/COO Bu
O 1. HpPdC | S

AcO \ + ~ TRV TN
AcO 2. Alloc-Asp-O'Bu hd NAAfloc

AcO EDC, HOBt
26 Ny A An/g/o. H
A

Scheme 5
Glycosylamines can also be prepared directly from unprotected sugars, using ammonium hydrogen
carbonate, or ammonia (Scheme 6).68 In the example shown below, Likhosherstov et /. prepared 28 from
GlcNAc and coupled it with Asp derivative 29 to give 30.69

sat'd aq,

& NHHCO, &

NHAC 28 NHAC
GIcNAC
Chbz-NH co0Bn
\/
H
Oxni .~ DMF

N
©  on
Q
HC’;&\A,FL _-m, NHCbz
NHAC \n’ r
30 (o] COOBH
Scheme 6

Activation of the side chain carboxylic acid of 31 with 5-methyl-2-thioxo-1,3,4-thiadiazole-3(2H)-
carbothioic acid S-(5-methyl-1,3,4-thiadizol-2-yl) ester (32)70 followed by coupling with an unprotected

aminosugar 33, yielded the glycoconjugate 34 in good yield (Scheme 7).7!
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i 2. H e H
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. N ]
¥ OO 39 i
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Scheme 7

Otvos and coworkers reported the synthesis and utilization of a chitobiose building block in which
the carbohydrate was unprotected (Scheme 8).7273 Formation of the B-pentafluorophenyl ester of Asp
derivative 35 and reaction with -1-amino chitobiose (36), followed by deprotection of the a-carboxylic acid
gave building block 37 in 50% overall yield. This denvatwe was successfully employed in the solid-phase

synthesis of a T cell epitopic dodecapeptide containing a glycosylated Asn in a mid-chain position.
1. C4FOH, DCC <OH OH )
DME, 30 mina ~ A Fmoc-NH.__.COOH

b

Fmoc-NH\/COO'Bu Hm 0
o /é/o ( ¢ Y

36 NHAC

~ WO \ ~
HOOC” '"I:iO o O, 1]
NH. 37 o]
35 NHAc H 2
3. TFA NHAc
[ENO/
1OV 7o)
Scheme8
o H: H inkbaoga 4+ o neafrrmaad maneida (4 POV N A--J:.,
The formation of a ]‘vr-gl}'CGSxdiC linkage to a plcfuuucd pepii tide (L _J-, @il o-ester of an amino aci u) 1S

more difficult. This transformation is complicated by a side reaction involving intramolecular succinimide
formation (Scheme 9). This issue has been thoroughly investigated by Anisfeld and Lansbury.74 As shown
in Scheme 9, activation of Ac-Asp-Ser-Phe-NH; (38) with diisopropylcarbodiimide (DIC) led to the
formation of considerable amounts of 39. However, under carefully optomized reaction conditions,
reasonable yields of glycosides were obtained using BOP and HBTU as coupling reagents (Scheme 10). The
amount of base present has a significant effect on the amount of succinimide formation observed. Best
results were obtained using 2 eq. of the glycosylamine (no added base) or else 1 eq. of the glycosylamine

accompanied by 1.5 eq. of diisopropylethylamine.

OH OH

il 39
Q 38 X=0H
Scheme 9. Aspartimide Formation
OH OH
L I L
Ac-NH. J\ . _N._ _CONH, nonn M _Fiv CONH,
H H H 0 H i N \ﬂ/ H

X o ™~ \/A/ o 0 e

Scheme 10. Glycosylation



Johnson and coworkers have developed a solution to the probiem of aspartimide formation. They
protect the amide nitrogen with the N-(2-acetoxy-4-methoxybenzyl) (AcHmb) group.”’> In the heptapeptide
sequence depicted in Scheme 11, the side chain of the Asp residue (to be glycosylated) was orthogonally
protected as its allyl ester. Compound 40 was found to be prone to aspartimide formation (41), even before
removal of the allyl group. The amide nitrogen was protected by incorporating the alanine residue as
protected secondary amine 43. The phenolic hydroxy! at the 2-position of the benzene ring was reprotected
as the acetate. No evidence of aspartimide formation was found with compound 42, either during the

;;;;;;;;; r i & Ax Lsaans L2 a5 4 eax eh U 4\] LA ANWiNLIY Va Wil uuxx}u\r
1 inits M 1 st antiny anmaae oo
protecting group was initiated by hydrazinolysis of the acetate, which rendered the protecting group acid
sensitive.
O n Q -
Ac—Glu—R H l Ser—1Lys—Al _— Y
e Gl NN Ser—Lys—Ala-NH, Ac—Glu—N Ser—Lys—Ala-NH,

g ¢ I dh

OCH,CH=CH, 40

0 = -
Ac—Gl H\/[k S L Ala-NH Fmi F
—Glu— er—Lys—Ala-
i '\.‘ Y : OC\. | N

S ) e ) o N A
CH=CHCH,00C™ = = F T F
)\\/\OAC O)\\/\OFmoc F
MeO 42 Me 43

Scheme11
McDonald and Danishefsky reported a route to N-Asn linked glycopeptides, extending their
azaglycosylation methodology (Scheme 12).64 The 2-iodo-1-N-sulfonamide 44 reacted with azide in such a
way that it installed a B-azide, with stereoselective migration of the sulfonamide to the 2-position (45).

