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Abstract--A novel and simple approach for rational design of oligosaccharide mimics has been developed. Mammalian high- 
mannose triantennary structure MangGlcNAc2 has been subjected to molecular modelling using the NMR data available on 
structural fragments of the oligosaccharide. The analysis indicated four different low energy conformations, and the spatial 
arrangement of terminal disaccharides of the oligosaccharide antennae were simulated with glycopeptides carrying disaccharides 
by applying weak constraints between the saccharide parts in MD-simulations on a large array of tri- to octaglycopeptides. The 
five glycopeptides exhibiting the best fit with the four minimum energy conformations of the oligosaccharide were synthesized by 
solid phase glycopeptide assembly using glycosylated fluoren-9-ylmethyloxycarbonyl-amino acid-O-pentafluorophenyl esters as 
building blocks. The glycan was acyl protected a-o-Man-(l~2)-a-o-Man and Ser, Thr and Hyp were the glycosylated amino 
acids. The deprotected and purified glycopeptides were subjected to NMR analysis for characterization, and in order to investi- 
gate the cis-trans isomerism of the carbimide bonds to Hyp. The glycopeptides were tested for their ability to inhibit binding of 
mannan-binding protein to mannan from Saccharomyces cerevisiae. They were found to be weak inhibitors showing no indication 
of multivalent interaction with the mannan-binding protein. Copyright © 1996 Elsevier Science Ltd 

Introduct ion  

In recent years the interest in glycobiology has grown 
considerably, which may be attributed to the recogni- 
tion of cell surface carbohydrates as cell-type specific 
markers which mediate cell-pathogen and cell-cell 
interactions (e.g. cell adhesion). An increasing number 
of these important biological processes exhibiting 
sugar-specificity have been shown to involve lectins 
capable of binding endogenous carbohydrate ligands as 
well as polysaccharides on bacteria, viruses and 
parasites. 

Animal lectins can conveniently be divided into three 
major groups based on the amino acid sequence 
similarity of their carbohydrate-recognition domains 1 
(CRDs) since their overall structure exhibits a high 
degree of diversity. These three lectin classes are 
usually designated P-type (e.g. the mannose- 
6-phosphate receptors), C-type (calcium ion-depen- 
dent), and S-type (soluble 13-galactoside-binding). 

Mannose 6-phosphate receptors are further 
subgrouped into the monomeric cation-independent 
(CI) receptors and the dimeric cation-dependent (CD) 
receptors. The CI receptor contains 15 CRDs of which 
only two domains appears to be involved in oligo- 
saccharide binding, by contrast only one CRD motif is 
present in the CD receptor. Hence both receptors 
show high affinity for diphosphorylated oligosaccharide 
ligands. 

The C-type lectins form a heterogenous class of 
proteins, which can be divided into several subgroups: 1 
(i) endocytic receptors with type I transmembrane 
orientation, e.g. the mannose receptor of macrophages 
and hepatic endothelial cells; (ii) endocytic receptors 
with type II transmembrane orientation, e.g. the asialo- 
glycoprotein receptor of hepatocytes, Kupffer cell 
receptor and chicken hepatic lectin; (iii) adhesion 
molecules, i.e. the selectins located on T cells and 
lymphocytes (L-type), on endothelium (E-type) and on 
platelets (P-type); (iv) proteoglycans; and (v) the 
collectins. 

The collectins comprise a group of soluble, circulating 
proteins, of which the mannan-binding proteins 
(synonyms: mannose-binding proteins, MBPs), the 
pulmonary surfactant apoproteins (e.g. SP-A and 
SP-D), conglutinin and collectin-43 (CL-43) are the 
main members. 1'2 Mannan-binding proteins (MBPs) 
have been demonstrated in the serum of several 
mammalian species, e.g. humans, 3 cows, 4 rabbits, 5 rats 6 
and mice, 7 and recently also in chicken. ~ In general, 
collectins form oligomeric bouquets or cruciform struc- 
tures (except for the monomeric CL-43) of trimeric 
subunits each composed of three polypeptide chains 
coiled up in a collagenous triple-helical arrangement. 
Each polypeptide chain ends in a globular carbo- 
hydrate recognizing domain (CRD) with a single 
binding site for oligo- and polysaccharide structures 
with terminal Man, Glc, GIcNAc or t.-Fuc residues. 
Recently, the crystal structure of human MBP 9 was 
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elucidated, and the distance between the carbohydrate 
binding sites in the trimeric subunits was found to be 
as long as ~45 ,~. Thus, simultaneous ligation of such 
three CRDs appears to require a very large oligo- 
saccharide or polysaccharide ligand. Alternatively, the 
possibility exists that several trimer heads, either within 
an oligomer or from different bouquets, arc capable of 
binding smaller oligosaccharides. 

The stalk region of the collectins resembles closely that 
of the Clq-protein (Clq) in the complement cascade. 
In fact, Clq  and MBP share a similar overall structure 
which also gives rise to a similarity in their host 
defence mechanisms: 'u~ while the globular heads of 
Clq binds multivalently to the Fc regions of antibodies 
clustered on antigen-containing pathogens, the MBP 
interacts multivalently with the polysaccharide of the 
pathogen. The C l r - C l s  serine proteasc complex and 
MASP (MBP-associated serine protease) bind to the 
respective collagenous stalks and then activate the 
classical complement pathway. ~>~ Moreover, MBP has 
complement-dependent bactericidal activity. ~s In 
addition, direct interaction m of the collagen part of 
MBP-pathogen complexes with cell surface receptors 
may trigger oxidative killing or phagocytosis, e.g. 
complement-independent opsonization" of Sah~7onella 
montevideo. Low levels of MBP in a subgroup of the 
population are associated with recurrent infections, 
especially in infants, ~7 also supporting that MBPs might 
be part of a primitive innate immune system. 

Interestingly, high-mannose oligosaccharide-containing 
glycopeptides may be involved in the physiological 
regulation of immunocompetent cells as previously 
demonstrated by in vitro assays. ~ The observed 
biological activities included stimulation of interleukin 
I(IL-1) synthesis, induction of prostaglandin (PGE2) 
production, and the induction of a delayed-type inflam- 
matory response following intradermal injection. Such 
potent N-linked oligosaccharides were obtained from 
ovalbumin and soybean agglutinin, and they consisted 
of penta-, hexa- and nonamannosides linked to aspara- 
gine via two GlcNAc residues. Among these three 
types of compounds, the glycopeptide Man,,GlcNAc2- 
Ash exhibited the diverse range of biological activities, 
listed above, in addition to inhibition of antigen driven 
T cell proliferation. ~s However, the mechanism by 
which these high-mannose oligosaccharides elicit their 
biological activities remains to be elucidated. 
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A previous study ~' showed that the yeast analogues of 
such high-mannose structures may be involved in the 
defense system of plants. Attack by pathogenic micro- 
organisms is usually met with an active defcnce 
response of the plant, which includes (i) induction of 
enzynacs of secondary metabolism, e.g. phenylalaninc 
ammonia-lyase (PAL), (ii) modification of cell walls, 
(iii) induction of lytic enzymes, and (iv) production of 
the plant hormone ethylene, l~' 

Small peptides carrying N-linked high-mannose struc- 
tures were found to act as elicitors on nM scale in this 
defcnce response of tomato cells, l" These elicitors were 
prepared by ~-chymotrypsin cleavage of yeast invertase, 
and therefore they deviate structurally from the animal 
type of high-mannoses (see Scheme 1 for an example). 

For a given peptide backbone, the highest elicitor 
activity was seen when 10-12 mannosyl residues were 
present in the glycan moiety (i.e. Man,, ~:GIcNAc2) 
while glycopcptides Asn-N-linkcd to Man~GlcNAc2 and 
Man~GlcNAc2 (yeast type) exhibited 3- and 100-fold 
lower activity, respectively. Furthermore, the results 
indicated that the elicitor activity is almost independent 
of the structure of the peptide backbone. However, 
positively charged amino acids (e.g. Arg and His) seem 
to enhance the potency while the hydrophobic amino 
acid Phe reduces it. Thus, a glycopcptide with the 
dipeptidc backbone Arg-Asn still gave full defence 
response, l' Interestingly, the high-mannose oligosac- 
charides, prepared by endoglycosidase H treatment of 
the above glycopeptides, were potent inhibitors of the 
ethylene stimulation in tomato plants. 

Peptide scaffolds and framework have been widely 
used in the construction of synthetic molecular recep- 
tors and others devices. 2" The nature of peptides offers 
several advantages when designing complex structures 
(e.g. enzyme or receptor mimics). Natural amino acids 
are commercially available in chiral form and a large 
number of other amino acids have been prepared 
enantioselectively to ensure sufficient diversity of the 
available building blocks. Also, most important, versa- 
tile procedures for synthesis and purification are well 
established, and for small peptides characterization by 
NMR is feasible. 

In particular, the special case of glycopeptides has been 
exploited to some extent. Thus, small glycopeptide 
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MangGIcNAc 2 structure found in mammals. Man9GIcNAc 2 structure isolated from yeast. 

Scheme I. Differences in mammal and yeast high-mannose structures. Glycopcptides 5, 7, 9, 11 and 13 were synthesized as mimics of the 
mammalian structure. 
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models of the hormone somatostatin have been 
reported 2' as tools for the examination of the putative 
enhancement of biological stability imposed on 
peptides upon glycosylation. More recently, this was 
further investigated 22 by GlcNAc-substitution of several 
major histocompatibility complex (MHC)-binding 
peptides, and the results showed marked stability 
against proteolyfic degradation even when the glyco- 
sylation was rather distant from the cleavage site. 
Another example involves the synthesis of phytoalexin 
elicitor peptides > with 13-D-GIc(1--+6)~-D-Man(1-,6)- 
D-Man O-linked to a serine residue. In addition, the 
introduction of a serine 13-O-linked glucose moiety in 
analogues of enkephalin facilitated their transport 
across the blood-brain barrier without decreasing their 
ability to bind to the opioid receptors, za Sialophorin, a 
major surface glycoprotein of human leucocytes and 
platelets, contains mucin-type oligosaccharides possibly 
mediating independent T cell activation, and a partial 
glycopeptidic structure with a 13-D-GaI(I-,3)-a-D- 
GalNAc-Thr residue has recently been synthesized. 25 

Due to the variety of putative biological functions of 
high-mannose oligosaccharide structures, listed above, 
we were intrigued to design and synthesize glyco- 
peptide mimics corresponding to several conformations 
of Man~GlcNAc2 (mammalian type: see Scheme 1). By 
this approach, the aim was to obtain a mimic of the 
biologically active conformation of the native oligo- 
saccharide, which might be expected to show compar- 
able or even considerably higher affinity than the 
oligosaccharide itself depending upon the abundance 
of the active conformation. 

