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AbstractÐThe glycodecapeptide AcPAPGS(aGalNAc)T(aGalNAc)APPA and the C-terminal glycohexapeptide

AcS(aGalNAc)T(aGalNAc)APPA have been synthesized by applying the N-terminal Fmoc group in combination with
the heptyl ester cleavable by lipase-catalyzed hydrolysis at pH 7. The solution conformation of these MUC1-related
synthetic glycopeptides and the control, non-glycosylated decapeptide AcPAPGSTAPPA have been investigated using
NMR spectroscopy. The structural studies indicate that the glycohexapeptide has a folded structure in solution. For

this molecule, unrestrained molecular dynamics has been used to con®rm the presence of the observed solution
through-space connections. The results indicate that the non-globular nature of MUC1 is due to both protein core
sequence and the e�ect of carbohydrate. # 1998 Published by Elsevier Science Ltd. All rights reserved.

Introduction

MUC1 is a high molecular weight (>400kDa), O-gly-
cosylated molecule located on the lumenal surface of
epithelial cells such as those of the breast milk ducts,

and the bladder.1 The molecule is largely composed of
an expressed variable number of tandem repeats
(VNTR) of the sequence PDTRPAPGSTAPPA

HGVTSA, which is extensively O-glycosylated through
serine and threonine residues. The putative role of this
molecule is one of lubrication and protection of epithe-

lial cells. This re¯ects the high viscosity of MUC1,
which has been shown to be largely an e�ect of
carbohydrate groups which induce extended, rod-

shaped conformations in mucin molecules, and which is
a feature of the MUC1 macrostructure. MUC1 has
received much attention due to the changes in expres-
sion which occur on malignant transformation of

MUC1-positive cells. The MUC1 malignant phenotype
features an up-regulation of expression, an altered cell
distribution and changes in the nature and extent of

glycosylation.2a Short saccharide side chains, in partic-

ular the monosaccharide GalNAc (Tn antigen), have
been described to be tumour associated antigens on
epithelial cells.2b Most anti-MUC1 antibodies bind to
minimum epitopes in the protein core of the MUC1

VNTR within the sequence PDTRPAP.3 NMR studies
of synthetic non-glycosylated MUC1 core peptides show
that this immunodominant region exists in a b-turn
conformation.4 Anti-MUC1 antibodies have been found
to preferentially bind to MUC1 of malignant origin,
which is thought to be due to altered glycosylation.

Many such antibodies have therefore been exploited
clinically to measure and/or visualize MUC1 of
malignant origin.5

Structural studies of native mucins are complicated by
the high molecular weight and heterogeneity of the
molecule. Low resolution data from STM,6 hydro-

dynamic,7 and NMR studies8 of native mucins show
that these molecules form rod-like structures, which are
critically a�ected by the carbohydrate moieties. In this

study (glyco)peptides corresponding to the P5-A14

region of the peptide core have been synthesized and
analyzed using NMR spectroscopy. This region is of

particular interest both structurally and functionally;
glycosylation of the serine and threonine residues a�ects
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the binding reaction of antibodies to the distant MUC1
epitope, indicating that the carbohydrate groups in this

position incur either steric or structural e�ects at the site
of antibody binding. The presence of four proline resi-
dues in this sequence would be expected to destabilize

secondary structure. Therefore the glycodecapeptide
AcPAPGS(aGalNAc)T(aGalNAc)APPA (2), the trun-
cated glycohexapeptide AcS(aGalNAc)T(aGalNAc)

APPA (3), and the control decapeptide AcPAPG-
STAPPA (1) were synthesized and subjected to NMR
spectroscopic analysis.

Results and Discussion

Synthesis of glycopeptides

Glycopeptides with O-glycosidic bonds to serine and
threonine are not only sensitive to strong acids but also
prone to an easy base-catalyzed b-elimination of the

carbohydrates.9 A number of selective protecting group
techniques have been developed during the past decade
which enable the e�cient chemical synthesis of glyco-
peptides of remarkable complexity.10 Interesting

reagents in this ®eld are enzymatic methods.11 For the
syntheses of the glycopeptides 2 and 3 we applied a
fragment condensation strategy. The ¯uorenylmethoxy-

carbonyl (Fmoc) group was used as the amino protect-
ing group and selectively removed with morpholine.12

The heptyl ester served as the carboxy protection which

can be selectively hydrolyzed under catalysis by lipa-
ses.13,14

As has already been described,15 Fmoc serine heptyl
ester and Fmoc threonyl alanine heptyl ester were O-
glycosylated by reaction with ethyl 3,4,6-tri-O-acetyl-2-
azido-2-deoxy-1-thio-b-d-galactopyranoside 416 under

activation with dimethyl(methylthio)sulfonium tri-
¯uoromethanesulfonate17 (DMTST). Enzymatic hydro-
lysis of the O-glycosyl serine heptyl ester 5 catalyzed by

lipase M (from Mucor javanicus) proceeded with com-
plete selectivity.15 The O-glycosylated threonine heptyl
ester as well as its benzyloxycarbonyl protected analo-

gue did not react under identical conditions. On the
other hand, the Fmoc group was selectively cleaved o�

from 6. Condensation of the selectively deblocked O-
glycosyl amino acid derivatives 7 and 8 produced the

clustered O-glycopeptide 9. Transformation of the 2-
azido to the 2-acetamidogalactosides furnished the two-
fold glycosylated glycopeptide 10 carrying the tumor

associated Tn antigen structural element (Scheme 1).

Hydrolysis of the heptyl ester catalyzed by lipase M

gave the selectively carboxy-deblocked glycopeptide
building block 11 required for the construction of the
mucin tandem repeat fragments. In this context, it is
noteworthy that O-glycosylated serine (12) as well as the

corresponding threonine heptyl ester 13 carrying the tri-
O-acetyl 2-acetamido-2-deoxy-a-d-galactosyl (Tn anti-
gen) sidechain and Z-protection at the amino function

were not accepted as substrates by any out of 15 lipases
tested. In contrast, the recently developed analogous 2-
(2-methoxy-ethoxy)-ethyl esters (MEE) 14 and 1518

were hydrolyzed by lipase M (Scheme 2). The reactions
were slow but gave the selectively deblocked O-galactos-
aminyl amino acids 16 and 17 in pure form.