Reduction of the B8-azide using neutral Raney Ni and coupling with an Asp derivative gave 46. The
phenylsulfonyl group was removed photolytically to give 47.
OSiEts OAc
ey 1. NaN.. DMF /
: . 3, MIWVIT o)
E%Sio/ﬁfl‘o\ 2. aq. AcOH, THF Aco&/ N
BSI0——"" 3. Ac0, pyridin ACO——T 15
. - Acz0, pyridine P
44  NHSO:Ph PhSO,” &
I 1. Ranay Ni (W2)
(45%) | EtOAc
2. Boc-Asp-OBn
l EEDQ, CH,Cl,
(OAC (OAC
L. . ADMA e
Nnu >ZouU 1
a0 K AN
ACO—A— ! AcO AV\K\
NHAc _COOBn o o NAC ~COOBn
/i )/ PhSO,” i/ I'
o]
47 NHBoc 46 NHBoc
Scheme 12
More than one oligosaccharide can be attached to a peptide simultaneously. Scheme 13 details the

o |

synthesis of a compiex giycoprotein bearing the sialyl LewisX epitope. The cycliic heptapeptide, 49, bearing

three appropriately spaced Asp residues, was synthesized (Fig. 16). Coupling with 3 eq. of partially
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the adhesion of HL60 cells 2-3 times more effectively than sialyl LewisX. This may be attributable to its
multivalency.
(o]
QOH \/’9 /OBI'I OBn
1 | &S <
HO : — o
(0] (o}
ST TN T e, —
FAUTINTT / = OH =
HO “NHAC
°© OBn
'Oén
OBn
COOH

HOOC, A\ A ~ -
NH
" Loon
‘..r“v H LA
0/\4 49
H
\
o

Figure 16. Compounds 48 and 49.

COOH

3 eq. ATU, HCA
1 Pr,NEt, DMF
COOH
49
Scheme13

3.1.2 N-Glycosides: Via Isothiocyanates. Zurabyan and coworkers introduced glycosylisothiocyanates as
precursors to glycosyl amides. The following example (Scheme 14) involves reaction of
glycosylisothiocyanate 51 with Asp derivative 52 to give 53.78:79 The mechanism is not known, but Scheme

15 details a possible e\(planatxon 78 Nucleophilic attack of the isothiocyanate by the carboxylic acid activates
i o the formation of a symmetrical

e glycosylamine, which reacts with an

Acc\\/YwCS + Cbz-Asp-OBn ACOW/N\/”"" NHCbz
Ac ) (70%) . -~

I
s3 O COO0Bn

Scheme 14
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Giinther and Kunz reported that they were unable to form azide 55 from the oxazole 54 (Scheme 16).
This was surprising, given the similarilty of the disaccharide to the reducing end of the hexasaccharide
described in Scheme 4. They were, however, able to form the isothiocyanate 56, which coupled with Alloc-
Asp-O'Bu to give a good yield of the N-linked glycopeptide 57.80 They reported that the coupling reaction
required strict exclusion of water and that the formation of N, N"-bisglycosylthioureas was impossible to

——OAc potassium

i OA

fo— =\ —Q rhodanide Ohe
Ac()w 18-crown-6 nm’o\ NOS
AchH “‘\-\ =2

N . _CO00Bu
N, |Hooc” ™"
Me3SiN; * (75%) l |
SnCl, NHAlloc
* DME, 45 °C
OAc 4A molecular sieves
( O /OAC
R&m’/Na P‘O/\A/Q H
NHAc Ao XN, COOBU
R = disaccharide NHAC “
55 57 Q NHAlloc

3.1.3 N-Glycosides: Via Pentenyl Glycosides. Fraser-Reid and coworkers have developed a novel approach
to the synthesis of N-giycosides (Scheme 17). Treatment of either anomer of a pentenyl glycoside with N-
bromosuccinimide (NBS) in acetonitrile is proposed to lead to the formation of an oxonium ion. This is
trapped by acetonitrile to give an a-nitrilium jon, contrary to what would be predicted by the reverse
anomeric effect. A carboxylic acid can then add to the nitrilium ion, giving rise to an imino anhydride, which

rearranges to give an imide.
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To demonstrate the utility of this methodology, pentenyl glycoside 58 and Asp derivative 52 were

coupled to give 59 in 61% yield (Scheme 18). The acetyl group was removed efficiently by treatment with

piperidine in DMF to give 60.81.82 This was a key step in their synthesis of nephritogenoside (Fig. 1).

LUECHIUSIUL 1l

OTBDPS
BnO O OTBDPS
BnO NBS, CH,CN /é/o
sg OBN"O(CHy)CH=CH, —— 2" . BnO \
1h,RT BnO:
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f\llHCbZ (61%)

|
N _-m, _NHCbz

L i
HOOC—" s 00Bn I Iooan

ninaridine ... 86 O _ A~
pipenaine r 93 R=AC
10007\ o
{od7%) “—=

Scheme 18
In a conceptually related synthesis of nephritogenoside, Sasaki and Tachibana treated thioglycoside
61 with Cbz-Asp-OBn (52) and N-iodosuccinimide in acetonitrile to obtain the Na-glycoside 62 in good

yield (Scheme 19).33 They observed no imide formation when N-bromosuccinimide was employed; instead
a mixture of the corresponding esters was obtained.

(UHSUI"S OTBDPS
o Cbz-Asp-OBn (52) ( -~
PO N\ s MSORON o R
e e 3
Bn BnO
OBn (85%) Bn
&i 00Bn
- W
Ac
| 1
62 o NHCbz
Scheme 19
In recognition of the fact that the more widespread linkage to Asn is B and involves a GleNAc
residue, Handlon and Fraser-Reid have extended this methodology to form such a glycosidic bond (Scheme
AN RA L Xt Lt ottt b oalo . AT o hoal 10 f1 i A S ATIT A
20).%% '1ney invoked neignobouring group participation, by the N-phthalimido group at C2 of 63 (NHAc was

ineffective) to direct nitrilium ion formation to the p-face, resulting in glycoside 64.
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3.1.4 N-Glycosides: An Unusual N-Glycosidic Linkage. An unexpected example of N-glycosylation was
reported by Kessler and co-workers.85 The intention of the following reaction was to glycosylate the side
chain of the Thr residue in the cyclic hexapeptide 66 with glycal 65. However, the Thr residue appears to
occupy the i-position of a B-turn and so the hydroxy group is involved in a hydrogen bond and is unreactive
towards glycosylation. Instead, N-glycosylation of the indole ring was observed to give 67, with 8-
stereochemistry (Scheme 21).