Here, a simple modelling procedure based on earlier 
molecular dynamic simulations and NMR data is 
presented. Previously, we have reported > on the 
synthesis of the O-dimannosyl amino acid building 
blocks 1-3, which are N~-fluoren-9-ylmethoxycarbonyl 
(Fmoc) protected pentafluorophenyl (Pfp) active 
esters. As they carry awl protected ~(l-,2)-linked 
mannobiosides they were suitable for synthesis of 
glycopeptide mimics of mammalian Man~GlcNAc2 
where the Man~GlcNAc2 core are replaced by a linear 
peptide template. Multiple-column peptide synthesis": 
(MCPS) as well as glycopeptide synthesis by the syringe 
method > were employed in the present work, since 
both methods have yielded satisfactory results >-~" with 
similar small glycopeptide ligands for the mannose 
6-phosphate receptor. 

Results and discussion 

Modelling of mammalian MangGlcNAcz 

As exemplified above, oligosaccharides of the high- 
mannose type appears frequently to be an essential 
part of bioactive compounds, and they may even be 
responsible for the biological function. Although the 
involved oligosaccharides may have a rather complex 
structure, often only the terminal monosaccharides or 
disaccharides actually interact with the corresponding 
receptor. Such examples include: (i) the hepatic asialo- 

glycoprotein receptor, for which strongly interacting 
synthetic cluster ligands have been reported, ̀ l 34 (ii) 
the mannose 6-phosphate receptor, >3s and (iii) the 
MBPs, ~<37 all of which have been studied with respect 
to the multivalency of ligand binding. Since the natural 
ligands for these receptors are not readily available in 
substantial amounts from natural sources or by 
synthesis, ~s it would be preferable to be able to prepare 
synthetic mimics of the complex oligosaccharides. 
Recently, we have reported on the successful synthesis 
of high-affinity ligands for the mannose 6-phosphate 
receptor >. These ligands were designed as glycopeptide 
templates conferring a similar spatial arrangement to 
the terminal mannose disaccharides as they have in the 
natural ligand. 

In the present work, the mammalian Man~GlcNAc2 
oligosaccharide was selected as a target for MD 
simulation and simple rational design of glycopeptide 
mimics. 

First, the major conformations of mammalian 
Man,,GlcNAc2 were considered f rom the previous 
NMR studies > 4~ of different oligomannosides and 
earlier MD simulations of such compounds 42 and of 
simple ~(1-,2)-, ~(1-,3)- and ~(1-,6)-linked mannose 
disaccharides. 4x44 Based on these reports and some 
initial minimizations on the mannose disaccharides 
using the InsightII/Discover package (from Biosym) 
with the Amber force field, the following values for the 
glycosidic bond torsional angles (see Scheme 2) in the 
initial conformations were employed: (qb, 4 ) = (  45°, 
- 2 0  °) for the ~(1-,2)-linkages; (qb, q0=(  50 °, - 2 0  °) 
for the ~(1-,3)-linkages, and (~b, q*) =( -6(1  °, 180 °) for 
both the :((l-,6)-linkages. For simplicity we adopted 
the m angles ( - 6 0  ° and 60 °) for the =(1-,6)-linkages 
proposed by Rademacher et al. 4' to give rise to the 
four conformational populations upon NOE 
constrained AMBER minimization. The 13(1-,4) 
linkages between the core GlcNAcs and the first 
mannosyl residue were set to the initial values of (qb, 
q*) = (55 °, 0 °) as found by Paulsen 4s and Meyer et al. 4" 
in other oligosaccharides featuring this moiety. In 
Figures 1 and 2, four such conformations are depicted 

~ H1 

= H 1 - C 1 - 0 2 ' - C 2 '  

= 0 1 - 0 2 ' - 0 2 ' - H 2 '  

~ H 1  

t -e< 
= H I - C 1 - 0 6 ' - C 6 '  

= C 1 - 0 6 ' - C 6 ' - 0 5 '  

e~ = 0 6 ' - C 6 ' - C 5 ' - 0 5 '  

Scheme 2. Definitions of the torsion angles qb, q~, and m. 
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Figure 1. Comparison of extended mammalian Man,~GlcNAc_, conformations with glycopeptide mimics. (A) Extended oligosaccharide conforma- 
tion; (B and C) the corresponding glycopeptide mimic 5, in the constrained model conformation and in the NMR based conformation, respec- 
tively; (D and E) extended oligosaccharide conformation and the corresponding glycopeptide mimic 9, respectively. 

(on the left-hand-sides); they were generated by 
minimization using the Discover/Amber force field at 
300 K in vacuo. The steepest descend algorithm was 
used for the first 100 steps of energy minimization, 

whereas the conjugate minimization algorithm was 
used until the maximum derivative was below 0.05 kcal 
~-~. Most of the torsional angles in the minimized 
conformations deviated less than +10 ° from their 

3 " 

Figure 2. Comparison of backfolded mammalian Man,GlcNAc2 conformations with glycopeptide mimics. (A) Backfolded oligosaccharide confor- 
mation; (B and C) The corresponding glycopeptide mimic 11, in the constrained model conformation and in the NMR based conformation, 
respectively. (D and E) Backfolded oligosaccharide conformation and the corresponding glycopeptide mimic 13, respectively. 
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initial values. This and the fact that their relative total 
energy was in the range 2.5-5 kcal mol ~ strongly 
suggest that they are almost equally stable minimum 
energy conformations, of which only one might be 
responsible for the interaction with, e.g. MBP. 

Selected distances between the three terminal 
M a n ( l ~ 2 ) M a n  disaccharide moieties in the thus 
obtained four main low energy conformations were 
measured. Hence, the dimensions of the two triangles, 
formed by the O3s of the terminal mannose and of the 
inner Cls of the reducing mannose in these 
~(1 ~2)-linked dimannosyl units, were considered to be 
a sufficient requirement, which should be met by trigly- 
cosylated glycopeptide mimics. The scaffold of these 
four modelling targets were then replaced by a peptide 
backbone, containing Ser, Thr and/or Hyp glycosylation 
sites, in either of two ways: (i) the spatial arrangements 
of the terminal disaccharides of the four resulting 
models were maintained after removal of the core 
sugar residues, then amino acid residues were fitted 
manually until a satisfactory template was obtained, or 
(ii) a model of the peptide was build in the extended 
conformation, and subsequently three a( l~2)- l inked 
mannobiosides were connected in their predominant 
conformation (qb, q ~ = - 5 0  °, -20°). In order to situate 
all three sugars in the same direction X 1 was arbitrarily 
set to - 6 0  °, 60 °, or 180 °. When the distances between 
the disaccharide moieties of the model oligosaccharide 
conformation (e.g. in Figure 1C) were short, method 
(i) proved most convenient, otherwise method (ii) was 
employed, however, with both methods the calculations 
were performed as follows. During the dynamic simula- 
tion the selected target° distances were typically 
constrained to within 1-2 A (or even 0.5 A when the 
distance criteria was reached easily, or 2.5 ]k when the 
constraint proved difficult to satisfy) using an appro- 
priate penalty force (5 kcal m o l l  A-2), which would 
allow that all carbohydrate residues maintained a chair 
conformation. Initially, a brief minimization (100 steps) 
of the potential glycopeptide mimics was performed. 
Subsequently, a constrained dynamic simulation 
( >  10,000 steps of 1 fs) was run, and if no satisfactory 
fit to one of the desired oligosaccharide conformations 
could be obtained, the peptide template was discarded 
as a non-suitable candidate. Another sequence was 
then attempted (>50  in all). Finally, a constrained 
minimization of the selected MD-structures, which best 
fitted each of the structures of the MangGlcNAc2, was 
performed. The resulting glycopeptide structures were 
compared by superposition with the parent oligo- 
saccharide structure (see Figs 1 and 2), and for each of 
the four structural populations one to two synthetic 
targets were selected: Ac-Ser*-Ser*-Lys-Gly-Hyp*-NH2 
(5), Ac-Ser*-Gly-Thr*-Lys-Ser*-NH2 (7)/Ac-Lys-Gly- 
Ser*-Ser*-Ser*-NH2 (9), Ac-Thr*-Ala-Hyp*-Lys-Gly- 
Ser*-NH2 (11) and Ac-Thr*-Ala-Gly-Hyp*-Gly-Lys- 
Ser*-NH2 (13), where * denotes side chain glycosyla- 
tion with a-D-Man(1 -,2)~-D-Man. 

From the above modelling studies it was evident that 
the maximum distance (25-30 A) between the terminal 
disaccharides in both the oligosaccharide .and glyco- 

peptide mimic would be less than the distance between 
the CRDs (45 .&) in a single trimeric subunit in human 
MBP. However, the clustering of trimers in the 
bouquet oligomers might enable multivalent binding of 
a single ligand due to the proximity of the sugar- 
binding site to the edge of each trimer, or more 
hypothetically this might allow binding to two different 
oligomers. 

As is seen from the above list of synthetic target 
molecules, glycosylated hydroxyproline is present in 
three of the five compounds. This introduction of an 
unnatural glycosidic linkage was considered for several 
reasons. Previously, a large amount of the glycosylated 
Hyp building block had been prepared for use in 
libraries, however it was also examined as a new struc- 
tural feature during the modelling studies. In fact, Hyp 
in the t rans  conformation proved valuable as a residue 
conferring rigidity to the glycopeptide as well as 
allowing the introduction of a distinct bend in the 
backbone, which seemed necessary for the models to 
present the disaccharide moieties appropriately. 
Furthermore, in this work the preferred non-glycosy- 
iated amino acids were Gly, Ala and Lys as they do not 
present any severe problems in solid phase synthesis. 
Furthermore, the side chain of lysine may be deriva- 
tized, e.g. with a fluorescent probe for biological evalu- 
ations, or may serve as a connecting arm to a 
secondary scaffold (e.g. a trivalent acid or a spacer 
peptide) allowing formation of even larger structures. 

Synthesis of glycopeptide mimics 

Glycopeptides 4, 6, 10 and 12 and reference peptides 
14-17 (see Schemes 4-6) were synthesized simultane- 
ously by MCPS 27 using dimethylformamide (DMF) as 
solvent and the PEGA resin (derivatized with the 
Rink-linker) as solid phase, whereas glycopeptide 8 was 
synthesized by the syringe method 2~ under similar 
conditions. 