For fragment condensations the N- and C-terminal
oligo-peptides were synthesized starting from glycine-
(18) or alanine-heptyl ester,13 26, respectively (Scheme

3). While the removal of the Fmoc group from peptide
esters 19, 21, 23 or 27, 29 proceeded quantitatively, the
coupling reactions of and to proline units were slow and

have not been optimized.

The hydrolysis of the tetrapeptide heptyl ester 24, which

according to its 13C NMR spectrum exists in solution in
four rotamers, was e�ciently catalyzed by lipase N from
Rhizopus niveus (Amano) to give 25 in a yield of 76%.
For the protected tripeptide ester 29 synthesized in

analogy to 21 three rotamers were detected by 1H and
13C NMR spectroscopy.

To couple the fragments, the Fmoc group was removed
from 29. Component 30 quantitatively obtained was
condensed with glycopeptide 11 to produce the glyco-

hexapeptide 31 in a yield of 50% after puri®cation by
¯ash-chromatography. It is interesting to note that the
NMR spectra of 31 did not show rotamers, thus sug-

gesting that the glycohexapeptide in contrast to the
peptides 25 and 29 adopts one preferred conformation
in solution (vide infra).

For conformational studies the Fmoc group was cleaved
o� from 31 and exchanged with the N-acetyl group in
32. The selective hydrolysis of the heptyl ester was e�-

ciently catalyzed by lipase N in water/acetone (20:1) at
37 �C and pH 7. Finally, the O-acetyl groups were
removed from 33 by ZempleÂ n transesteri®cation in

methanol at an apparent pH of 8.5.19,20 The pure glyco-
hexapeptide 3 was obtained after neutralization with
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ion exchange resin (DOWEX 50WX-8) and preparative
HPLC as an amorphous hygroscopic solid (Scheme 4).

To synthesize the glycodecapeptide 2, the amino-
deblocked product of 31 was condensed with the tetra-

peptide 25 to give the protected glycodecapeptide 34.
During this coupling a byproduct was formed which
could be isolated (25%) and identi®ed as the N-acetyl

glycohexapeptide 32. Its formation is obviously due to
an intermolecular acetyl group transfer from a carbo-

hydrate ester21 occurring during the long reaction time
(Scheme 5).

As a general conclusion from the formation of 32 in this
reaction one can learn that fragment condensation stra-

tegies should, if possible, avoid reactions at sterically
demanding functions. However, in the described synth-
esis of 34 any other segmentation would be worse

because of the proline units involved. The heptyl ester of
34 was subjected to hydrolysis catalyzed by lipase N.

Scheme 1.
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From the selectively formed 35 the O-acetyl groups were
removed by controlled base-catalyzed methanolysis to
give the desired glycodecapeptide 2 required from the

conformational studies.

Structural studies of MUC1 related glycopeptides

Resonances were assigned on the basis of through bond
and sequential through space connections utilizing two-
dimensional COSY, HOHAHA, NOESY, and ROESY

experiments. Amino acid attachment speci®city for car-
bohydrate spin systems were deduced by examination of
sugar resonance through space connections to attached

amino acid aH and/or bH resonances. Coupling con-
stants were measured from a DQF-COSY and 1-D
spectra. Table 1 lists resonance assignments for the three

(glyco)peptides. The coupling constant data for the
three (glyco)peptides are displayed in Table 2, 3JNH-aH

data for the two deca(glyco)peptides 1 and 2 do not
indicate the presence of any stable conformation. The
3JNH-aH value for A6 in glycohexapeptide 3 was found

to be 3.67Hz, suggesting some ordered structure in this
region. The carbohydrate 3JH1-H2 values are consistent
with the sugar groups being in the a-anomeric con-

formation, and the 3JH2-H3 values are consistent with
the 4C1 chair conformation with axial hydrogens as
expected.

Distance restraints were derived from NOESY and
ROESY spectra, and are indicated in Table 3. It is
interesting to note that the NOESY spectrum of deca-

peptide 1 contained no crosspeaks, necessitating the use
of the ROESY experiment, whereas the two glycopep-
tides (2 and 3) both produced adequate NOESY spec-

tra. This re¯ects di�erences in solution mobility as a
result of glycosylation. The glycodecapeptide 2 and

Scheme 2.

Scheme 3. (a)Ethyl-3-(3-dimethylamino-propyl carbodiimide (EDC)/1-hydroxy-benzotriazole (HOBt); (b) morpholine/CH2Cl2; (c) 1:

morpholine/CH2Cl2, 2: Ac2O/pyridine; (d) lipase N (Rhizopus niveus (Amano), pH 7, 37 �C.
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Scheme 4.

Scheme 5.
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control decapeptide 1 have no medium or long range
peptide through-space connections, indicating that these
molecules have no preferred secondary structure in solu-

tion. The glycohexapeptide however, has some long range
through-space connections between the peptide termini

(Thr2NH-Ala6NH, Ser1NH-Pro5bH/gH, Pro4aH-Ser1aH)
suggesting gross folding of this glycopeptide.

Unrestrained molecular dynamics (MD) of the three pep-
tide sequences was utilized to con®rm the through-space

Table 1.

Resonance assignments for 1: AcPAPGSTAPPA (chemical shifts measured in ppm)

Residue NH aH bH gH dH

Pro1 4.27 2.02 1.85 3.53

Ala2 8.24 3.71 1.21

Ala2(min) 7.96 4.45 1.16

Pro3 4.30 2.03 1.88 3.55

Gly4 8.21 3.71

Ser5 7.73 4.39 3.61

Thr6 7.67 4.19 1.03 (CH3)

Ala7 7.81 4.46 1.15

Pro8 4.56 2.16 1.87 3.48, 3.49

Pro9 4.35 2.18 1.76 3.38

Ala10 8.02 4.12 1.24

Pro(min) 4.44 2.11 1.61 3.42

Resonance assignments for 2: AcPAPGS(aGalNAc)T(aGalNAc)APPA (chemical shifts measured in ppm)