Te) ’7\07 +  cyclo-{-Phe-D-Pro-Phe-Thr-Lys(e-Cbz)-Trp-]-
\\’/ I 6
65 h&HAc j

o)
H AcHN
N\/J\i\ Vr

clo-[-Phe- D-Pro-Phe-Thr-Lys(e-Cbz) <~ /

et

Scheme?21
3.2 O-Glycosides86

3.2.1 O-Glycosides: Glycosylation of Primary and Secondary Alcohols. The synthesis of O-linked
glycopeptides is complicated by:
(a) The acid sensitivity of the glycosidic linkage;

H?\) \JNH H ;é{NH ‘\\:,/AOAN\,OH
\1 e HzO:) N 1M R
N . HO\\\\“.---\I/O

Scheme 22. Acid Sensitivity of O-Glycosides
(b) The sensitivity of the Ser and Thr glycosides towards a base-promoted retro-Michael reaction. This

v
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For these reasons, protecting group manipulations and glycosylation reactions need to be carried out
under essentially neutral conditions. Meldal states that the fear of p-elimination (Scheme 23) is exaggerated.
Meldal and coworkers have demonstrated that O-glycosidic linkages are stable to the reagents normally used
in Fmoc-based solid phase peptide synthesis.8¥ While many protecting group strategies have been
employed over the years, one strategy which has been widely adopted involves Fmoc protection of the a-
amino group and protection/activation of the carboxylic acid as its pentafluorophenyl (pfp) ester (Fig.
17). 89,90 The nfn esters appear to be stable to manv olv syla ion reaction conditions. Moreover, the pfp

1834 latio 1UICUVYLL . UlG

ester subsequently serves as an activated form of the bulldmg block in a coupling reaction with an amine.

F
]

Figure 17
The glycosylation of a primary or secondary alcohol in the side chain of an amino acid is not so
conceptually different to forming a glycosidic linkage between two monosaccharide units. Indeed, most
standard glycosylation methods have been applied.
Polt ef al. claim that early work in this area was plagued by low yields and poor o/ selectivities,
attributable to low nucleophilicity of the glycosyl acceptor.?! The hydroxyl group of a Ser or Thr residue is

involved in a hydrogen bond with the amide proton (Fig. 18). This decreases electron density on the oxygen,
rendering it less nucleophilic. To test this hypothesis, and circumvent the problem, they prepared Schiff
bases between the a-amino group and benzophenone. This reverses the direction of the hydrogen bond, and
should therefore increase the nucleophilicity of the alcohol. This approach has met with some success, for
example the reaction of 68 and 69 (Scheme 24). The resulting Schiff bases (e.g., 70) can be converted to the

cidic reaction conditions or by catalytic hydrogenolysis

free amine or prot ected amine under either

57 H—8"
! e
Figure 18
Ac Ph,C
(O Y] fatoYe Y P fg();” QA 2(‘\\\N\ /COOMe
N ALV IVIT UH U' s "

Ae L ed e
AcO H 4A molecular sieves  Ac /i

ACO /— IO A0/ O

B' HO {84 %) AcO \
68 r 69 AcO 70

Scheme24
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Koenigs—Kn Coupling®? In 1961, Jones and coworkers were not at all sure how peptides and

oligosaccharides were linked in glycopeptides. Nevertheless, they synthesized a variety of possibilities
including the formation of a B-(GlcNAc)-Ser residue (73), using a Koenigs—Knorr coupling betwwen a-
glucosyl chloride 71 and Ser derivative 72 (Scheme 25).93 We now know that the corresponding a-glycosidic
linkage is widespread in nature.

_OAc oA Cbz-NH\V,COOMe
Cbz-NH. COOMe c :
o ~ Agzlf,c%SOh i
AcO + » CHCY o H
Ac H dark, 1400, AT  ACOT N7\ 4
AcHN| oo . AcO——" "
-4 Cl -2 (~33%) NHAc 72
Scheme 25
The following example involves the synthesis of a useful GalNAc-Thr building block (76) (Scheme
26). The Koenigs—Knorr coupling reaction between 74 and 75 yields a 14:1 mixture of anomers (a:8).94
Thia hunildias hlanls hao lhaan yigad i tha gunthacio AF martial gtmintiniras AF tha Antamantidac AF hieans
11D UUliUllE ULIUL. 11a> UUC1L uoluU ill Ul SYHUIUOI> Ul paltial HULLUILD VUi Ulv vLuapopuucy vl ddilaii
1 1 M AN Q5
giycophorin A™.%>
AcO OAc
AcO _OAC HOL_CHs  auco \ 0
? ( UY Agcgoa. Acom_
o B Y i B Ny |
ACO-\__—~\_-C! + PN . o} CH;,
2~ \\N\/ Fmoc-NH COOpfp (78%) 8
3
74 75
Fmoan-NK SO 0nin
Fmoc-NH COOpfp
76

Scheme 26
Utilizing the same protecting group strategy, Arsequell e al. prepared glucosylated derivatives of
hydroxyproline. As shown in Scheme 27, reaction of glycosyl bromide 77 with Hyp derivative 79 gave

glycoside 80.96 The yield of the coupling reaction was markedly improved when 78 was used as the
glycosyl donor, leading to glycoside 81.

~OR Fnloc

oS oo 2 on ()
Rom + )—-/ Rgﬁ/ﬁ:\i\je/
77 R=Ac BT HO o RO 0 R=Ac (23%)
78 R=Bz 81 R=Bz (68%)
Scheme 27

In their recent synthesis of a tumou-associated sialyl-Tyy antigen, Liebe and Kunz prepared their Thr
building block (84) using a Koenigs—Knorr glycosylation (Scheme 28).%7 Reaction of glycosyl bromide 82
and Thr derivative 83 led to formation exclusively of a-glycoside 84. The azido group was then converted to

an acetamido group with thiolacetic acid, to which the glycosidic linkage was reported to be stable.

a0y OA
C A

x>
(3]

A
Acp ~Ohe o&
P AgCIO,, Ag,CO, (1:11) ACO-N_——

@/o CHCl2, toluene (10:9) Ny

AcO \ + Fmoc-Thr-O'Bu d - o
Na| 83 (47%) Y
82 Br /[\

Fmoc-NH COO'Bu

84
Scheme 28
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catalyzed reaction of glycosyl fluorides with nucieophiles. The major advantage of this system is that the

reaction mixture is homogeneous. This glycosylation method was introduced to the field of glycopeptides

by Kunz and Sager.?® Reaction of perpivaloylated glycosyl fluoride 85 with Ser derivative 86 gave a good
yield of B-glycoside 87 (Scheme 29).