The synthesis was performed with N~-Fmoc protected 
amino acid Pfp esters with addition of 3,4-dihydro- 
3-hydroxy-4-oxo-l,2,3-benzotriazine (Dhbt-OH) as an 
auxiliary nucleophile; the O-dimannosyl units were 
introduced by application of the glycosylated building 
blocks 1-3 (see Scheme 3). Deprotection of Fmoc was 
achieved by treatment with 20% piperidine in DMF, 
and after the final deprotection the N-terminal was 
acetylated with 20% acetic anhydride in DMF. 
Cleavage from the linker was effected by treatment 
with 95% aqueous trifluoroacetic acid (TFA), and the 
crude (glyco)peptides were purified by preparative 
HPLC (in 16-69% yield, average ~50%). The sugar- 
protected glycopeptides were characterized by 1H 
NMR (presented in Tables 1-4) and mass spectro- 
metry (MALDI-TOF). In the assignments of ~H NMR 
spectra, phase-sensitive COSY spectra readily afforded 
the amino acid chemical shifts and the intra-ring sugar 
correlations, whereas ROESY spectra were employed 
for the confirmation of the amino acid sequence (via 
H~,,-N~H,~j correlations), and for obtaining inter- 
residue sugar connectivities (see Scheme 7). 
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Scheme 3. Building blocks for solid-phase glycopcptidc synthesis. 
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As it is seen from Tables 3 and 4, the chemical shifts of 
the sugar moieties of the protected glycopcptides are 
remarkably similar irrespective of the neighbouring 
amino acid residues, indicating the absence of inter- 
action between the relatively polar backbone and the 
apolar acylated O-dimannosyl moieties. 

Deacylation of the protected glycopeptidcs was 
performed with hydrazine hydrate 47 in chloroform- 
methanol z' to ensure full solubility of both the starting 
material and the product. This procedure showed no 
indications of base-catalysed [3-eliminations as side 
reactions. After an initial purification of the reaction 
mixture by gel permeation chromatography (to remove 
excess reagent and the co-product benzoyl hydrazide), 
final purification by HPLC gave pure unprotected 
glycopeptides 5, 7, 9, 11 and 13 in moderate to high 
yields (51-96%; occurrence of the lower yield may 
possibly be ascribed to a too short rcaction time and/or 
precipitation of educt). 

Assignments of the IH NMR spectra of the deacylatcd 
glycopeptides was performed essentially as described 
for the sugar-protectcd glycopeptides, however, due to 
increased complexity of the carbohydrate region 
HMQC spectra were acquired to obtain reasonably 
narrow shift ranges for H-3, H-4, H-5 and H-6. The 
identity of the glycopeptides and reference peptidcs 
was confirmed by ES-MS. 

The ~H NMR chemical shifts of glycopeptidcs 5, 7, 9, 
11, 13 and the corresponding non-glycosylated peptides 
14-17 are presented in Tables 7 and 10: the shifts in 
g-value (ppm) observed for the glycosylated position 
were very small (_+0.1 for Ser, _+0.02 for Thr and 
_+0.01 ppm for Hyp) while the protons on the neigh- 
bouring carbons, consequently, were seen at slightly 
lower field ( + 0 . 1 5 - 0 . 2  ppm for Set, +0.07-0.15 ppm 
for Thr, and +0  0.17 ppm for Hyp). Again, the 
chemical shifts (see Tables 8 and 9) of the sugar 
moieties in the glycopeptides were almost identical 
indicating the absence of interaction with the peptide 

backbone. Comparison with the ~H NMR spectrum ~ 
(in D~O) of native Man~GlcNAc2 shows that the 
~erminal mannoses have similar chemical shifts (within 
+0.05 ppm) while the H-I and H-2 of the amino acid 
linked mannoses appears at slightly higher field ( - 0 . 3  
to -0.1 ppm). 

Furthermore, the Hyp and glycosyl-Hyp containing 
peptidcs appeared as c i s - t rans  isomers in the NMR 
spectra (Tables 1, 2 and 5, 6) due to the rotational 
barrier of the carbimide bond between the Hyp amino 
group and the carboxyl group of the previous amino 
acid (see Scheme 8). The temperature dependence of 
this equilibrium was examined by recording ~H NMR 
spectra at 278, 288, 300 and 313 K, but although quite 
large changes of the chemical shifts were observed no 
significant change in the isomer ratio was seen. Similar 
experiments on the building block 3 (in CDCI)) were 
performed over the temperature range 253-313 K, and 
also in this case an almost constant c is - t rans  ratio of 

1 : 1 was found at all temperatures. 

Next, the equilibrium was investigated by recording ~H 
and ~'C NMR spectra, including ROESY and HMQC 
experiments, of peptides 14, 16 and 17 in D~O (see 
Tables 10 and 11). 

From the ROESY spectra of 16 and 17 it was possible 
to determine the conformation of the major isomer as 
the NOEs indicated in Scheme 8 were present as well 
defined cross-peaks (see Fig. 3) except for the expected 
NOE of cis-16 which was obscured by noise due to the 
vicinity of H'nl~ ..... to the HOD-signal. Thus, the major 
isomer of the Hyp-containing peptides has trans 
configuration. Furthermore, when comparing all the ~H 
NMR spectra of Hyp-containing compounds it scems 
evident that the easily distinguishable ~3-protons of 
ttyp/glycosylated Hyp may be used for ~tetermining the 
c i s - t rans  ratio, as the IH NMR signals of the trans 
isomer appear at higher field (0.1-0.2 ppm) than those 
of the cis' isomer. In addition, the chemical shifts of the 
tt~,n,,,,, and H~m~ ..... may be cmploycd instead, as the 
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same distinct t rend is seen for these sets of  signals. The (see Table 1 1) correspond closely to those reported 4' 
t~C chemical shift differences between the two isomers for the Gly-Hyp and Pro-Hyp dipeptides (also in D_,O), 

R-~'o°,~ #.-oR. 
&,,,,,./.oR' ..OR, oR, 

" ~ 0  R , O ~ j /  

sSbH m OR 

~.ao~ ~57x~ ~ r a ~  .,,,,o 

~,~ ~ o ~  ~ _ ~ , _ ~  .__J ~c~,~-;~e;~' 
RS~"R,Cr ' _ _ 

R'~ 

.,9 

~. g ~ g"  

6 R=Ac, R'=Bz / NH2NH2"H20' 
7 R=R'=H ~ CHCI3-MeOH 

R'Q R'Q 

NH2 

N 
R 

N 

~R'  

8 R = Ac,  R' = Bz  ' I NH2NH2"H20' 
9 R = R'= H ~ CHCla-MeOH 

Scheme 4. Glycopeptidic mimics of extended conformations of mammalian Man,,GlcNAc_,. NOEs (strong: s and medium: m) for compound 5. 
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which structures were confirmed by X-ray crystallo- 
graphic studies. Based on these few examples of 
Hyp/glycosyl-Hyp containing peptides, a tendency 
towards decreasing abundance of the cis isomer is seen 
when the neighbouring amino acid residues become 
more bulky (e.g. terminal Hyp>-Gly-Hyp-Gly- 
>-Ala-Hyp-Lys-). However, glycosylation seems only 
to have a very minor influence on the isomer ratio, at 
least for the present peptides. 

Ligand binding studies 

The binding affinity (IC.~,) of glycopeptides 5, 7, 11 and 
13 for human MBP was determined against yeast 
mannan from Saccharomyces cerevisiae in an ELISA 
type inhibition assay using the time resolved immuno- 
ftuorometric assay (TRIFMA) technique. Microtitre 
wells coated with mannan were incubated with a 
mixture of MBP and a potential glycopeptidic inhibitor. 
Subsequent incubation with a monoclonal anti-MBP 
antibody labelled with europium allowed measurement 
of flurorescence on a time resolved spectrofluorometer. 

In addition, a number of monosaccharides, methyl 
glycosides of monosaccharides, and 1,5-anhydropolyols, 
were tested as above, and the results of the ligand 
binding experiments are presented in Table 12. The 
activity was found to be low for all glycopeptides as 
might be expected from a previous investigation 37 of 

the MBP multivalcncy. The only simple ligands, which 
showed inhibition of mannan-binding was D-mannose, 
1,5-anhydromannitol and methyl :*-D-mannopyranosidc, 
with tile latter being most active indicating the :,-glyco- 
sidic linkage to be important for the binding to MBP. 

However, an acrylamide copolymer (molecular weight 
1,500.000 to 2,000,000) having pendant chains of 
mammalian Man<,GIcNAc2 has been reported very 
recently, s" This Man,,GlcNAc2-copolymer showed ICs, 
valucs in the laM scale when tested with recombinant 
rat mannose protein-carbohydrate recognizing 
domains (MBP-CRD) from serum. Thus, the long 
distance between the binding sites of the CRDs does 
not not allow simultaneous interaction neither with 
single trimers nor with several different trimers of the 
MBP oligomer, unless the ligand has a polymeric struc- 
ture or at least is substantially larger than a single 
oligosaccharide unit. 

The NOESY spectra of glycopeptides 5 and 11 were 
analysed with respect to the conformation of the 
backbone and sugar contacts. However, no assignable 
NOEs between different dimannosyl units were 
observed. In addition, the disaccharide moieties 
showed only NOEs to the peptide backbone at the site 
of attachment (see Schemes 4 and 5) also supporting 
conformations with the sugar residues pointing away 

R'O 

H21 

R'O 

R'O 
. o  o .  oo. o . ,  V R°.4 \ 

! 

d r  ,° 

R,o.FT'o  
R'O 

10 R = A c ,  R ' = B z  - - - 1  NI'~NI"I2"H20' 12 R = A c ,  F I '=Bz "~ ' -  I NI.-I.~NI.-12.H20, 

11 R = R ' = H  ~ - I CHC~'MeOH 13 R = R ' = H  / ~ CHC~'MeOH 

Scheme 5. Olycopeptidic mimics of extended conformations of mammalian MamGlcNAc2. NOEs (strong: s and medium: m) for compound 11. 
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from the core and each other. This assumption was 
confirmed by employing the obtained NOEs in a 
constrained MD calculation of compounds 5 and 11 
where strong NOEs were set as distance constraints of 
2-2.5 ~ while medium strong NOEs were considered 
to correspond to distances of 2.5-3 ~ (shown in 
Schemes 4 and 5). These MD calculations were 
performed as described above, and the results are 
depicted in Figures 1 and 2. A comparison (see Fig. 1) 
of the envisioned active conformation (B) of glyco- 
peptide 5 and the conformation indicated from the 
NOEs (C) revealed that the conformational popula- 
tions with all three the sugar units positioned rather 
closely apparently is less abundant in the solvent used 
(water-acetic acid-d6, 1:1). Thus, NMR indicated only 
two of the disaccharides to be spatially close. This may 
results from a greater tendency to attain a more 
extended conformation of the backbone than observed 
in the original constrained model. For glycopeptide 11 
(see Fig. 2) the deviation in distances between the 
distal 3- and 4-positions of the dimannosides in the 
MangGlcNAcz-constrained model (B) and the NMR 
based model (C) were only 1-2 ~, however the orien- 
tation of the entire disaccharide moieties showed more 
severe differences. 