Residue NH aH bH gH dH

Pro1 4.34 2.16, 1.75 1.90 3.36

Ala2 8.24 4.55 1.23 (CH3)

Pro3 4.30 2.05, 1.90 1.90 3.59

Gly4 8.15 3.75

Ser5 7.93 4.79 3.60, 3.75

Thr6 8.00 4.40 4.13 1.09 (CH3)

Ala7 8.08 4.43 1.16 (CH3)

Pro8 4.56 2.14, 1.89 1.93 3.61, 3.45

Pro9 4.28 2.00, 1.83 1.83 3.65, 3.49

Ala10 7.88 4.01 1.02 (CH3)

Ala min 7.95 4.44 1.18 (CH3)

Sugar group NH H1 H2 H3 H4/H5 H6

(Ser5)GalNAc 6.85 4.68 4.23 3.70 4.01 3.55

(Thr6)GalNAc 7.08 4.73 4.21 3.73 4.01 3.58

Resonance assignments for 3: AcS(aGalNAc)T(aGalNAc)APPA (chemical shifts measured in ppm)

Residue NH aH bH gH dH

Ser1 8.20 4.73 3.58, 3.73

Thr2 7.96 4.38 4.13 1.11 (CH3)

Ala3 8.11 4.45 1.18 (CH3)

Pro4 4.56 2.16 2.00, 1.87 3.60, 3.44

Pro5 4.22 1.95 1.87, 1.83 3.73, 3.55

Ala6 7.35 3.60 1.13 (CH3)

Sugar group NH H1 H2 H3 H4/H5 H6

(Ser1)GalNAc 6.96 4.69 4.30 3.70 4.00 3.55

(Thr2)GalNAc 7.12 4.71 4.29 3.72 4.00 3.57
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connections observed and to provide an indication of
the nature of the turn in the glycohexapeptide. The

simulations showed all of the through-space connec-
tions, the lowest energy conformations are displayed in
Figure 1. From the MD data ambiguous through-

space connections observed in the glycodecapeptide
and the glycohexapeptide could be resolved, with the
former showing connections between the resonance of

the N-acetyl amide proton of the S5 sugar to the gH
resonance of P9 and not to P8, and the latter indicating
that it is the gH resonances of P5 which form the
through-space connection to the N-acetyl amide proton

of the S1 sugar. The MD simulations indicated that
long-range coupling could exist in all of the peptide
sequences. The low energy conformations obtained for

the decapeptide, for instance, showed an average inter-
nuclei distance, of the low energy structures, between
the amine protons of A2 and S5 of 4.5 AÊ . This analysis,

however, neglects the dynamic ¯exibility of the molecule
and is the subject of further work.

The glycohexapeptide exhibited H-bonding between the
sugars and the backbone of the peptide. The N-acetyl
amide proton of the S1 sugar H-bonded to the terminal
acetate carbonyl, the N-acetyl amide proton of the T2

sugar to the carboxyl of the T2 backbone, and the
terminal carboxyl of A6 to hydroxyl groups of the S1

sugar. These H-bonds, and those seen between the P4

and T2, and A3 and P5, explain why the short peptide is
folded into a tight turn. Figure 1 shows representations
of the low energy structures found during the molecular

dynamics analysis of (a) the decapeptide; (b) the glyco-
decapeptide; and (c) the glycohexapeptide.

Structural consequences of glycosylation

Peptide conformation and dynamics are known to be
a�ected by the addition of carbohydrate groups.22,23

Depending on the nature of glycosylation, and the

peptide sequence, this e�ect may be an induction of
secondary structure,24 or simply a restriction of peptide
mobility in solution.8 The structural studies indicate

that the glycohexapeptide 3 has a folded structure in
dimethyl sulphoxide. The peptide chemical shifts and
3JNH-Ha for the control decapeptide, and glycodeca-
peptide show that glycosylation apparently has a sig-

ni®cant e�ect on the electronic environment of the
decapeptide. Comparison of chemical shifts indicates
that the e�ect is particularly apparent around the site of

glycosylation, and in the residues to the C-terminal side
of the serine and threonine residues. In contrast to those
systems studied by Hollosi et al.24 through-space con-

nection data for the deca(glyco)peptides does not indi-
cate stabilization of secondary structure motifs by
carbohydrate moieties. Mucin molecules are known

from their hydrodynamic properties7 and microscopic
studies6 to exist in their native form as extended, non-
globular, possibly rod-like molecules, the dimensions of
which re¯ect their viscoelastic properties. The manner in

which the carbohydrate groups appear to incline along
the peptide core, possibly stabilized through H-bonding,
may restrict the conformational space available to the

peptide, and result in a possible sti�ening e�ect. Di�er-
ences in molecular tumbling rates between the glyco-
decapeptide and control decapeptide (inferred from the

lack of NOESY cross peaks in only the non-glycosylated
form) may re¯ect di�erences in molecular dimensions

Table 2.

3JNH-aH (Hz) values for (glyco)peptides

Residue 3JNH-aH (Hz)

decapeptide 1

3JNH-aH (Hz)

glycodecapeptide 2

3JNH-aH (Hz)

glycohexapeptide 3

Ala2 N.D. 7.68 ±

Gly4 N.D. 9.29 ±

Ser5 9.69 8.49 8.26 (Ser1)

Thr6 10.29 9.30 10.1 (Thr2)

Ala7 8.48 9.30 6.43 (Ala3)

Ala10 8.48 7.27 3.67 (Ala6)

Important saccharide proton coupling constants for the (glyco)peptides

Ser5-linked GalNAc

glycodecapeptide 2

Thr6-linked GalNAc

glycodecapeptide 2

Ser1-linked GalNAc

glycohexapeptide 3

Thr2-linked GalNAc

glycohexapeptide 3

3JH1-H2 (Hz) 3.69 4.00 3.47 3.76
3JH2-H3 (Hz) 10.80 10.80 N.D.a N.D.
3JNH-H2 (Hz) 8.66 9.01 10.10 9.18

N.D.=not determined.
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between these molecules as a result of glycosylation. 13C
NMR studies of sequentially deglycosylated native

ovine submaxilliary mucin (OSM) (O-glycosylated with
saccharide chains which consist of only aGalNac, linked

to sialic acid) demonstrated that glycosylation resulted
in a sti�ening e�ect at the site of glycosylation (re¯ec-
ted in reduced mobility of a-carbons (correlated to
spin-lattice relaxation times), and which was transmitted

to adjacent non-glycosylated residues.8 Desialylated
OSM was found to be much less ¯exible than totally
deglycosylated OSM, and native OSM was found to be

somewhat less ¯exible than desialylated OSM. These
observations were complemented by light scattering
studies7 which indicated that sequential desialylation

and total deglycosylation of OSM resulted in a pro-
gressively less extended, more globular molecular

Table 3.