PivO OPiv Cbz-N COOCH,CH=CH,
Cbz-NH COOCHCH=CH2 PivO ’
[ < ~~ BF,.0Ft, 7 OPWV ;
~ N F H
A\t ’ N e
. £
PO~~~ e BN PVO AN
PVO | HO 3
= an (859, OPiv .
85 F 86 (85%) 87
Scheme 29
A recen tanical examnle wac renarted hy Nichimura and Toenda in their conetmiction of a cunthetie
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nntifransa rlsranmendaten AT Damatinm o alonmeos] flisnad 10 00 onfile dhivnn amcalernlamis ~Af 4l sl d. OO
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gave the corresponding giycopeptide 90 (Scheme 30). Afier d
using diphenylphosphoryl azide (DPPA).99
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Activation of Anomeric A

. Paulsen and Brenken reported the glycosylation of Ser derivative 92 and a
tetrapeptide (94), using the tetraacetate of xylose (91) (Scheme 31). The reaction was catalysed by
trimethylsilyltriflate and gave good yields of the O-glycosides 93 and 95 respectively.100
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Chz-Ser-OBn (92) / \ Chz-AlaSer-Gly lle Jin (84)
CH,Cl,, TMSOTY 2l
2Cla, TMSO (84%) (65%)\
0
Cbz-NH COOBn Cbz-Ala~NH “
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deprotection of that carboxylic acid prior to incorporation into a peptide.

carboxylic acid is unprotected.!® e approach circumvents the

Coupling of peracetylated



galactose (96) with N-Fmoc protected Ser (97) and Thr (98) gave reasonable yields of the corresponding

glycosylated amino acids 99 and 108 respectively (Scheme 32a).

The solvent of choice was found to be

acetonitrile, and BF3-OEt; was a better catalyst for the reaction than SnCly. Steffan et al.102 reported the
formation of the Glc-Ser building block 102, on gram scale, from 101 and 97 (Scheme 32b). Arsequell et al.
formed the B-glucoside of Hyp (105) in the same manner, from 103 and 104 (Scheme 32¢).96 Recall that a
related Koenigs—Knorr reaction (Scheme 27) gave a yield of only 23 %.
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introduce the building block into a peptide.

Trichloroacetimidate Method.
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105

ibility in the coupling methods used to

Kunz and Waldmann used trichloroacetimidate 106 to glycosylate Ser

derivative 86 (Scheme 33).103 This work showcased the allyl group for C-protection. The allyl group was

removed from 107 [Pd(PPh3)4, morpholine, THF] in 97% yield.
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Another early example of the use of the trichloroacetimidate method was reported by Grundier and
Schmidt. Reaction of 108 with 92 in the presence of trimethylsilyltriflate gave the a-glycoside 109 (Scheme
34).104  Kinzy and Schmidt continued with this approach to the synthesis of mucin-type
glycopeptides. 105,106

¢ HO.
o \' o
HOL ‘/!\X ou hTf HO.

1
T A 1] |2U|2 \
AcNH | + CbzNH” NCOOBn  26°C AcNH,l
Q. CC|3 ~
~ % (43%) A
Il
108 NH
109 Cbz-NH” “COOBn
Scheme 34
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Compound 110 was used to glycosylate
both Ser (111) and Thr (112) building blocks, with formation exclusively of the a-glycosides 113 and 114
respectively. The trichloroacetimidate at the 3-position was removed by stirring in 80% aqueous acetic acid

overnight.

O
| ne Acs
[S1 RS 8= 0)
T k i -20°C, THF

1aC - N + N\
\n/ AcNI:(L /'\ \ﬂ/ AcRH|
CCl, Fmoc-NH COOCH,COPh NH o) R

M
110 NH 112 R=CH, 113 (68%; R=H)
114 (32%; R=CHy) Fmoc-NH~ “COOCH,COPh

A mixture of the trichloroacetimidates 115 (o and B) has been used to glycosylate the side chain of
Ser residues (Scheme 36). Toyokuni et at. prepared the building block 116 as a mixture of anomers, which
were separable by flash chromatography.l98 Kanemitsu ef al. used the same trichloroacetimidate to
glycosylate the tripeptide 117 in their synthesis of suppresein A.109 They also obtained a mixture of
anomers (118), but did not report the ratio. Suppresein A suppresses the production of pisatin, a pea
phytoalexin.
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Scheme36
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Thiogiveosides. The uiility of 119, a thioglycoside derived from Xy s illustrated in Scheme 37. It has
been used to glycosylate Cbz-Ser-OBn (92), giving 120 in good yield.110 The other example is the synthesis
of 122 through glycosylation of a tetrapeptide 121, which corresponds to the 3-6 segment of the protein
core of a proteodermatan sulfate. This example shows that this glycosylation method is suitable, not just for

the formation of glycosylated amino acids, but also to the glycosylation of oligopeptides.110

Bz SEt

=
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1
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= Bz O
0Bz 120 0Bz 122

Scheme37

Activation of thiogiycosides is also a suitabie method for the attachment of oligosaccharides (c.f.
monosaccharides) to an amino acid building block. The example in Scheme 38 demonstrates attachment of

the core mucin trisaccharide 123 to a serine residue (92) to give 124.11! Unfortunately the glycosylation is
not very stereoselective.
OAc
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BnO oRn o
0, _ Q/O\
B8nO Q/m
OBn 3
O\\'
CDZ-NH/\coosn

124 (27%)
(+ 48% of the B-anomer)
Scheme38

Braun and coworkers reported the preparation of GalNAc-Thr-Ala derivative 127 from 125 and 126

(Scheme 39). The glycosylation proceded in good yield. The hepty! ester at the C-terminus was hydrolysed
using lipase M at pH 7 and 37 °C in 95% yield.!12
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Sulfoxide Method Andreotti and Kahne used the sulfoxide method for the glycosylation of 129 with 128 to
give a 1:1 mixture of - and -anomers of 130 (Scheme 40).!12 These were separated chromatographically

and the a-anomer incorporated into a giycopeptide. They aiso used a disaccharide suifoxide to prepare

glycosylated building blocks for glycopeptide synthesis.!14
Fmoc NH\/COOCHzPh
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Q ] H R O TN
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Scheme 40
) o NI AL SN o, | Nygpt, PN PR PRRTPPRPR, R . 4 1
Emploving Glveals. Kessler and coworkers coupled glycal 131 with the protected Thr derivative 132 to give