Interestingly, the glycopeptide mimics of backfolded 
and extended structures, respectively, exhibited 

pairwise very similar behaviour on HPLC. Thus, glyco- 
peptides 11 and 13 had identical retention times Corre- 
sponding to a significantly lower polarity than that 
exhibited by the mimics of the backfolded structures 
(i.e. compounds 5, 7 and 9), which may reflect a 
similarity in overall shape. 

In conclusion, a method of mimicking complex oligo- 
saccharides with glycopeptides, starting from the 
preferred oligosaccharide conformations, was 
developed. Thus, the vast number of possible glyco- 
peptide constructs was reduced by applying a 
constrained MD calculation based on the oligo- 
saccharide structure. Only glycopeptides which were 
able to attain a considerable match with the predomi- 
nant oligosaccharide conformations were selected as 
synthetic targets. The preferred conformation of the 
glycopeptide mimics according to NMR spectroscopy 
showed only limited resemblance to the conformations 
inferred by the initial MD calculations. However, such 
glycopeptide mimics having stable local energy minima 
in the desired conformations may well be able to adapt 
to the requirements of a putative receptor due to the 
high flexibility of the peptide backbone. 29 The 
biological evaluation of the MangGlcNAc 2 glycopeptide 
mimics as putative regulators of immunological 
processes ~ and as elicitors of a defence response ~ in 
plants are currently being performed. 
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o " %  . . o 

o -I- "o .J  'o' ''''°" 

o"°--, . o " %  ........ . o , , ,o .  

g I. g J 

14 15 

H C ~  ,111 0 ~', .... H 0 

..... ,OH 

H2 ~ ' ~  0 

16 

Scheme 6. Non-glycosylated reference peptides. 
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OR 

a Rng 

H oR 

Amino acid Fq' 
Scheme 7. Observed inter-ring NOEs for the O-dimmmosyl moictics. 

Experimental  

General  procedures 

D i c h l o r o m e t h a n e  w a s  d i s t i l l ed  f r o m  p h o s p h o r o u s  

p c n t o x i d e  a n d  k e p t  o v e r  3 * m o l e c u l a r  s i eves .  P y r i d i n c  

w a s  d i s t i l l ed  a n d  k e p t  o v e r  3 A, m o l e c u l a r  s i cvcs .  

C o n c e n t r a t i o n s  w c r c  p e r f o r m e d  u n d e r  r e d u c e d  

p r e s s u r e  at  t e m p e r a t u r e s  < 4 0  °C. P h o s p h o r o u s  

o x y c h l o r i d e ,  4 - e t h y l m o r p h o l i n c  ( N E M ) ,  3 , 4 - d i h y d r o -  

3 - h y d r o x y - 4 - o x o - l , 2 , 3 - b e n z o t r i a z i n e  ( D h b t - O H ) ,  h y d r a -  

z i n c  h y d r a t e ,  a n d  t r i f l u o r o a c e t i c  ac id  ( T F A )  w e r e  f r o m  

F l u k a .  O - ( 1 H - B e n z o t r i a z o l - l - y l ) - N , N , N ' , N ' - t c t r a m e -  
t h y l u r o n i u m  t e t r a f l u o r o b o r a t c  ( T B T U )  w a s  f r o m  

Table 1. ~H NMR data (600 and 500 MHz, DMSO-d,,) for amino acids in sugar-protccted glycopeptides 4, 6 and 8. Chemical shifts in ppm 

N~H H" H I~ It" H '~ H ~ A c H N  

4 
Ser"-  1 8.32 4.67 3.92/3.64 - -  - -  - -  1.89 
Ser"-2 8.44 4.63 3.92/3.69 . . . .  
Lys-3 8.09 4.37 1.71 / 1.54 1.35 1.52 2.75 - -  
Gly-4 8.02 4.01/3.83 . . . .  
Hyp"-5 - -  4.32 2.23/2.11 4.52 3.80/3.48 - -  - -  

cis-5' - -  4.48 . . . . .  

Ser"-  1 8.23 4.61 3.82/3.56 - -  - -  - -  1.88 
Gly-2 8.21 4.01/3.73 . . . . .  
Thr"-3  8.25 4.47 4.112 1.21 - -  - -  - -  
Lys-4 8./18 4.35 1.711/ 1.61 1.34 1.51 2.73 - -  
Ser"-5 8.119 4.51 3.81/3.65 . . . .  

Lys- l 7.99 4.19 1.63/ 1.47 1.29/ 1.24 1.46 2.71 1.89 

Gly-2 8.10 3.79 . . . .  
Ser  "-3 8.31 4.74 3.95/3.68 . . . .  
Ser"-4 8.44 4.73 3.91/3.73 . . . .  
Scr"-5 8.40 4.54 3.84/3.68 . . . . .  

"Denotes side chain glycosylation with Bz~Man(l ~2)Ac,Man. 
~' Cis-trans ratio of 15:85. 

Table 2. 'H NMR data (600 and 500 MHz, DMSO-d,,) for amino acids in sugar-protccted glycopeptides 10 and 12. Chemical shifts in ppm 

N ' H  H ~ H I~ H H '~ H': A c H N  

l0 
Thr" -  1 8.16 4.44 4.05 1.117 - -  - -  1.88 
Ala-2 8.01 4.59 1.17 - -  - -  - -  
Hyp"-3" - -  4.51 2.28/2.1/2 4.51 3.82/3.68 - -  - -  
Lys-4 8.21 4.24 1.70/ 1.52 1.38 1.53 2.76 - -  

Gly-5 8.08 3.83/3.78 . . . . . .  
Set"-6 8.27 4.51 3.83/3.67 . . . .  

12 
Th r " - I  8.24 4.40 4.t12 1.17 - -  - -  1.92 
Ala-2 8.09 4.35 1.22 . . . .  
Gly-3 7.99 4.04/3.81 . . . . .  
Hyp"-4 - -  4.46 2.28/2.115 4.53 3.72/3.63 - -  - -  

cis-4' - -  4.63 . . . . .  
Gly-5 8.41 3.79/3.68 . . . .  
Lys-6 7.96 4.33 1.69/1.57 1.32 1.52 2.75 - -  
Ser "-7 8.22 4.52 3.86/3.68 - -  - -  - -  

"Denotes side chain glycosylation with Bz4Man(l-~2)Ac Man. 
~'Less than 2 ~  c/s-isomer. 
'Cis-trans isomer ratio of 21) : 80. 
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Table 3. 'H NMR data (6llll and 500 MHz, DMSO-d,,) for sugar units in protected glycopeptides 4, 6 and 8. &Values in ppm 

1891 

I-H 2-H 3-H 4-H 5-H 6-H 

4 
Scr- 1 Man ( 1 - ,  2) 5.45" 5.68 5.81 6.05' 4.64 4.67/4.50 

Man( 1 ~Ser )  5.23 4.23 5.25 5.33" 4.00 4.20/4.07' 
Set-2 Man( 1 --+2) 5.44" 5.68 5.81 6.()5' 4.64 4.67/4.50 

Man( 1 ~ Set) 5.23 4.23 5.25 5.31" 4.00 4.19/4.01' 
Hyp-5 Man( 1 ~ 2) 5.45 5.68 5.81 6.05' 4.67 4.67/4.50 

Man( 1 -~ Hyp) 5.33 4.19 5.21 5.35 4.00 4.20/4.09' 

Ser- 1 Man( 1 ~ 2) 5.42 5.68 5.80 'l 6.04 4.61 4.66/4.47 
Man( 1 - ,Ser)  5.16 't 4.16 '/ 5.22' 5.30' 4.01' 4.20/4.01' 

Thr-3 Man( 1 -~2) 5.42 5.68 5.81 '~ 6.06 4.66 4.76/4.49 
Man(l ~Thr )  5.30 4.16 5.26 5.33 3.98 4.19/4.04 

Ser-5 Man( I --*2) 5.42 5.68 5.8(I '/ 6.05 4.63 4.66/4.49 
Man( 1 - ,  Ser) 5.18 a 4.18'; 5.23' 5.31' 3.95' 4.17/4.04' 

Ser-3 Man( 1 -+2) 5.43 5.68 5.79 6.(15 4.63 4.67/4.48 
M an( 1 ~ Ser) 5.19 4.24' 5.26' 5.36' 4.03' 4.2t)/4.04 

Set-4 Man(1 --*2) 5.43 5.68 5.79 6.05 4.63 4.67/4.48 
Man(l -~Ser) 5.24 4.25 5.25 5.34 4.04 4.20/4.04 

Set-5 Man( 1 -~ 2) 5.43 5.68 5.79 6.05 4.63 4.67/4.48 
Man(l ~Ser )  5.19 4.20' 5.25' 5.34' 3.99' 4.20/4.04 

.... 'Signals may be interchanged vertically in each column. 
"Distinct very close signals (in each column). 
' Horizontal sets of coupled signals, which may be vertically interchanged for each compound. 