Pairs of PAPGS(aGalNAc)T(aGalNAc)-APPA 2 proton reso-

nances that are connected by NOESY cross peaks

Pro1 aH Ala2 NH

Gly4 NH Pro3 aH
Gly4 NH Ser5 b2H
Ala7 NH Thr6 aH
Ala7 NH Thr6 bH
Thr6 NH Ser5 aH
Thr6 NH Ser5 b1H
Thr6 NH Ser5 b2H
Ser5 NH Ser5 aH
Ser5 NH (Ser5)GalNAc H2

Thr6 bH (Thr6)GalNAc H1

Thr6 aH (Thr6)GalNAc H1

Ala7 NH (Thr6)GalNAc H1

Thr6 ZH Pro8,9 aH
Thr6 gH (Thr6)GalNAc H1

Pro8,9 gH Ala(min) bCH3

Thr6 NH (Thr6)GalNAc NH

Ser5 NH (Ser5)GalNAc NH

Ser5 NH Gly4 NH

Ala2 NH Ala(min) NH

Pairs of PAPGSTAPPA 1 proton resonances which are con-

nected by ROESY cross peaks

Ser5 NH Gly4 aH
Thr6 NH Ser5 aH
Ala2 NH Pro1 aH
Ala7 NH Thr6 aH
Ala2 NH (min) Pro1 aH
Ala10 NH Pro9 aH
Gly4 NH Pro3 aH
Ala7 aH Pro8 d1H, d2H
Thr6 aH Ser5 aH
Ala2 aH Pro3 dH

Pairs of S(aGalNAc)T(aGalNAc)APPA 3 proton resonances

which are connected by NOESY cross peaks

Thr2 NH Ala6 NH

Thr2 NH (Thr2) GalNAc NH

Ser1 NH Pro5 bH/gH

Ala3 NH Thr2 bH
Thr2 NH Ser1 aH
Ala6 NH Pro5 aH
Pro4 aH Ser1 aH
Ser1 aH Thr2 bH
Thr2 bH (Thr2)GalNAc H1

Ala3 NH Thr2 aH
Thr2 aH (Thr2)GalNAc H1

Figure 1. Stick representations of the lowest energy conformers

determined for the (a) decapeptide, (b) glycodecapeptide, and

(c) glycohexapeptide. The terminal amino acids for each pep-

tide are labelled.
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structure. These observation indicate that aGalNac has
a role in causing the extended, rod-shaped macro-

structure of certain mucin glycoproteins. The studies of
MUC1-related O-glycopeptides suggest that the carbo-
hydrate moieties of these molecules appear to produce

similar sorts of interactions as seen for other mucin-rela-
ted systems. aGalNAc is therefore likely to a�ect the
peptide core dynamics of MUC1, which may be re¯ected

in some of the di�erences seen in antibody binding
reactivity to MUC1 core related glycopeptides.25,26

1H NMR studies of MUC1 core-related peptides iden-

ti®ed secondary structure motifs only around the
sequence PDTR.27 The truncated glycohexapeptide stu-
died here however, appears to be folded onto itself, the

modeled low energy structure is displayed in Figure 1.
This folding is not present in the longer glycodeca-
peptide, which contains the glycohexapeptide sequence,

and con®rms that the proline containing N-terminal
sequence Ac-PAPG of the glycodecapeptide inhibits the
formation of turn motifs around the glycohexapeptide

sequence. This information implies that the non-globu-
lar structure of MUC1 may be due in part to the pro-
line-rich sequence of the MUC1 peptide core, in
addition to the e�ect of glycosylation.

Experimental

Glycopeptide synthesis

NMR spectra were usually run at 400 (1H) and
100.6MHz (13C) if not indicated otherwise. Lipases
were generous gifts by the Amano Pharmaceutical
Company: Lipase M from Mucor javanicus and lipase

N from Rhizopus niveus. Flash chromatography was
performed on silica gel of 0.04±0.063mm (E. Merck,
Darmstadt, Germany). Preparative HPLC was carried

out with a column of 20�250mm ®lled with Spherisorb
ODS II (5 mm) reversed-phase silica gel (Bischo� Comp.,
Leonberg, Germany).

N-(9-Fluorenylmethoxcycarbonyl)-L-prolyl-glycine heptyl

ester (19). To a solution of 3.4 g (0.01mol) Fmoc pro-

line, 2.0 g (0.01mol) of 1-ethyl-3-(3-dimethylaminopro-
pyl) carbodiimide (EDC) and 1-hydroxybenzotriazole
(HOBt) (2.7, 0.02mol) in dry dichloromethane (20mL)
and dimethylformamide (20mL) are added glycine hep-

tyl ester hydro-p-toluenesulfonate13 (3.5 g, 0.01mol) and
N-ethyl diisopropylamine (1.7mL, 0.01mmol). After
24 h stirring at room temperature and subsequent addi-

tion of dichloromethane (100mL), the mixture was
extracted three times with 0.1N HCl (50mL), satd
NaHCO3 solution (50mL) and water. The organic layer

was dried with MgSO4 and evaporated to dryness in
vacuo. Puri®cation by ¯ash chromatography on silica

gel (300 g) in petroleum ether/ethyl acetate (3:1, v/v),
gave 19; yield 4.4 g (92%); oil; [a]d ÿ47.3 (c 1, CHCl3);

Rf 0.19 (petroleum ether/ethyl acetate, 1:1, v/v). 1H
NMR (200MHz, CDCl3, 2 rotamers): d 7.75±7.24 (m,
8H, aromat. H), 7.10 (sb, 0.63 H, NH Gly), 6.44 (sb,

0.37 H, NH Gly), 4.44±4.41 (m, 2H, O-CH2 Fmoc),
4.21±3.84 (m, 6H, a-CH Pro, CH2 Gly, 9-H Fmoc,
OCH2 Hep), 3.58±3.43 (m, 2H, d-CH2 Pro), 2.30±1.99

(m, 4H, b-CH2 Pro, g-CH2 Pro), 1.60±1.54 (m, 2H,
OCH2-CH2- Hep), 1.24 (m, 8H, -(CH2)4-CH3), 0.86 (m,
3H, CH3 Hep). Anal. calcd for C29H38N2O5: C, 69.67;
H, 7.55; N, 5.83; found: C, 70.19; H, 7.65; N, 5.86.