133 (Scheme 41). Ordmanly, the Ferrier rearrangement is observed under such conditions, but apparently
not when there is an N-acetyl group at the 3-position. Unfortunately, attempts to hydrolyse the acetate
ester in 133 destroyed the glycosidic linkage. A solution was found using the trifluoroacetyl group for N-
protection and the p-nitrobenzoyl for O-protection of the sugar (134).115

Fmoc-NH\/COOMe
/7\0/77 Fmoc-NH\/COOMe TMSOTH /g\
i B — < ~
ool 4 i CHI, 9
| HO™ N (61%) w 133 R'=R*CH,CO
NHAc R'O 134 R'=p-NO,(CeHg)CO;
131 132 NAR? R2%=CF.CO
Scheme 41
[riflic Anhydride Method. In their synthesis of the N-terminal portion of human glycophorin AM, the main

erythrocyte membrane glycoprotein, Ferrari and Pavia used triflic anhydride as the coupling reagent.!'é
Combination of the lactol 135 and the N-hydroxysuccinimide ester 136, in the presence of triflic anhydride
gave the a-glycoside 137 (Scheme 42).
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Via an Oxazole. The use of oxazoles as precursors to glycosyl azides was discussed in §3.1.1. The oxazole
ring blocks the lower face of the pyranose ring, directing incoming nucleophiles to the B-face. For
monosaccharides with an NHAc group at C2, oxazoles are also possible intermediates for the preparation of
O-glycosides. Pohl and Waldmann reacted oxazole 138 with the p-phenylacetoxybenzyloxycarbonyl

protected Ser (139) to give the p-glycoside 140 (Scheme 43).!!7 This N-protecting group can be removed by
pencillin G synthase. This work was part of the synthesis of a partial structure of the large subunit of

mammalian RNA polymerase I1
OAc
bl O e\
o i é
AcO PhCH,—C—0 CH,0— n\/COOH
Ac A} * \ /
N i N J :
\-© e ao”
18 / | PhAcOxX 139
PhAcOx-NH, COOH
\/
/OAC é
Acm O/
Ac
NHAC 140
Qchame 41
ViV TTO
Via an O-Allyl Glycoside. An unusual O-glycosidic linkage was designed and synthesized by Kim and Roy

in their preparation of "glycopeptoids" related to the cancer Tn-antigen.!18 Reaction of GalNAc with allyl
alcohol under Lewis acid catalysis led to an O-glycoside. Acetylation of the three alcohols, ozonolysis of
the double bond to give an aldehyde, and addition of benzylamine under reducing conditions led to secondary
amine 141 (Scheme 44). Reaction with zerr-butylbromoacetate gave the peptoid building block 142.
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3.2.2 Glycosylation of Phenols

This is more difficult than the glycosylation of an aliphatic alcohol, owing to the reduced
nucleophilicity of the phenolic oxygen. Several methods have, however, been successfully applied to the
glycosylation of tyrosine side chains.
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The first attempts to form such a glycosidic linkage were reported by Lu ef a/.1!® No product was
isolated from the Koenigs—Knorr coupling in Scheme 45, using the following catalysts: mercuric cyanide,
silver oxide and a mixture of mercuric bromide and mercuric oxide. The authors suggested that the phenol
reacts with the catalysts to form insoluble salts. They were, however, able to form the glycoside 144 using
an acid catalyzed condensation between peracetylated glucose (101) and a suitably protected Tyr residue

(143).
/OAc
X0
AcO
CAC/N/ \ + CbzTyrOMe NO REACTION
AcO |
77 Br 143
Cbz-NH
"\\—COOMe
OAc OAc
< _— < =N\ _f
poo DR a0C Ao ([
ACO—WUA"' + UDZ-1yr-Uvie (47%’) ACO—\’/WU \/l
OAc . an OAc
101 143 144
Scheme 45

Smiatacz and coworkers reported isolation of the glycoside 146 in poor yield from the reaction of
145 and 143 (Scheme 46).120.121

o ma

Scheme 46
The phenolic oxygen of tyrosine side chains has been glycosylated using O-glycosylpseudoureas as
intermediates.122.123 Treatment of a mixture of lactol anomers 147 with DCC in the presence of catalytic
copper(l) chloride gave the activated glycoside 148. Reaction with protected tyrosine derivative 149 gave
the corresponding O-glycoside 150 in 34-79% yield, with high -selectivity (Scheme 47).
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Scheme 47
The direct glycosylation of Fmoc-protected Tyr esters (e.g., pentafluorophenyl) was reported, using

silver triflate as the promotor (Scheme 48).124 Interestingly, in glycosylations with 151, the rert-butyl ether

\
)




(153) gave better yields of giycoside 154 than the free pheno
Berenguel et al. proposed that the buiky fert-butyl group forces the oxygen lon

e pairs out of conjugation
with the pi electrons of the aromatic ring, thereby increasing reactivity.!25
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3.3 S-Glycosides
As described in §2.4, the only naturally occurring S-glycosides involve either Gal or Glc linked to a
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A variety of glycosylation methods have been applied.
Baran and Drabarek performed a Koenigs—Kanorr coupling between 77 and 155 to give a 50% yield

of thioglycoside 156 (Scheme 49).126 Although they do not discuss the stereochemistry of the glycosidic
linkage, it is reasonable to assume a preponderance of the f-anomer.