Bachem.  The  Rink- l inker  (4-[~(f luoren)-9-ylmethoxy-  
ca rbony lamino) -2 ,4 -d imethoxybenzy l ]phenoxy  acetic 
acid) and  sui tably p r o t e c t e d  N~-Fmoc  amino  acid Pfp 
esters  were  pu rchased  f rom Mi l l iGen  (Taas t rup ,  
D e n m a r k ) ,  NovaBiochem (Lfiufelfingen, Swi tzer land)  
or  Bachem (Bubendor f ,  Switzer land) .  E lec t rospray  
mass spec t rome t ry  was p e r f o r m e d  in the  posi t ive mode  
for both  pep t ides  and d e p r o t e c t e d  g lycopept ides  on a 
Fisons  V G  Q u a t t r o  Ins t rument .  M A L D I - T O F  MS was 
p e r f o r m e d  in the  posi t ive m o d e  for  the p ro t ec t ed  
g lycopept ides  on a F inn igan  M A T  20(10 using a matr ix  
of  cx-cyano-4-hydroxycinnamic acid. ~H and ~3C N M R  
spec t ra  were  r eco rded  on a Bruker  A M  500 M H z  or  an 

A M X  600 M H z  spec t romete r .  Chemica l  shifts are  
given in ppm and re fe renced  to external  d ioxane (6 .  
3.76, 6c 67.40) for solut ions  in D20  at 300 K. Fo r  
spec t ra  r eco rded  in DMSO-d, ,  and C D ~ C O O D - H 2 0 ,  
the D M S O  signal at 2.50 ppm and H O A c  signal at 2.03 
ppm,  respectively,  were used as in ternal  references .  Fo r  
the ass ignment  of  signals, p r o t o n - p r o t o n  ( C O S Y )  and 
H M Q C  shift cor re la t ion  spect roscopy,  and R O E S Y  
( ro ta t iona l  f rame N O E S Y )  and N O E S Y  spect ra  were  
used. Prepara t ive  reverse  phase  H P L C  separa t ions  
were  p e r f o r m e d  on a Wa te r s  H P L C  system using a 
Del ta  P A K  C-18 column (15 ~m, 300 A, 25 mm x 2 0 0  
mm)  w i t h a f l o w r a t e o f l 0 m L m i n  ', o r  a Del ta  P A K  

Table 4. ~H NMR data (600 and 500 MHz. DMSO-d,) for sugar units in protected glycopeptides 10 and 12. &Values in ppm 

1-H 2-H 3-H 4-H 5-H 6-H 

10 
Thr- 1 

Hyp-3 

Set-6 

12 
Thr-1 

Hyp-4 

Ser-7 

Man( 1 - .  2) 5.37 5.67 5.80" 6.10 4.61 4.8(I/4.45 
Man(1 ~ T h r )  5.22 4.03 5.20 5.24 3.97 4.14/3.98 
Man( 1 4 2 )  5.44 5.68" 5.78 ~' 6.07 4.66 4.72/4.49 
M an( 1 ~ Hyp) 5.30 4.19 5.20 5.31 3.98" 4.21/4.10` 
Man( 1 - ,  2) 5.49 5.68" 5.80 ̀o' 6.05 4.64 4.67/4.51 
Man ( 1 ~ Ser) 5.18 4.19 5.23 5.33 3.98" 4.19/4.05' 

Man( 1 ~2 )  5.41 5.68 5.80 6.07 4.62 4.73/4.49 
Man( 1 ~Thr )  5.28 4.09 5.25 5.25 4.03 4.20/4.03 
Man( 1 --+2) 5.46 5.68 5.80 6.04 4.66 4.68/4.51 
Man( 1 ~ Hyp) 5.31 4.22 5.23 5.36' 3.97' 4.19/4.06' 
Man( 1 --* 2) 5.45 5.68 5.80 6.06 4.65 4.68/4.51 
Man ( 1 -~ Ser) 5.21 4.21 5.23 5.30' 4.00` 4.21/4.10' 

"Distinct very close signals (in each column). 
"Signals may be vertically interchanged. 
' Horizontal sets of coupled signals, which may be vertically interchanged for each compound. 
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Table 5. ~H NMR data (600 and 500 MHz, CD3COOD-It_,O, 1 : l) for amino acids in glycopcptidcs 5, 7 and 9.5-Values in ppm 

N~H H ~ H l~ H t-t '; t t '  AcI tN  N'H or NH,  

5 
Ser "- 1 8.19 4.67 3.95/3.79 - -  - -  - -  2.1)6 - -  
Ser"-2 8.33 4.69 3.97/3.80 . . . . . .  
Lys-3 8.31 4.47 1.89/1.77 1.48 1.72 3.06 - -  7.47 
Gly-4 8.08 4.27/4.05 . . . . . .  
Hyp"-5 - -  4.54 2.52/2.15 4.60 3.81/3.76 - -  - -  7.70/7.02 
c i s -5  ~ - -  4.70 2.67/2.32 4.50 - /3 .61  - -  - -  7.87/7.22 

Ser "- 1 8.19 4.68 3.97/3.83 - -  - -  - -  2.08 - -  
Gly-2 8.37 4.10/4.06 . . . . . .  
Thr"-3 8.07 4.55 4.29 1.27 . . . .  
Lys-4 8.13 4.47 1.88/1.79 1.47 1.72 3.04 - -  7.47 
Ser"-5 8.30 4.65 3.97/3.79 . . . .  7.68/7.14 

Lys-I 8.11 4.36 1.85/1.73 1.47/1.44 1.71 3.03 2.06 7.49 
Gly-2 8.30 4.03/4.02 . . . . . .  
Ser"-3 8.19 4.74 3.97/3.80 . . . . .  
Ser"-4 8.36 4.75 3.99/3.81 . . . . . .  
Ser "-5 8.40 4.67 3.96/3.81 . . . .  7.62/7.19 

"Denotes side chain glycosylation with Man(l-~2)Man. 
h C i s - t r a n s  ratio of 15 : 85. 

C -18  c o l u m n  (15 gm,  300  ~,, 47 m m  x 300  r a m )  w i t h  a 
f low r a t e  o f  20 m L  m i n  - l ,  a n d  d e t e c t i o n  a t  215 n m  
w i t h  a p h o t o d i o d e  a r r a y  d e t e c t o r  ( W a t e r s  M 991).  
S o l v e n t  s y s t e m  A:  0 . 1 %  T F A ;  B: 0 . 1 %  T F A  in 9 0 %  
a c e t o n i t r i l e - 1 0 %  w a t e r .  G e l  f i l t r a t i o n  w e r e  p e r f o r m e d  
o n  S e p h a d e x  G - 1 0  ( P h a r m a c i a )  w i t h  a f low r a t e  o f  1 
m L  m i n  ~ a n d  d e t e c t i o n  at  215 n m .  

D e f i n i t i o n s  for M D  c a l c u l a t i o n s  

T h e  t o r s i o n  a n g l e s  qb, ql a n g l e s  f o r  t h e  c x ( l ~ 2 ) - ,  
~ ( 1 - , 3 ) -  a n d  13(1-- ,4) - l inkages  ( e x e m p l i f i e d  by  t h e  1-- ,3 
c a s e )  a n d  t h e  dO, ~ a n d  co a n g l e s  f o r  t h e  
~(1 ~ 6 ) - l i n k a g e  a r e  d e f i n e d  as d e p i c t e d  in S c h e m e  2. 

In i t ia l  c o n f o r m a t i o n s  

T h e  d i s a c c h a r i d e  r e s i d u e s  w e r e  c o n s t r u c t e d  u s i n g  t h e  
b u i l d e r  m o d u l e  o f  I n s i g h t I I  ( v e r s i o n  2.3.0, f r o m  
B i o s y m ) .  T h e  2 - a c e t a m i d o  g r o u p  o f  t h e  G l c N A c  was  
p l a c e d  w i t h  t h e  a m i d e  b o n d  in a t r a n s  c o n f o r m a t i o n .  
In i t i a l  t o r s i o n  a n g l e s  a r o u n d  t h e  i n t e r g l y c o s i d i c  b o n d s  
w e r e  t a k e n  as a v e r a g e  l i t e r a t u r e  v a l u e s  39-42'45'46 a n d  

f r o m  p r e v i o u s  m i n i m i z a t i o n  s t u d i e s  43"4a o f  d i s a c c h a r i d e s ,  
(d~, q/): ( - 4 5  °, - 2 0  °) f o r  a ( 1 - - , 2 ) - ,  ( - 5 0  °, - 2 0  °) fo r  
a ( 1 - - , 3 ) -  a n d  (55 °, 0 °) f o r  13 (1 - ,4 ) - l inkages .  F o r  b o t h  
~ ( l ~ 6 ) - l i n k a g e s ,  (~ ,  q 0 = ( - 6 0  °, 180 °) w e r e  e m p l o y e d  
w h i l e  0) o f  t h e  o x y m e t h y l  g r o u p s  was  a l l o w e d  to  a t t a i n  
v a l u e s  o f  b o t h  - 6 0  ° a n d  + 60 °, s ince  a p r e v i o u s  s t u d y  41 

Table 6. ~H NMR data (600 and 500 MHz, CD~COOD-H20, 1: 1) for amino acids in glycopeptides 11 and 13.8-Values in ppm 

N ' H  H ~ H l~ H i' H 6 H ~ A c H N  N~H or NH2 

11 
Thr" - i  8.01 4.53 4.22 1.27 - -  - -  2.11 - -  
Ala-2 8.12 4.70 1.38 . . . . .  
Hyp"-3 - -  4.63 2.53/2.12 4.61 4.06/3.81 - -  - -  - -  
c i s - Y '  - -  - -  2.66/2.32 . . . . .  
Lys-4 8.31 4.39 1.87/1.79 1.50 1.73 3.06 - -  7.48 
c i s - 4  b 8.54 4.37 . . . . . .  
Gly-5 8.20 4.04/4.00 . . . . . .  
Ser"-6 8.18 4.64 3.95/3.84 . . . .  7.67/7.17 

13 
Thr" - i  8.05 4.49 4.29 1.27 - -  - -  2.10 - -  
Ala-2 8.12 4.53 1.43 . . . . .  
Gly-3 8.03 4.20/4.10 . . . . . .  
Hyp"-4 - -  4.59 2.52/2.18 4.61 3.80/3.66 - -  - -  - -  
c i s - 4 '  - -  4.78 2.68/2.36 . . . . .  
Gly-5 8.50 4.02/3.97 . . . . . .  , 
Lys-6 8.05 4.46 1.87/1.75 1.41 1.68 3.02 - -  7.47 
Ser"-7 8.21 4.66 3.97/3.82 . . . .  7.62/7.16 

"Denotes side chain glycosylation with Man(1--2)Man. 
bLess than 2% c i s -Hyp  isomer. 
' C i s - t r a n s  ratio of 10 : 90. 
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Table 7. ~H NMR data (600 and 500 MHz, CD3COOD-H_,O, 1:1) for amino acids in peptides 14-17.6-Values in ppm 

N~H H ~ H ~ H ~ H ~ H ~ A c H N  N~:H or  NH2 

14 
Ser-1 8.10 4.52 3.88 - -  - -  - -  2.06 - -  
Ser-2 8.27 4.51 3.90 . . . . .  
Lys-3 8.17 4.45 1.88/1.76 1.47 1.70 3.02 - -  7.44 
Gly-4 8.04 4.10 . . . . . .  
Hyp-5 - -  4.52 2.37/2.09 4.59 3.79/3.61 - -  7.67/6.98 
c i s - 5 "  - -  4.68 2.52/2.26 - -  -/3.59 - -  - -  7.85/7.18 