N-(Fluorenylmethoxycarbonyl)-L-alanyl-L-prolyl-glycine

heptyl ester (21). A solution of 19 (4.0 g, 8.2mmol) in

dichloromethane (50mL) and morpholine (50mL) was
stirred at room temperature for 2 h and concentrated in
vacuo. Traces of morpholine were removed by codis-

tillation with toluene (3 � 20mL) in vacuo. The residue
containing crude l-prolyl-l-glycine heptyl ester 20 was
dissolved in dichloromethane (10mL) and added to a

solution of Fmoc alanine (2.84 g, 9.1mmol), EDC
(1.74 g, 9.1mmol) and HOBt (2.46 g, 18.2mmol) in
dichloromethane/dimethylformamide (3:1, v/v, 20mL).
After stirring for 48 h at room temperature and addition

of dichloromethane (60mL), the mixture was extracted
three times with each 0.1N HCl (50mL), satd NaHCO3

solution (50mL) and water. The organic layer was dried

with MgSO4 and concentrated in vacuo. Flash chroma-
tography of the residue in petroleum ether/ethyl acetate
(1:1 v/v) on silica gel (300 g) gave 21, yield 2.57 g (55%);

mp 52±55 �C; [a]d22 ÿ67.5 (c 1.0, CHCl3); Rf 0.26 (pet-
roleum ethyl/ethyl acetate, 1:2, v/v). Puri®cation to
analytical grade was carried of for the tetrapeptide. 1H
NMR (200MHz CDCl3): d 7.76±7.25 (m, 8H, aromat.

H), 7.18 (t, J=4.9Hz, 1H, NH Gly), 5.76 (d, J=7.9Hz,
1H, NH Ala), 4.60 (m, 1H, a-CH Pro), 4.55 (m, 1H, a-
CH Ala), 4.34 (d, J=7.0Hz, 2H, O-CH2 Fmoc), 4.21

(m, 1H, 9-H Fmoc), 4.11 (t, J=6.7Hz, 2H, OCH2 Hep),
4.05±3.90 (m, 2H, CH2 Gly), 3.68±3.51 (m, 2H, d-CH2

Pro), 2.34 (m, 1H, b-CH2a Pro), 2.12±1.88 (m, 3H, b-
CH2b Pro, g-CH2 Pro), 1.64±1.58 (m, 2H,OCH2-CH2-
Hep), 1.41 (d, J=6.8Hz, 3H, CH3-Ala), 1.35±1.21 (m,
8H, -(CH2)4-CH3), 0.85 (m, 3H, CH3 Hep). 13C NMR

(CDCl3, 2 rotamers): d 172.52, 171.06, 169.63 (C=O),
155.55 (C=O, urethane), 143.67, 143.59, 141.04, 127.45,
126.85, 124.95, 119.75 (aromat. C), 66.76, 65.32 (O-CH2

Fmoc, OCH2 Hep), 60.58 (low intensity), 59.49 (a-C
Pro), 48.88 (low intensity), 48.17 (a-C Ala), 47.01 (d-C
Pro), 46.91, 46.34 (low intensity) (C-9 Fmoc), 41.10 (a-C
Gly), 31.45, 28.63, 28.29, 25.53, 22.34 (5 CH2 Hep),

27.26 (b-C Pro), 24.80 (g-C Pro), 18.25, 17.01 (low
intensity) (CH3 Ala), 13.86 (CH3 Hep).

N-(9-Fluorenylmethoxycarbonyl)-L-prolyl-L-alanyl-L-

prolyl-glycine heptyl ester (23). The Fmoc-group was
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removed from 21 (2.40 g, 4.3mmol) in dichloromethane
(30mL) and morpholine (30mL) and the crude 22

reacted with Fmoc proline (1.52 g, 4.5mmol), and HOBt
(1.22 g, 9.0mmol) analogously to the synthesis of 21.
Purri®cation by ¯ash chromatography in petroleum

ether/ethyl acetate (1:2 v/v) gave 23, yield 1.48 g (53%);
mp 49±53 �C; [a]d22 ÿ90.6 (c 1.1, CHCl3); Rf 0.12 (pet-
roleum ether/ethyl acetate 1:10 v/v). 13C NMR (CDCl3,

2 rotamers): d 171.35,171.05, 169.63 (C=O) 143.87,
141.26, 127.64, 127.03, 125.13, 125.05, 119.91 (aromat.
C), 67.69, 66.42 (low intensity), 65.47, 65.32 (low inten-
sity) (O-CH2 Fmoc, OCH2 Hep), 60.88, 59.58 (a-C Pro),

47.34 (a-C Ala, C-9 Fmoc), 47.06, 45.81 (low intensity)
(d-C Pro), 44.97 (low intensity) (C-9 Fmoc), 42.35 (low
intensity), 41.44 (low intensity), 41.24 (a-C Gly), 31.61,

28.77, 28.48, 25.70, 22.47 (5 CH2 Hep), 27.01 (b-C Pro),
24.92, 24.59 (g-C Pro), 18.69, 18.09 (low intensity) (CH3

Ala), 13.94 (CH3 Hep). Anal. calcd for C37H48N4O7

(660.8): C, 67.25; H, 7.32; N, 8.48; found: C, 67.94; H,
7.98; N, 8.43.