Ac
Ag,CO. Cbz-N COOMe
(O o  CbzNH___COOMe Casoy AOAc N
Acom ; benzene H
ACO | P (50%) AcO s~
Bt HS ACO
77 155

156
Scheme 49

Monsigny et al. coupled a pyranosylisothiouronim salt (157) derived from glucose with a B-
iodoserine derivative (159) (Scheme 50).127 Under basic conditions, isothiouronium salts are cleaved to

generate a nucleophilic thiolate anion (158). The yield of the thioglycoside (160) compares favourably with
that for the Koenigs—Knorr reaction above.
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In a demonstration of the utility of glycosyl fluorides, Nicolaou et al. formed the same type of

B-thioglycosidic linkage (Scheme 51).128 Reaction of glycosyl fluoride 161 with cysteine derivative 162

rnira 1L2 5n annd viald
savc AU 111 EUUU )‘ 1Iviu

JOBn CbZ=NH\//COOE’. OBn CbZ-NH\Y/COOEt

BnO F + é ————e= BN s/=
BnO 3 e CH.Cl, BnO 5
OBn HS (80%) OBn
161 162 ® 163
Scheme 51

Lewis acid catalyzed glycosylation of Fmoc-protected Cys (164) and homocysteine (165), with
peracetylated galactose (96) was possible without protection of the carboxylic acid and gave thioglycosides
166 and 167 respectively (Scheme 52).101,i29
ACO  oafmocNH COOH

AcO _OAc Froc-NH COOH ~
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o) H 4 H
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165 n=2 167 n=2 (65%)
Scheme 52

Kessler and coworkers used a Koenigs—Knorr reaction in which the nucleophile was a thiolate anion
rather than a neutral thiol. Reduction of Boc-protected cystine (168) and formation of the dianion was
accomplished with sodium in liquid ammonia (Scheme 53). Reaction of the thiolate anion with 2,3,4,6-tetra-
O-acetyl-a-D-galactopyranosylbromide (169) led to a good yield of the B-glycoside 170.130
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All examples above involve formation of a B-linkage, which is readily obtained using neighbouring
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they used thiols 172 and 173 respectively in combination with trichloroacetimidate 171. In terms of the
cysteine component in the glycosylation, carbamate protecting groups were found to be unsuitable due to
unfavourable hydrogen bonding (see §3.2.1). An N-protecting group without a hydrogen bond donor, viz.
phthalimido, proved superior.
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171 NH = 174 (95%; R = allyl)
173 R=benzyl 175 (86%; R = benzyl)
Scheme 54
While S-glyvcosides have been isolated from nature, the driving force behind the synthesis of S-

v syn
glycosides, most noteabl by Kessler and coworkers, has been the production of analogues of O-glycosides
with enhanced stability.

Buserelin (176) (Fig. 19) is a potent agonist of LH-RH, with many possible applications in medicine.
For paraenteral application, the water solubility of the peptide needed improvement. It was known that
glycosylation of the D-Ser residue greatly increased the solubility in aqueous solution, without any loss of
activity. Kessler and coworkers reasoned that incorporation of an unnatural S-glycosidic linkage, would
enhance resistance of the peptide towards chemical and enzymatic degradation. Indeed, incorporation of the
L-rhamnose-D-Cys residue (177) at the aforementionned position gave a compound with the same activity

as buserelin itself. The o-trichloroacetimidate of L-rhamnose (178) was used to glycosylate 179 to give the

jeld (Scheme §5) 132

ield (Scheme 535).
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34  C-Glycosides

3.4.1 Glycosyl a-Amino Acids. This group of C-glycosides, so far unknown in nature, involve a linkage

between the anomeric carbon of a sugar to the a-carbon of an amino acid, most often glycine (Fig. 20). The
sugar moiety is effectively the side chain of the amino acid.

NHz
w
COOH
Ticvrzan MIN M Veemn o1 saatoan A nsda
Figure 20. Glycosyl a-Amino Acids

The first exampie of this kind was reported as early as 1975 by Bischofberger, Hail and
Jordaan.!33.134  Addition of the anion of ethyl isocyanate to 2,3:5,6-di-O-isopropylidene-D-mannono-1,4-
lactone (181) gave 182, with a predominance of the E-isomer (86 % d.e.) (Scheme 56). Catalytic
hydrogenation gave 183.
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Scheme 56
Fifteen years later, Simchen and Piirkner reported the Lewis acid catalyzed reaction of ketene acetals
(e.g., 185), No-t

erived from Ne-trifluoroacetylamino acid esters (e.g., 184), with o-giucosyl bromides (e g., 186)

(Scheme 57).15°> While the chemical yield of 187 was excellent, the diastereoselectivity of the addition was
poor.
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Columbo, Casiraghi and Pittalis applied the Claisen rearrangement to the formation of a C-glycosidic
bond (Scheme 58).136 Formation of an ester linkage between glycal 189 and alanine derivative 188 gave 190.
Under dehydrating conditions an oxazole (191) is generated, with concomitant loss of chirality at Ca.
During the Claisen rearrangement to give 192, this stereogenic centre is regenerated, but with only modest
stereoselectivity. Oxidative degradation of the oxazolone ring, followed by cis-hydroxylation of the glycal
double bond and acid-catalyzed cleavage of the ketal gave 1-B-C-allosyl-R-alanine (193).
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Rassu et al. recently described the addition of TBSOP (195, a glycine anion equivalent) to tri-2,3,5-
O-benzyl-1-0-acetyl-arabinofurano 96 (Scheme 59).'37 Further manipulations led to the a-
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As an integral part of their synthesis of the peptidyl nucleoside antibiotics such as the polyoxins,
Garner and Park developed a stercocontrolled synthesis of a furanosyl o-amino acid (Scheme 60).138
Beginning with their trademark aldehyde 199, they accomplished a stereoselective addition of a lithium
acetylide to give secondary alcohol 200. The ethyl ester of 200 was converted to its potassium salt and then
the alkyne reduced to the corresponding cis olefin. Upon acidification, the hydroxyacid cyclized to give a,B-

unsa";;abgd lactone 201. Dihydroxylatio

of the olefin gave excluswelv 202.