15 
Ser- 1 8.19 4.47 3.94/3.86 - -  - -  - -  2.08 - -  
Gly-2 8.41 4.08/4.02 . . . . . .  
Thr-3  7.97 4.40 4.27 1.20 . . . .  
Lys-4 8.19 4.45 1.91/1.79 1.48/1.45 1.71 3.03 - -  7.47 
Ser-5 8.07 4.48 3.96/3.90 . . . .  7.50/7.08 

16 
Thr-1 7.93 4.40 4.24 1.19 - -  - -  2.09 - -  
Ala-2 8.11 4.64 1.35 . . . . .  
Hyp-3 h - -  4.61 2.36/2.04 4.62 3.89/3.79 - -  - -  - -  
Lys-4 8.36 4.37 1.88/1.80 1.56/1.46 1.73 3.06 - -  7.48 
Gly-5 8.28 4.06/4.00 . . . . . .  
Set-6 8.03 4.49 3.93/3.86 . . . .  7.58/7.10 

17 
Thr-1 7.91 4.39 4.27 1.20 - -  - -  2.10 - -  
Ala-2 7.99 4.48 1.40 . . . . .  
Gly-3 7.99 4.02/3.94 . . . . . .  
Hyp-4  - -  4.59 2.35/2.12 4.62 3.80/3.64 - -  - -  - -  

c i s  - 4' - -  4.74 2.52/2.28 - -  -/3.60 - -  - -  - -  
Gly-5 8.46 4 .13-4.10 . . . . . .  
Lys-6 8.09 4.47 1.89/1.76 1.42 1.68 3.02 - -  7.47 
Ser-7 8.08 4.49 3.91/3.88 . . . .  7.46/7.04 

" C i s - t r a n s  ratio of 15 : 85. 
bLess than 1% cis isomer. 
' C i s - t r a n s  ratio of 10 : 90. 

Table 8. ~H NMR data (600 and 500 MHz, CD~COOD-H:O, 1 : 1) for dimannosyl units in glycopeptides 5, 7 and 9. 8-Values in ppm 

1-H 2-H 3-H 4-H 5-H 6-H 

5 
Ser- 1 Man(1 --,2) 5.03 4.11 3.87 3.97" 3 .81-3.77 3 .95-3 .89/3 .80-3 .76 

Man(1  ~ S e r )  5.13 3.96 3.94-3.91 3.~75-3.68 ~ 3.64 b 3 .95-3 .89/3 .80-3 .76 h 
Ser-2 Man(  1 --,2) 5.03 4.11 3.87 3.81Y 3.81-3.77 3 .95-3 .89/3 .80-3 .76 

M a n ( l ~ S e r )  5.13 3.96 3.94-3.91 3.72 h 3.57 h 3.88/3.77 h 
Hyp-5 M a n ( I - - , 2 )  5.03 4.11 3.87 3.75-3.68" 3.81-3.77 3 .95-3 .89/3 .80-3 .76 

M a n ( l  ~ H y p )  5.26 3.94 3.94-3.91 3.71 b 3.54 ~ 3.88/3.76 h 

Ser- 1 M a n (  1 ~ 2) 5.03 4.08 3.86 3.97" 3 .84-3.78 3 .99-3 .88/3 .80-3 .77 
Man(1  ~ S e r )  5.13 3.94 3 .93-3.92 3.84-3.70 h 3 .84-3.78 h 3 .99-3 .88/3 .80-3 .77 b 

Thr-3 Man(1 ~ 2 )  5.01 4.09' 3.86 3.84-3.70" 3.84-3.78 3 .99-3 .88/3 .80-3 .77 
M a n ( l ~ T h r )  5.17 3.82 3 .93-3.92 3 .84-3.70 b 3.71 h 3 .99-3 .88/3 .80-3 .7T '  

Ser-5 M a n ( l  --,2) 5.04 4.09' 3.86 3.84-3.71Y 3.84-3.78 3 .99-3 .88/3 .80-3 .77 
Man(1  ~ S e r )  5.14 3.94 3 .93-3.92 3.73 h 3.57 ~ 3.88/3.78 h 

Ser-3 M a n (  1 --, 2) 5.05 4.10 3.87 3.97" 3.80-3.78 3.92/3.76 
Man(1  -*Ser )  5.15 h 3.98 ~ 3.94-3.91 3.74 a 3.60 J 3.89/3.78 d 

Ser-4 Man(1  ~ 2 )  5.05 4.10 3.87 3.81" 3 .80-3.78 3.92/3.76 
Man(1  - . S e r )  5.16 h 3.96 b 3.94-3.91 3.73 '/ 3.5T / 3.89/3.7U 

Ser-5 Man(  1 ---, 2) 5.05 4.10 3.87 3.68" 3.80-3.78 3.92/3.76 
M a n ( l  --*Ser) 5.15 h 3.94 ~' 3.94-3.91 3.68 d 3.80-3.78 d 3.92/3.76 d 

'" Signals may be interchanged vertically for each compound. 
h'dHorizontal sets of coupled signals, which may be interchanged vertically for each compound. 
' Two distinct very close signals. 
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Table 9. IH NMR data (600 and 500 MHz. CD~C()()I) tl .(), 1:I} lot dimalmosvl mills in glycopeptides I1 and 13. &Values in ppm 

I-H 2-1t 3-H 4-H 5-H 6-H 

11 
Thr- 1 Man( 1 ~2)  4.98 4. I()" 3.85 3.97" 3.82 3.93-3.75/3.88-3.78 

Man( 1 -+ Th r) 5.20 3.79 3.93 3.75" '; 3 . 6 6 ' ;  3.93/3.8(W 
Hyp-3 Man( 1 -,2) 5.07 4.11 3.87 3.85' 3.85 3.93-3.75/3.88-3.78 

Man(1 -+ Hyp) 5.29 3.95' 3.93 3.77-3.6?' 3.71 '~ 3.93-3.75/3.88-3.78 '~ 
Scr-6 Man( 1 -,2) 5.03 4.10" 3.86 3.77-3.67" 3.79 3.93-3.75/3.88-3.78 

Man( 1 -~ Scr) 5.14 3.95' 3.93 3.75 "J 3.59 '/ 3.88/3.78 '~ 
13 

Thr- 1 Man( l --+2) 4.98 4.09 3.86 3.99" 3.84-3.67 3.94-3.88/3.80-3.75 
Man( 1 --, Thr) 5.16 3.82 3.95-3.92 3.83-3.67 3.84-3.67 3.94-3.88/3.80-3.75 

Hyp-4 Man(l --*2) 5.03 4.10 3.87 3.83-3.67" 3.76 3.94-3.88/3.80-3.75 
Man(1 -,Hyp) 5.28 3.94 3.95-3.92 3.83-3.67 3.84-3.67 3.94-3.88/3.80-3.75 

Scr-7 Man(l -,2) 5.(.)3 4.10 3.87 3.83-3.67' 3.58 3.94-3.88/3.8(.)-3.75 
Man( 1 -,Scr) 5.14 3.96 3.95-3.92 3.83-3.67 3.84-3.67 3.94-3.88/3.80-3.75 

"' Two distinct vel 7 close signals. 
J"Signals may be interchanged vertically. 
"Horizontal sets of coupled signals, which may be vcrtically intcrchanged for cach compound. 

indicated these values to be present in the four major  
stable conformat ions  of  mammal ian  Man,,GlcNAc,. 

C a l c u l a t i o n  p r o c e d u r e s  

All the calculations were per formed using Discovcr 
(version 2.9.5) f rom Biosym (San Diego, California) on 
an Indigo 2 workstat ion from Silicon Graphics.  The 
total potential  energy of  the molecule was calculated 
by adding the contributions from bond stretching, bond  
angle bending, torsional strain, van der Waals and 
electrostatic componen t s  in the Discover /Amber  force 
field 5~ (from Biosym). A dis tance-dependent  dielectric 
constant  of  4.0 r, which weighs the short-range inter- 
actions more  than the long-range interactions, was 
used while calculating the electrostatic interactions. 
The calculations were per formed in vacuo while the 
tempera ture  was in the range 300-500 K. When  
performing the minimizations on the above four initial 

Man,GlcNAc~ conformations,  the steepest descend 
algorithm was used for the first 100 steps in the energy 
minimization; then the conjugate minimization 
algorithm was used with the maximum derivative being 
<0.05 kcal ,~, ~ as the termination criterion. 

More than 50 different tri- to octapept ide templates 
with three M a n ( l - + 2 ) M a n  disaccharides (dO, q J = - 5 0  °, 

20 °) at tached (X ~ arbitrarily set to 180 °, 60 ° or - 6 0  °) 
were subjected to MD calculations as follows. Selected 
distance constraints corresponding to one of  the four 
Man,,GlcNAce conformations,  calculated above, were 
set for 0 3  (or 0 4 )  and C1 in the two triangles formed 
by the terminal Man residues and the inner Man 
residues, respectively. Typically, the distances were 
constrained to within 1-2 A using a penalty force of 5 
kcal tool L ~ 2 (allowing all the Man residues to 
maintain a chair conformation) .  After  an initial 
minimization of  100 steps (as above), 10,000 steps (of 1 

H o. 

 NHR' -- " Roo..-y-  
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S c h e m e  8. Partial structures of peptides 16 and 17 showing the possiblc NOEs in the c i s - t r a n s  isomers. 



Glycopeptide mimics of mammalian Man,~GlcNAc2 1895 

Table 10. IH NMR data (600 and 500 MHz, D:O) for selected amino 
acids in peptides 14, 16 and 17. ~5-Values in ppm 

H ~ H I~ H'~ H ~ 

14 
Hyp-5 4.48 2.33/2.07 4.59 3.76/3.61 
cis-5" 4.67 2.49/2.25 4.51 3.73/3.56 

16 
Ala-2 4.60 1.32 I __ 
Hyp-3/' 4.53 2.32/1.99 4.59 3.85/3.76 
cis-3 ~' 4.73 2.46/2.20 4.50 3.67/3.55 

17 
Gly-3 4.05/3.97 - -  - -  - -  
cis-3 3.98/3.74 - -  I __ 
Hyp-4 4.48 2.27/2.03 4.54 3.71/3.56 
c is -4 '  4.67 2.43/2.19 4 .45  3.68/3.50 

"Cis-trans ratio of 15 : 85. 
P'Less than 5% cis isomer. 
' Cis- trans ratio of 10 : 9(1. 

fs) of constrained dynamic simulation were run. When 
a satisfactory fit between the glycopeptide and one of 
the four major MangGlcNAc2 conformations was 
obtained (comparison by superposition, see also Figs 1 
and 2), the end-conformation was minimized as 
described above. The best mimic for each of the four 
structural populations of Man~GlcNAc2 was selected as 
a synthetic target. 