N-Acetyl-L-prolyl-L-alanyl-L-prolyl-glycine heptyl ester

(24). A solution of 23 (1.3 g, 2.0mmol) in dichloro-
methane (5mL) and morpholine (5mL) was stirred at
room temperature for 1 h. After concentration and

codistillation with toluene (3 � 10mL) in high vacuum,
the remainder was dissolved in dichloromethane/pyridine
(5:1 v/v, 24mL). At 0 �C acetic anhydride (0.41 g,

4.0mmol) was added, and the mixture was stirred 16 h
at room temperature. After concentration in vacuo the
crude product was puri®ed by ¯ash-chromatography in

petroleum ether/ethyl acetate (1:2, v/v)!ethyl acetate
!ethanol on silica gel (200 g) to give 24, yield 0.92 g
(76%); amorphous solid; [a]d22 ÿ154.1 (c 0.8, CHCl3);
Rf 0.10 (ethyl acetate/ethanol 9:1). 1H NMR (CDCl3, 4

rotamers): d 8.6 (d, (low intensity), NH Ala), 8.17 (t,
J=5.9Hz, 0.1H, NH Gly), 7.80 (t, low intensity), NH
Gly), 7.58 (d, J=3.8Hz, 0.1H, NH Ala), 7.41 (d,

J=6.5Hz, 0.8H, NH Ala), 7.27 (t, J=5.4Hz, 0.1H, NH
Gly), 7.19 (t, J=5.4Hz, 0.8H, NH Gly), 7.06 (d,
J=7.6Hz, 0.1H, NH Ala), 4.65 (quint., J=7.2Hz,

0.1H, a-CH Ala), 4.56 (m, 1.6H, a-CH Pro, a-CH Ala),
4.44 (m, 0.8H, a-CH Pro), 4.29±4.20 (m, 0.5H, a-CH
Pro, a-CH Ala), 4.04±3.95 (m, 2H, OCH2 Hep), 3.93±

3.83 (m, 2H, CH2 Gly), 3.68±3.33 (m, 4H, 2 d-CH2 Pro),
2.44 (dd, J1=5.5Hz, J2=12.5Hz, 0.2H, b-CH2a Pro),
2.22±1.82 (m, 11H, 2 b-CH2 Pro, 2 g-CH2 Pro, CH3CO),
1.55±1.52 (m, 2H,OCH2-CH2- Hep), 1.32±1.19 (m, 11H,

CH3-Ala, -(CH2)4-CH3), 0.80 (m, 3H, CH3 Hep). 13C
NMR (CDCl3, 3 rotamers): d 172.76, 171.96, 171.82,
171.33, 171.17, 169.86, 169.49 (C=O), 77.20 (g.I.),

65.42, 65.20 (OCH2 Hep), 61.84, 60.89, 59.89, 59.71 (a-
C Pro), 48.88 (low intensity), 48.26 (a-C Ala), 47.17,
47.09, 46.95, 46.81, 46.64 (d-C Pro), 41.34, 41.15 (a-C
Gly), 31.94, 31.51, 30.72 (CH2 Hep), 28.69, 28.57, 28.37,
28.07, 27.57 (b-C Pro, 2 CH2 Hep), 25.60, 24.85, 24.73

(g-C Pro, CH2 Hep), 22.81, 22.43, 22.38, 21.87 (CH2 Hep,
CH3CO), 17.70, 17.35, 16.25 (CH3 Ala), 13.86 (CH3 Hep).

Anal. calcd for C24H40N4O6 * 0.5H2O (489.6): C, 58.88;
H, 8.44; N, 11.44; found: C, 58.60; H, 8.42; N, 10.53.

N-Acetyl-L-prolyl-L-alanyl-L-prolyl-glycine (25). Pretreat-

ment of lipase N in order to inhibit serine proteases. A
mixture of lipase N (500mg) and phenylmethylsulfonyl

¯uoride (PMSF, 10.5mg) in 0.2 sodium phosphate
bu�er (pH 7.0, 5mL) was stirred 1 h at 0 �C. After addi-
tion of sodium phosphate bu�er (45mL), the mixture
was shaken at 37 �C for 1 h and can then be used for the

enzymatic reactions.

Hydrolysis of the heptyl ester. To solution of lipase N

(500mg) in 0.2M sodium phosphate bu�er (pH 7.0,
50mL) prepared according to a) was added dropwise a
solution of 24 (0.5 g, 1.0mmol) in acetone (2.5mL) and

vigorously shaken at 37 �C for 3 h. After lyophylization
of the reaction mixture, the remainder was extracted ®ve
times with ethanol (20mL), ®ltered and the ethanol

evaporated in vacuo. The crude product was puri®ed by
¯ash-chromatography in ethyl acetate!ethyl acetate/
ethanol!ethanol to give 25, yield 280mg (73%), amor-
phous solid, [a]d22 ÿ147.5 (c 1.3, CH3OH), Rf 0.1 (ethyl

acetate/methanol, 2:1, v/v) 1H NMR (DMSO-d6, 4
rotamers): d 8.50, 8.40, 8.07, 8.01 (4d, 1H, NH Ala),
8.17 (t, J=5.9Hz, 0.1H, NH Gly), 7.80 (t, NH Gly),

7.51 (sb, 0.2H, NH Gly), 7.25 (sb, 0.8H, NH Gly), 4.55±
4.25 (m, 3H, 2 a-CH Pro, a-CH Ala), 3.65±3.25 (m, CH2

Gly, 2 d-CH2 Pro, H2O), 2.2±1.7 (m, 11H, 2 b-CH2 Pro,

2 g-CH2 Pro, CH3CO), 1.25, 1.20, 1.17, 1.13 (4d, 3H,
CH3-Ala). 13C NMR (DMSO-d6, 4 rotamers): d 176.26,
174.17, 173.98, 173.85, 173.76, 173.51, 173.38, 172.41
(C=O), 62.16, 61.89, 61.83, 61.68, 61.08 (a-C Pro),

49.27, 48.51, 48.24, 47.95 (a-C Ala, d-C Pro), 44.59 (a-C
Gly), 33.09, 32.92, 30.83, 30.61, 30.38 (b-C Pro), 25.94,
25.64, 23.83, 23.06 (g-C Pro), 24.16, 22.34, 22.29

(CH3CO), 18.41, 17.57, 17.06, 16.97 (CH3 Ala);
FABMS, m/z 380.9 (M-H)ÿ.