Reduction of the lactone to the

OH 1. KOH, EtOH, 0°C
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Scheme 60
In a total synthesis of polyoxin C, Barrett and Lebold formed an a-ribosyl-a-azido acid (Scheme
61).139 The secondary alcohol in compound 205 was converted to the triflate, and the thioester converted to
a methyl ester (206). The trifiate was displaced with iodide, then azide to give 247. Later in the synthetic
scheme, the azide was reduced to the primary amine using triphenylphosphine.
HO, OSPh T, COOMe COOMe
i OMe 1. TR0, pyridine e R, A OMe
4 steps CH2(5’|’ , 1 Nal, DMF, 25°C o
D-ribose 2. H (OAc)g. 2. NaN, 60°C
4‘ /a) POH 25°C
AI I (83%) Ll (52-82%) I
N\ V4 V4
205 206 207
[SLNIBLNISS VAV DS



Addition of the phosphonate-stabilized anion derived from 209 to lactol 208 gave the corresponding
2 PO PO S S, . % I e Py ~ el 1AN
glycoside 218 in excellent chemical yield with reasonable diastereoselectivity (Scheme 62).14¢

N KO'Bu, CHzClo >\/ H Pt

BuMe,Si0— O 0O -70°C to rt, 3 days ‘BuMe,Sio— o ©

208 MeO™ 0OMe 210 (66 % d.e.)

Scheme 62

3.4.2 Glycosyl p-Amino Acids. Kessler et al. used a radical reaction between glycosyl bromides and
dehydroalanine derivatives. Reaction of 77 and 211 gave 212 (Scheme 63).141 The reaction is >97%
selective for formation of the o-glycoside.142 However, a mixture of diastereomers is obtained at the o-
carbon(*) of the amino acid; in this case the ratio was 2.5:1.0 in favour of the S-configuration.

OAc

<

MA A
i BugSnH Q

/é/ o Fmoc-NH COOBN AIBN A°A°
AcO hd Gy toluene — AC ASO
A 50-65°C

A .
AL/ N
ASO i \/cooen
- s QEO/ N\
77 Br rFaki \UJ /o) *
212 NHFmoc
Scheme 63
A uscful reaction for introducing a carbon chain at the anomeric centre is the reaction of an anomeric

Lewis acid
/

Scheme 64
Such an intermediate (213) was utilized by Gurjar er al. in the synthesis of B-glucosylalanine
derivative 215 (Scheme 65).143 To introduce the stereochemistry of the a-amino acid, they invoked the

Sharpless asymmetric dihydroxylation reaction to give 214; the diastereoselectivity was only modest
tha .51 1 M A
Several standard steps led to the p-glycosylamino acid

0B .
< _: 050,, KsFe(CN)g A<Q - 8 steps. < o

BnO— N\ t : Bno— \——4, S%yield  aAco—
Bnow —BUOHH0 . o = BnOm

) DHQD-9-O- N 8
8n0 k/ phenanthryl ether BnO k/\ Aco COOM
e
213 (83%) 214 : OH

H i
OH 215 NHBoc
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the highly diastereoselective addition of a glucosyi radical (derived from 216) to enone 217, which resuited in
compound 218 (Scheme 66).14 Glucosy! radicals have a propensity to form new bonds in the a-
orientation.142 Hydrogenolysis of 218 gave the amino acid 219.

0 Ac
Aci Ac
AcO N AcO Q (0
AcO
218 I A0 a0 o Hypac O
NaCNBH, L ] _Boa A%
+ (_) —— - ———
O< "BusSnCl, 'BuOH \l/\o (100%) COOH
(88%) N.
e
AV cbe” \{ 218 NH,
218 Bu
Cbz 217
Scheme 66

3.4.3 Glycosyl »Amino Acids. Glycosylation at the y-carbon leads to potentially more useful compounds
than those described in §3.4.1 and §3.4.2. The point of attachment of the sugar moiety is analogous to that
in naturally occurring O-glycosides (Fig. 21). They are mimics of the corresponding glycopeptides, in the
sense that the oxygen atom in the glycosidic linkage is replaced by an isosteric -CHz- group.

t&,ﬁo\'ﬁ toAﬁ,ﬂ\.ﬁ

N W R

b
N s N ¢
T N
glycosylated serine O glycosyl y-amino acid ©

Figure 21. Glycosyl y-Amino Acids Mimic Glycosylated Serine

Petrus and BeMiller prepared the C-glycosyl analogue of O-(B-D-xylopyranosyl)-L-serine (224)
according to Scheme 67.145 A nitroaldol reaction between D-xylose derivative 220 and formaldehyde gave
221. Peracetylation gave 222. Addition of a glycine anion equivalent gave a mixture of all four possible
stereoisomers of 223. Radical reduction to remove the nitro group gave 224.

0 CH,=0 o 4o el
HO UPEY ) ho H,80,
H%/CHZNOZ NaOMe HWOH
nan OH H .
LEV £L1
NO, NO, N=CPh,
ACO 0 Ph,C==NCH,COOEt AcO 0
AcO OAc > AcO
el Bu,NOH OAc OOEt
VT 202 (50%) 223
"‘BuySnH ~ N=CPh;
(24%) AcO Ohe COOEt
224
Scheme 67
Bertozzi et al. prepared a C-glycosyl analogue of thf: B-galactoside of Ser ( Schemc 68).146 Wittig
r O°J o o =) \ ~r
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mixture led to 228. Boc-protection of the nitrogen and opening of the oxazolinone gave 229. At this siage
the Boc group was swapped for Fmoc, giving 230. Oxidation of the primary alcohol to the corresponding
carboxylic acid afforded 231.