MCPS. General procedure 

Synthesis of protected glycopeptides 4, 6, 10 and 12 
and reference peptides 14-17 was performed in DMF, 
using the PEGA 1900/130 resin 52 with a loading of 0.36 
mmol g ~. The resin (a 500 mg and a 100 mg portion) 
was allowed to swell in DMF. Then the large portion 
of resin was divided into the 20 wells of the manual 
multiple-column peptide synthesizer 53 fitted with 
Teflon filters, and the small resin portion was divided 
into only four of the wells (referred to as 50 mg-wells) 
used for synthesis of non-glycosylated peptides. First, 
the resin was washed with 20% piper id ine-DMF (0.75 
mL) and subsequently with DMF (7 x0.9 mL). The 
resin was derivatized with the Rink-linkerS4: to a 
solution (6.25 mL) of the Rink-linker (243 mg, 0.45 
mmol, 2.1 eqv.) and NEM (114 taL, 0.90 mmol, 4.2 
eqv.) was added TBTU (141 mg, 0.44 mmol, 2.05 eqv.), 

Table II. ~C NMR data (125 MHz, D20) for selected amino acids in 
peptides 14, 16 and 17. &Values in ppm 

C ~ C ~ C ~ C ~ 

14 
Hyp-5 59.7 38.1 70.5 55.2 
cis-5" 59. l 40.5 68.7 55.5 

16 
Hyp-3 b 59.7 37.8 70.7 56.2 

17 
Hyp-4 60.2 37.8 70.6 55.3 
c is -4 '  59.3 40.3 68.7 55.5 

and the mixture was kept for 10 min. Then the solution 
was dispensed into the wells using an Eppendorf  multi- 
pipette (250 laL per 25 mg resin). After 2 h, the 
reagents were removed by suction and the wells were 
washed with DMF (6x0 .9  mL). Acetylation of 
uncoupled amino groups was performed with 20% 
Ac20-DMF (300 laL per 25 mg resin) for 10 min 
followed by washing with DMF (8 × 0.9 mL in each 
well). This washing procedure was repeated after each 
coupling/deprotection. N~-Fmoc deprotection was then 
performed with 20% piperidine-DMF (0.75 mL in each 
well) by two successive treatments (each 10 rain). Upon 
suction and subsequent DMF wash, the resin was ready 
for the sequence of couplings. Glycosylated building 
block 1 (18.4 mg, 0.014 mmol, 1.5 eqv.), glycosylated 
building block 2 (18.6 mg, 0.014 mmol, 1.5 eqv) and 
glycosylated building block 3 (18.7 rag, 0.014 mmol, 1.5 
eqv.) in DMF (0.25 mL) was dispensed into each of the 
wells, containing 25 mg resin, at the appropriate time. 
The non-glycosylated building blocks: Fmoc-Gly-OPfp 
(10.4 mg per 25 mg resin, 0.023 mmol, 2.5 eqv.), Fmoc- 
Ala-OPfp (10.7 mg per 25 mg resin, 0.023 mmol, 2.5 
eqv.), Fmoc-Lys(Boc)-OPfp (14.2 mg per 25 mg resin, 
0.023 mmol, 2.5 eqv.), Fmoc-Ser(Bu')-OPfp (12.4 mg 
per 25 mg resin, 0.023 mmol, 2.5 eqv.), Fmoc-Thr(Bu')- 
OPfp (12.7 mg per 25 mg resin, 0.023 mmol, 2.5 eqv.) 
and Fmoc-Hyp(Bu')-OPfp 2~ (13.0 mg per 25 mg resin, 
0.023 mmol, 2.5 eqv.) were also dissolved in DMF (0.25 
mL/25 mg resin) and dispensed into the wells at the 
appropriate time. Each glycopeptide was synthesized in 
four wells (4 x 25 mg resin) whereas each of the refer- 
ence non-glycosylated peptides was synthesized in a 
single well (50 mg resin). Before each coupling, Dhbt- 
OH (1.5 mg per 25 mg resin, 0.009 mmol, 1.0 eqv.) in 
DMF (50 laL per 25 mg resin) was added to the resin 
giving a very distinct yellow colour of the resin. The 
first amino acid derivative in DMF (0.25 mL per 25 mg 
resin) was then added to each well, and the synthesizer 
shaken gently for 2 days. After DMF wash, the Fmoc 
group was removed and the resin was washed as 
described above. The synthesis cycle was repeated until 
the end of each peptide (except for compounds 6/15 
which were not Fmoc deprotected and coupled in the 
third cycle). After each coupling except the second, the 
resin was acetylated and subsequently washed as 
described above. The coupling times were as follows: 1 
day (second coupling), 3 days (third coupling), 2 days 
(fourth coupling) and 3 days for each of the remaining 
couplings. After the last N~-Fmoc deprotection, the 
resin was removed from the well(s) and transferred to 
a syringe (2 ml) fitted with a Teflon filter. Upon 
suction, the resin was acetylated as described above 
and then washed with DMF (8 x 1 mL) and dry CH2C12 
(8 × 1 mL). Upon freeze-drying overnight the (glyco- 
)peptides were cleaved from the linker by treatment 
with 95% aq. TFA (5 mL per 25 mg resin) for 2 h, 
followed by filtration and washing of the resin with 
95% aq. TFA and 95% HOAc. The filtrates were 
concentrated and the residue purified by HPLC. 

"Cis- trans ratio of 15:85. 
"Less than 5% cis isomer. 
' Cis- trans ratio of 10 : 90. 

Deprotection of glycopeptides. General procedure. 
The sugar-protected glycopeptide ( ~ 1 0 - 1 5  mg) was 
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dissolved in CHCI3 (0.4 mL), and MeOH (1.6 mL) and 
hydrazine hydrate (0.4 mL) were added. Aftcr 3-10 h 
the reaction mixture was purified by directly adding it 
to a gel filtration (Sephadex G-10, 1 mL rain ~) column 
followed by HPLC (retention time: RT). 

Ac-Ser I ~ t - D - M a n  ( l -~  2 )  -~t-D- M a n  I - S e r  I ~ t - , ) - M a n  ( 1 - - . 2 )  - 
¢t-D-ManI-Lys-Gly-Hypi~-D-Man(l -~2)-~t-D-Manl-Nlt, 
(5). Purification of the crude glycopcptide (90 mg), 
after TFA cleavage as described above, by preparative 
ItPLC (elution: 50c,'~ solvent B for 10 min followed by 
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Figure 3. ]H NMR spectra (600 MHz, D20) and selected NOE cross-peaks from ROESY spectra showing the assignments of cis and trans 
isomers of 16 and 17. (A) Full region 'H NMR of 16; (B) section of the ROESY spectrum (with apartial ~H NMR inserted) of 16, showing the 
NOE between H l~ of Ala-2 and H 6 of Hyp-3 in the major isomer (i.e. trans); (C) low field region ]H NMR of 17; (D) section of the ROESY 
spectrum (with a partial ~H NMR inserted) of 17 showing the NOE between H" of Gly-3 and H TM of Hyp-4 in the minor isomer (i.e. cis); (E) 
section of the ROESY spectrum (with a partial IH NMR inserted) of 17 showing the NOE between H TM of Gly-3 and H ~ of Hyp-4 in the major 
isomer (i.e. truns). 
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Table 12. Human MBP ligand binding assay 

Ligand IC~,, (raM) Ligand ICs,, (raM) 

Me ~¢-D-Xylp > 100 D-Manp 11 
D-Galp > 100 Me ~-D-Manp 4 
Me ~¢-D-Galp > 100 1,5-anhydromannitol 11 
Me [3-D-Galp >100 5 >2 
1,5-anhydroglucitol > 100 7 > 2 
Me :¢-D-Glcp > 100 11 >2 
Me [3-D-Glcp > 100 13 >2 

the linear gradients 50-80% solvent B for 40 rain and 
80-100% solvent B for 80 rain, and then solvent B for 
20 min) gave protected glycopeptide 4 (69.0 rag, 61%, 
RT 131.5 min). ~H NMR data are presented in Tables 
1 and 3. MALDI-TOF MS + 3133.1 [M+H] +, 
C,s,,Hl~3N70¢,I, requires M, 3132.1. 

Deacylation of compound 4 (14.1 mg) for 3 h as 
described in the general procedure followed by 
semipreparative HPEC (elution: solvent A for 30 min) 
gave glycopeptide 5 (5.3 rag, 78%, RT 15 rain). ~H 
NMR data are presented in Tables 5 and 8. ES-MS + 
1505.2 [M + HI+, CsvHqTN703, , requires M, 1504.4. 

Ac- Ser [S-D-Man (1 --+2) -S-D-Man] -Gly-Thr [S-D-Man- 
( 1 -+2)-~- D- Man ] -Lys- Ser [~- D-Man (1 ~ 2 ) - ~ -  D-Man] - 
NH~ (7). Purification of the crude glycopeptide (43 
rag) by preparative HPLC (elution: 50% solvent B for 
10 rain, followed by the linear gradients 50-85% 
solvent B for 40 rain and 85-100% solvent B for 90 
rain) gave protected glycopeptide 6 (26.4 rag, 23%, RT 
120.5 rain). ~H NMR data are presented in Tables 1 
and 3. MALDI-TOF MS + 3120.9 [M + H] +, 
CI~HI~,3NTO~, requires M, 3120.0. 

Deacylation of compound 6 (9.2 rag) for 7 h as 
described in the general procedure followed by 
semipreparative HPLC (elution: solvent A for 30 min) 
gave glycopeptide 7 (3.7 mg, 84%, RT 19.5 rain). 'H 
NMR data are presented in Tables 5 and 8. ES-MS + 
1493.1 [M + H] +, Cs~H~7NvO~, requires M, 1492.4. 