N-(9-Fluorenylmethoxycarbonyl)-L-prolyl-L-alanine heptyl

ester (27). Starting from Fmoc proline (3.4 g, 0.01mol),
alanine heptyl ester hydro-p-toluenesulfonate (Braun et

al.13) 26 (3.6 g, 0.01mol), EDC (2 g, 0.01mol) and HOBt
(2.7 g, 0.02mol) the dipeptide ester 27 was obtained in
analogy the procedure described for 19. Yield 3.56 g
(72%); mp 121 �C; [a]d22 ÿ48.5 (c 1, CHCl3); Rf 0.50

(petroleum ether/ethyl acetate, 1:1). 1H NMR
(200MHz, CDCl3, 2 rotamers): d 7.77±7.29 (m, 8H,
aromat. H), 7.06 (d, J=6.7Hz, 0.6 H, NH Ala), 6.53

(sb, 0.4 H, NH Ala), 4.71±4.00 (m, 7H, a-CH Pro, a-
CH Ala, O-CH2 Fmoc, 9-H Fmoc, OCH2 Hep), 3.57±
3.47 (m, 2H, d-CH2 Pro), 2.30±1.76 (m, 4H, b-CH2

Pro, g-CH2 Pro), 1.57±1.45 (m, 2H, OCH2 -CH2-
Hep), 1.38 (d, J=6.7Hz, 3H, CH3 Ala), 1.25 (mc, 8H,
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-(CH2)4-CH3), 0.86 (m, 3H, CH3 Hep); 13C NMR
(50.3MHz, CDCl3, 2 rotamers): d 172.8, 171.41 (C=O),

155.90, 155.16 (C=O, urethane), 143.93, 141.30, 127.73,
127.08, 125.11, 119.99 (aromat. C), 67.74, 65.57, (O-CH2-
Hep, O-CH2- Fmoc), 60.50, 60.44 (a-C Pro), 48.32, 48.2

(a-C Ala, C-9 Fmoc), 48.0 (d-C Pro), 31.68, 28.85,
28.49, 25.73, 22.57 (5 CH2 Hep), 31.29 (b-C Pro), 24.63
(g-C Pro), 18.3, 18.23 (CH3 Ala), 14.09 (CH3 Hep).

Anal. calcd for C29H38N2O5 (494.6): C, 70.42; H, 7.74;
N, 5.66; found: C, 70.47; H, 7.72; N, 5.40.

N-(9-Fluorenylmethoxycarbonyl)-L-prolyl-L-prolyl-L-ala-

nine heptyl ester (29). As described for 21, the tripeptide
ester 29 was obtained from 27 (2.5 g, 5mmol), which
was N-terminally deblocked by treatment with mor-

pholine/dichloromethane (1:1, v/v, 30mL), and Fmoc
proline (1.69 g, 5mmol), EDC (1.0 g, 5mmol) and HOBt
(1.4 g, 10mmol). Puri®cation was carried out by ¯ash-

chromatography in petroleum ether/ethyl acetate (2:1,
v/v) on silica gel (300 g). Yield 1.88 g (62%); amorphous
solid; [a]d22 ÿ59.8 (c 1, CHCl3); Rf 0.15 (petroleum

ether/ethyl acetate, 1:1, v/v). 1H NMR [1H-1H-COSY]
(CDCl3, 3 rotamers): d 8.26 (d, J=7.8Hz, 0.33 H, NH
Ala), 7.74±7.24 (m, 8H, aromat. H), 7.08 (d, J=7.3Hz,
0.48 H, NH Ala) 7.02 (d, J=7.2Hz, 0.18 H, NH Ala),

4.60±4.11 (m, 6H, a-CH Pro, a-CH Pro0 {4.58, 4.40,
4.32, 4.19ppm}, a-CH Ala {4.40ppm}, O-CH2 Fmoc, 9-
H Fmoc), 4.10±4.04 (m, 1.3H, OCH2 Hep), 3.90±3.82

(m, 0.7H, OCH2 Hep), 3.75±3.71 (m, 1.2H, d-CH2 Pro),
3.66±3.52 (m, 2.8H, d-CH2 Pro), 3.44 (m, 0.48H, d-CH2a

Pro), 3.33 (m, 0.18H, d-CH2a Pro), 3.05 (m, 0.18H, d-
CH2b Pro), 2.50 (dd, 0.33H, b-CH2a Pro), 2.25±1.76 (m,
7.7H, b-CH2 Pro, g-CH2 Pro, b-CH2 Pro

0, g-CH2 Pro),
1.61±1.56 (m, OCH2-CH2- Hep), 1.42 (d, J=7.4Hz,
CH3 Ala), 1.39 (m, OCH2-CH2- Hep), 1.35 (d,

J=7.4Hz, CH3 Ala), 1.31 (d, J=7.2Hz, CH3 Ala), 1.27±
1.12 (m, 8H, -(CH2)4-CH3), 0.85±0.81 (m, 3H, CH3 Hep).
13C NMR (CDCl3 3 rotamers): d 172.95, 171.26, 172.10,

171.80, 171.65, 171.42, 170.93, 170.73 (C=O), 155.17,
154.91 (C=O, urethane), 144.47, 144.16, 144.01, 143.90,
141.24 (C-4a/b, C-8a, C-9a Fmoc), 127.57, 126.99, 126.88,

125.17, 125.05, 124.82, 124.65, 119.86, 119.70 (aromat.
C), 67.73, 67.45, 66.27, 65.40, 65.10 (O-CH2- Hep, O-
CH2- Fmoc), 60.93, 59.87, 59.63, 58.58, 58.15, 57.54 (a-C
Pro), 48.93, 48.20, 47.64 (a-C Ala), 47.25 (C-9 Fmoc),
47.16, 47.11, 47.03, 46.92, 46.73, 46.53 (d-C Pro), 31.83,
31.60, 31.54 (CH2 Hep), 30.38, 29.47, 29.22 (b-C Pro),
28.75, 28.47, 28.42, 27.37, 27.22, 25.67 (b-C Pro, CH2

Hep), 25.56, 25.16, 25.06 (g-C Pro), 24.76, 24.32, 22.99,
22.20 (g-C Pro, CH2 Hep), 18.20, 16.29 (CH3 Ala), 13.92
(CH3 Hep). Anal. calcd for C35H45N3O6 (603.8): C,

69.63; H, 7.51; N, 6.96; found: C 69.62; H, 7.56; N, 7.13.