+
h3
BnO OBn /pp BnO _OBn o TsNHNH,
BuLi NaOAc
o) THE Q >=0 DME, Hz0
Bn CH=0 + HN —» BnO. N »
“0Bn [ (34%) ‘oen - H (92%)
225 Y/ 227
o 226
BnO _OBn BnO Bn
Li/o 1. Boc,0, Et,N, DMAP Lio 1. TFA, PhSH, CH,Cly
\ _ 2 Ca0). MaNH \ A T NO ~i
WIS Fy VIS £. Finos-uUou, Lll'lz\llz

Boc-N SOH
Boc 1;,0H
8n0 OBn BnO _OBn
‘é/o Jones oxidation 0
BHOV-"‘ \ BnO~\ - \
N N
BnO (96%) Bng]

Fmoc—NHJ\CH-‘,OH Fmoc—NH/'\COOH

230 231
Scheme 68

Herpin et al. recently introduced the difluoromethylene isostere to produce another kind of
y-glycosyl amino acid.!47 The tetrahedral, electronegative -CF- unit has been shown to be a good isosteric
and isoelectronic replacement for an oxygen atom. Addition of the radical derived from bromoalanine
derivative 232 to gem-difluoro enol ether 233 under tributylstannane mediated conditions gave the C-

glycoside 234 (Scheme 69).
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. L o benzene, A P S A
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233
Scheme 69
They were able to reverse the roles of the carbohydrate and amino acid components, generating a

yield of 237 was excellent and a d.e. of 60% was observed, favouring formation o
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Scheme 70
3.4.4 Miscellaneous Compounds. Retroinversopeptides have en
(Fig. 22a). The same concept of inverting the direction of the amide bond has been applied to the N-

glycosidic linkage between glucose and the side chain of Asn residues (Fig. 22b).148 The stability and utility
of these compounds has yet to be reported.

mde
I

A e L 14 . TO e o
1afnCcd Siduitity Lo prou yuu CIl.Lylqu

(a) R o} R®
{ ] Il H I
I & & ] W
R2 o] R
native peptide retroinverso peptide
[ % |
(b) (Ho,)n% H o~ | o
\/’M
WO H o
glycosylated Asn 5 o Ny retroinverso Asn linkage o NH
Y &1

Figure 22. (a) Concept of a Retroinverso Peptide; (b) Retroinverso Asn-Linked Glycopeptide
The Amadori rearrangement has been used by Vértesy ef al in a biomimetic synthesis of the

enkactinec (cee 8§82 5) 55 Ppan of D-ohicaoce and nnnratected dinentides (2 o 23R) in harate huffer led
enkastines (see §2.5). n of D-glucose and unprotected dipeptides (e.g., 238), in borate buffer, led
to the isolation of the rearranged products {e.g., 15) in reasonable yield (Scheme 71). A possible mechanistic
pathway for the coupling and rearrangement is proposed
o _-COOH . ~ __COOH
A= J oun (@)
~—OH N I /'\ pH 7 | H I [
2 65°C
HWH + i H r 7 —~~—OH i H
H = oaH =
D-glucose (\ 238 (\ 15
| - J Ly
\'/
| I
Hgﬂ’R\‘nu;n wurn .. H \OH U ANLID ur ALID
s s H s LAY nNrim T 12\. —1¥I I
N~
H——OH H————OH “:“j‘” “ILron i =—0 O\\\l NHR
H HO——H ’“‘?
HO—}—H HO——H HO—}— —H __ QH/ o
H—}—OH H—1—OH H—}—OH H—t—O0H OH
OH
H—}—OH H—}—OH H——OH H—4—OH
CH,OH CH,OH CH,OH CH,OH

Scheme 71



Wong and coworkers have synthesized some C-glycosides as mimics of sialyl Lewis* (Fig. 23). In
mimic 23914° the p-hydroxyamino acid is believed to substitute for the essential 4-OH and 6-OH groups of
the Gal residue of SLeX (Fig. 24). Compound 239 was shown to have an ICs¢ of 0.3 mM (c.f, 0.5 mM for
SLeX itself). In another paper, compound 240 was synthesized.!50 The D-mannose is intended to mimic the
L-fucose and the Glu side chain the carboxylic acid of sialic acid.

carboxylic acid 4-OH and 8-OH
of sialic acid ~~ of Gal

N IOH ;OHl OH

]
! |
o
WOH Yo
| OH 240
OH
239
Figure 24. C-Glycoside Mimics of Sialyl Lewis*
Von Roedern and Kessler have developed a monosaccharide derived peptidomimetic, which they call
"Gum" (243);!5! the synthesis of 243 is outlined in Scheme 72. A nitroaldol reaction of D-glucose and
nitromethane gave 241. Reduction of the nitro group, protection of the resulting amine as its benzyl

/e oxidation of the primary alcohol and esterification led to 242. Hydrolysis of the methyl
ester and cleavage of the Cbz group afforded 243. The pyranose ring of 243 adopts a 4C; conformation and
the unit can be used to replace two adjacent amino acids linked by a trans amide bond.

OH OH
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HO- \ > — HO = — 2
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"OH o “OH  'NO, 3. MeOH,DCC, DMAP
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COOMe OOH
HO/$/O\ 1. ag.NaOH HO 0\
e - —————————— - -
HO——" " 2. H,, Pd/C HO— N
\OH \NHCbz 2 H \NH2
242 "Gum" (243)

Scheme 72



been possible to draw information together in a new way. The more global strategic issues regarding
assembly of the carbohydrate and peptide portions of the molecules, have not been contemplated. This has
been done well elsewhere,1-8-11,86 and has made it possible to consider the unique structural features of this
class of molecules which set them apart from either carbohydrates or peptides.

It might have been expected that enzymes would have been featured in §3, but alas, enzymes have
been covered in this review only to the extent that they have been used to remove protecting groups under

mild, selective conditions.!12 The expression "enzymatic glycoprotein synthesis" is used widely, 152,153 but
the use of enzymes is mvanauly restricted to the formation of glycosidic hnkages between sugar units. Little

carbohydrate and the peptide. An exception to this is oligosaccharyl transferase, which has been isolated
and studied.154.155 Perhaps the isolation, characterization and application of these glycosyl transferases is a
future direction in the field of glycopeptides.

It might well be asked why nature employs different kinds of glycosidic linkages in different
glycopeptides. Is it related to the environment in which the protein has to perform? Is it related to the tasks
that the protein has to perform? Is it related to the kinds of modifications that the glycoprotein undergoes

during its lifetime? These, and many more questions, remain to be answered. A key tool in addressing them

will undoubtedly be the study of synthetic compounds in biological systems. While it is now possible to
Tl 1 43 £ 1 + + t+ I 3
assemble gxycopepﬁues of some complexity, it must be recognized that this work is being done by a

relatively small group of highly specialized organic chemists. The chemistry is plagued by the nuances of
both carbohydrate and pepude chemistry. Much work has yet to be done in the development of general

methods for the construction of glycosidic linkages between carbohydrates and peptides.
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