Ac-Lys-Gly-Ser [~-D-Man(1 ~2)-~-D-Man]-Ser [~-D-Man- 
(1--,2)-~-l)-Man]-Ser[~-D-Man(l--,2)-~-D-Man]-NH2(9). 
Protected glycopeptide 8 was synthesized in DMF by 
the syringe method 2~ using the resin PEGA 1900/130 
(loading: 0.36 mmol g '). The resin (0.48 g) was 
packed into a 10 mL disposable syringe fitted with a 
teflon filter, and connected to a suction flask through a 
teflon tubing with a manual 2-way teflon valve allowing 
excess reagent, DMF, etc., to be removed by applying 
vacuum. The resin was swelled in DMF and then 
derivatized with the Rink-linker as described in the 
general procedure for MCPS (including subsequent 
acetylation and washing). The Fmoc deprotection was 
performed with 20% piperidine-DMF by two succes- 
sive treatments, each for 10 min. Upon suction and 
subsequent DMF-wash (6x5 mL), the sequential 
coupling of amino acids were performed. Dhbt-OH (28 
rag, 0.173 mmol, 1.0 eqv.) in DMF (1 mL) and glyco- 

sylated building block 1 (282 mg, 0.207 mmol, 1.2 eqv.) 
in DMF (4 mL) were successively added to the resin. 
After a coupling time of 23 h, the resin was washed 
with DMF (6 x 5 mL) and then acetylated with 20% 
Ac20-DMF (5 mL) for 10 min. The resin was washed 
with DMF (8 x 5 mL) and Fmoc deprotected as above. 
The second coupling with glycosylated building block 1 
(282 mg, 0.207 retool, 1.2 eqv.) was performed for 19 h, 
then the resin was acetylated as above. The third 
coupling with glycosylated building block 1 (353 rag, 
0.259 mmol, 1.5 eqv.) was performed for 21 h. The 
following successive couplings with Fmoc-Gly-OPfp 
(240 rag, 0.518 retool, 3.0 eqv.) and Fmoc-Lys(Boc)- 
OPfp (273 rag, 0.432 mmol, 2.5 eqv.) were performed 
for 26.5 and 8 h, respectively. After the final Fmoc 
deprotection, the resin was washed with DMF (6 x 5 
mL) and acetylated as above. Washing with DMF 
(6 x 5 mL) and dry CH2C12 (3 x 7.5 mL) was followed 
by freeze-drying. The protected glycopeptide was 
cleaved from the linker by treatment with 95% TFA 
(20 mL) in a flask (25 mL) for 2 h. After filtration, the 
resin was washed with 95% TFA, 95% HOAc and 
CH2C12 (each 20 mL). Concentration of the filtrates 
gave a crude product (96 rag) which was purified by 
semipreparative HPLC (elution: 50% solvent B for 10 
rain followed by the linear gradients 50-80% solvent B 
during 40 rain and 80-100% solvent B during 80 rain) 
to yield protected glycopeptide 8 (88 rag, 16%). 'H 
NMR data are presented in Tables 1 and 3. MALDI- 
TOF MS + 3107.1 [M+H] +, Ct57H161N706,, requires M, 
3106.0. 

Deacylation of compound 8 (15.4 rag) for 10 h as 
described in the general procedure followed by 
semipreparative HPLC (elution: solvent A for 30 rain) 
gave glycopeptide 9 (6.1 mg, 83%, RT 14.5 rain). 'H 
NMR data are presented in Tables 5 and 8. ES-MS + 
1478.7 [M + H] +, CssH~sNvO39 requires M, 1478.4. 

Ac-Thr [et-D-Man (1 --'2)-S-D-Man] -Ala-Hyp [at- D- Man- 
(1 --,2) -S-D-Man] -Lys-Gly-Ser [:t-D-Man(1 --+2) -S-D-Man] - 
NH2 (11). Purification of the crude glycopeptide (81 
mg) by preparative HPLC (elution: 50% solvent B for 
10 min, followed by the linear gradients 50-85% 
solvent B over 40 min and 85-100% solvent B over 90 
min) gave protected glycopeptide 10 (62.4 rag, 54%, 
RT 123 min). 'H NMR data are presented in Tables 2 
and 4. MALDI-TOF MS + 3218.2 [M+ H]+, 
CI~3H,7,,N~O~ requires M, 3217.2. 

Deacylation of compound 10 (16.4 mg) for 10 h as 
described in the general procedure followed by 
semipreparative HPLC (elution: solvent A for 10 rain 
followed by the linear gradient 0-25% solvent B during 
50 rain) gave glycopeptide 10 (7.8 mg, 96%, RT 27.5 
rain). JH NMR data are presented in Tables 6 and 9. 
ES-MS + 1590.1 [M+H] +, C61Hl~4N~O4,, requires M, 
1589.5. 

Ac-Thr [et- D-Man (1 --+2)-S-D-Man] -Ala-Gly-Hyp [¢~-D- 
Man(1 ~2)-~-D-Man] -Gly-Lys-Ser [~-D-Man(1 ---~2)-0t-D- 
Man]-NH2 (13). Purification of the crude glyco- 
peptide (65 mg) by semipreparative HPLC (elution: 
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50% solvent B for 10 rain followed by the linear 
gradients 50-80% solvent B during 40 rain and 
80-100% solvent B during 80 rain) gave protected 
glycopeptide 12 (54.3 rag, 46%, RT 98 mini. 'It NMR 
data are presented in Tables 2 and 4. MALDI-TOF 
MS + 3275.5 [M+H]  ~, C~,~It,7~N~,O,,~ requires M, 
3274.2. 

Deacylation compound 12 (10.6 mg) fl)r 10 h as 
described in the general procedure followed by 
semipreparative HPLC (elution: solvent A for 10 rain 
followed by the linear gradient 0-30% solvent B during 
60 mini gave glycopeptide 13 (2.7 rag, 51%, RT 26.5 
mini. 'H NMR data are prcscnted in Tables 6 and 9. 
ES-MS ~ 1647.1 [ M + H ] ' ,  C,,~HI,,7N,~O~, requires M, 
1646.6. 

Ac-Ser-Ser-Lys-Gly-Hyp-NHa (14). Purification of the 
residue from TFA cleavage by semipreparative HPLC 
(elution: solvent A for 30 rain) gave pcptidE 14 (6.6 
rag, 69%, RT 18.5 rain). 'H NMR data and selected 
~3C NMR data are prescnted in Tables 7, 10 and 11, 
respectively. ES-MS + 532.4 [M+H]  ~, C2,H37NTO,, 
requires M, 531.6. 

Ac-Ser-Gly-Thr-Lys-Ser-NHz (15). Purification of the 
residue flora TFA cleavage by seraipreparativc HPLC 
(elution: solvent A for 3(1 rain) gave peptide 15 (2.1 
rag, 22%, RT 16.5 rain). IH NMR data and selected 
~3C NMR data are presented in Tables 7 and l l, 
respectively. ES-MS ~ 520.4 [M +H]  + C_~H37N70,~ 
requires M, 519.6. 

Ac-Thr-Ala-Hyp-Lys-Gly-Ser-N Hz (16). Purifcation 
of the residue flora TFA cleavage by seraipreparative 
HPLC (elution: solvent A for 10 rain followed by the 
linear gradient 0-20% solvent B during 40 rain) gave 
peptide 16 (4.8 rag, 43%, RT 7.5 rain). 'H NMR data 
and selected L3C NMR data are presented in Tables 7, 
10 and 11, respectively. ES-MS + 617.4 [M+H]  ~, 
C2.~H44NsO,, requires M, 616.7. 

Ac-Thr-Aia-Gly-Hyp-Gly-Lys-Ser-NH2 (17). Purifica- 
tion of the residue flora TFA cleavage by semiprepar- 
ative HPLC (elution: solvent A for 30 rain followed by 
the linear gradient 0-5% solvent B during 30 mini 
gave two close peaks (RT 41 rain and 44 mini, which 
showed similar [ M + I ]  peaks at m/z ~674-675. The 
fractions were combined and yielded peptide 17 in (4.3 
rag, 35%). ~H NMR data and selected '3C NMR data 
are presented in Tables 7, 10 and 11, respectively. 
ES-MS + 674.4 [ M + H ] ' ,  C27H47N,~O,t requires M, 
673.7. 

Analysis of the binding affinity of glycopeptides 5, 7, 11 
and 13 for human MBP 

The analysis was carried out as an inhibition assay 
using the time resolved immuno-fluororaetric assay 
(TR1FMA) technique. Microtitre wells were coated 
with mannan and incubated with MBP together with 
each of the glycopeptides 5, 7, 11 and 13, and the 
following monosaccharides (and some derivatives): ME 

y.-I)-Glc, Mc [3-1>GIc, 1.5-anhydroraannitol, Gal, ME 
>J)-Gai, Me [~-D-Gal. Me :,-l)-xylopyranosc, Mc 
7-D-Man. Man and 1,5-anhydromannitol. 

The wells of microtitre plates (Fluoro plates, Nunc 
A/S, Kamstrup, Denmark) were coated with mannan 
(purifiEd flora Saccharomyces cerevisiae) by incubation 
with mannan (70 ng) in coating buffer (100 laL, 0.1 M 
NaHCO~, pH 9.6) overnight at room temperature. 
Subsequently the wells were washed with TBS (0.15 M 
NaCI, 10 mM Tris-HCl, 7.5 raM NAN3, pH 7.4), and 
residual binding capacity was blocked through incuba- 
tion with human serum albumin (1 mg per ral TBS) for 
1 h and wash with TBS-Tween (0.05% TwEen 20 in 
TBS buffer). 

To the wells were then applied TBS-Tween (100 I-IL, 
5 ram CaClz and with 0.1% human serum albumin 
added) also containing a mixture of MBP (20 ng mL L) 
and the relevant glycopeptides at final concentrations 
of 2, 0.4, 0.08 and 0.016 mM or the raonosaccharides at 
100, 33.3, 11 and 3.7 mM, while other derivatives were 
tested at 12.5, 4.1, 1.3 mM and 0.46 raM. As a control 
for total inhibition, MBP was added in buffer with 10 
mM EDTA instead of CaCL. 

The plates were incubated overnight at 4°C and 
washed with TBS-Tween (5 mM CaCI2). Then 
TBS-Tween (100 laL, 25 /aM EDTA), containing 
monoclonal anti-MBP antibody (20 rig, MAB 131-1, 
The State Serum Institute, Copenhagen, Denmark) 
labelled with europium, was added to each well. The 
antibody was labelled with europium chelated to 
phenylisothiocyanate-diethyl-triamin-tetra acetic acid 
according to the manufacturers recommendations 
(Wallac Oy, Turku, Finland) at pH 8.5, which in 
preliminary trials was found optimal. 

After incubation for 2 h at room temperature, the 
plates were washed with TBS-Tween (5 mM CaCl2). 
Enhancement solution [0.1 M sodium acetate with 
potassium hydrogenphtalate to pH 3.2, also containing 
15 ~tM 2-naphthoyltrifluoroacetone, 50 laM tri-n-octyl- 
phosphine oxide, 4% polyethylene glycol 6000 and 
(/.1% (v/v) Triton X-100] was added, and following 
mixing (5 mini and incubation for 10 min, fluorescence 
was measurcd on a time resolved spectrofluorometer 
(Delfia 1232, Wallac, Oy). 
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