N-(9-Fluorenylmethyloxycarbonyl)-O-(2-acetamido-3,4,6-

tri-O-acetyl-2-deoxy-�-D-galactopyranosyl)-L-seryl-O-(2-

acetamido-3,4,6-tri-O-acetyl-2-deoxy-�-D-galactopyrano-

syl)-L-threonyl-L-alanyl-L-prolyl-L-prolyl-L-alanine heptyl

ester (31). A solution of 29 (160mg, 0.26mmol) in

dichloromethane (2.5mL) and morpholine (2.5mL) was
stirred at room temperature for 2 h. After concentration
in vacuo, toluene (3 � 5mL) was codistilled from the

remainder in high vacuum. The residue containing
crude 30 was dissolved in dichloromethane (2mL)
and added to solution of N-(9-¯uorenylmethylox-

ycarbonyl)-O-(2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-
a-d-galactopyranosyl)-l-seryl-O-(2-acetamido-3,4,6-tri-
O-acetyl-2-deoxy-a-d-galactopyranosyl)-l-threonyl-l-
alanine 11 (Braun et al.15) (300mg, 0.26 mmol), EDC

(100mg, 0.52mmol) and HOBt (70mg, 0.52mmol) in
dichloromethane/dimethylformamide (3:1, v/v, 25mL),
which already had been stirred for 1 h. After stirring the

mixture for 3 days at room temperature, dichlor-
omethane (50mL) was added and the solution extracted
twice with each 0.1N HCl (8mL) and sat NaHCO3

solution (10mL). The organic layer was dried with
MgSO4 and evaporated to dryness in vacuo. The
remainder was puri®ed by ¯ash-chromatography in ethyl

acetate!ethyl acetate/ethanol (1:1, v/v) on silica gel
(300 g) to give 31, yield 199mg (50%); mp 118 �C; [a]d22

ÿ23.4 (c 1.1, CH3OH); Rf 0.64 (ethyl acetate/methanol,
7:3, v/v) 1H NMR (CDCl3): d 7.73±7.26 (m, 10H,

aromat. H, 2 NH), 7.22 (d, J=6.6Hz, 1H, NH), 6.86 (d,
J=7.1Hz, 1H, NH), 6.56 (d, J=9.3Hz, 1H, NH), 5.86
(d, J=7.3Hz, 1H, NH Ser), 5.31 (d, 1H, 4-H), 5.29 (d,

1H, 4-H), 5.22 (d, J1,2=3.4Hz, 1H, 1-H), 5.10±5.14 (m,
2H, 2 3-H), 4.93 (d, J1,2=3.2Hz, 1H, 1-H), 4.71 (dd,
J1=3.5Hz, J2=7.5Hz, 1H, a-CH Pro), 4.62 (m, 1H, a-
CH Ala), 4.58±4.36 (m, 9H, 2 2-H, a-CH Ser, a-CH Pro,
a-CH Ala, a-CH Thr, OCH2 Fmoc, 9-H Fmoc), 4.21±
4.16 (m, 3H, b-CH Thr, 2 5-H), 4.10±4.01 (m, 5H, 2 6-Ha,
6-Hb, OCH2 Hep), 3.95 (dd, J5,6b=6.1Hz,

J6a,6b=9.9Hz, 1H, 6-Hb), 3.80±3.55 (m, 6H, b-CH2 Ser,
2 d-CH2 Pro), 2.39-1.86 (m+7s {2.12, 2.11, 1.98, 1.95,
1.93, 1.92, 1.91}, 32H, 8 CH3CO, 2 b-CH2 Pro, 2 g-CH2

Pro), 1.60±1.56 (m, 2H, OCH2-CH2- Hep), 1.39 (d,
J=6.7Hz, 3H, CH3 Ala), 1.32 (d, J=7.2Hz, 3H, CH3

Ala), 1.26±1.23 (m, 8H, -(CH2)4-CH3), 1.09 (d, J=6.5Hz,

3H, CH3 Thr), 0.84 (m, 3H, CH3 Hep). 13C NMR
(CDCl3): d 172.81, 170.89, 170.73, 170.57, 170.42, 170.36,
170.26, 169.23, 167.57 (C=O), 155.80 (C=O, urethane),

143.64, 141.26, 127.75, 127.06, 124.92, 119.99 (aromat.
C), 98.39, 97.94 (2 C-1), 73.56 (b-C Thr), 68.04, 67.98,
67.22, 67.12, 66.79 (2 C-3, 2 C-4, 2 C-5), 67.92, 65.52
(OCH2 Fmoc, O-CH2 Hep, b-C Ser), 62.04, 61.99 (2 C-

6), 59.69, 58.02 (2 a-C Pro), 55.41 (a-C Thr), 53.72 (a-C
Ser), 48.17 47.62, 47.56, 47.49 (2 a-C Ala, 2 C-2), 47.04
(C-9 Fmoc), 47.19, 48.87 (2 d-C Pro), 31.59, 28.75, 28.44,

25.66, 22.46 (5 CH2 Hep), 28.28, 27.89 (2 b-C Pro), 25.05,
24.64 (2 g-C Pro), 22.98, 22.75 (CH3CON), 20.71,
20.68, 20.61, 20.53 (CH3CO), 18.09, 17.71 (2 CH3 Ala),

16.09 (CH3 Thr), 13.95 (CH3 Hep). FABMS (3-NOBA)
m/z 1522.2 (M+H)+. FABMS (3-NOBA): 1522.2
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(M+H)+. Anal. calcd for C73H100N8O27 (1521.6): C,
57.62; H, 6.62; N, 7.36; found: C, 56.51; H,6.14; N, 7.50.

N-Acetyl-O-(2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-�-

D-galactopyranosyl)-L-seryl-O-(2-acetamido-3,4,6-tri-O-

acetyl-2-deoxy-�D-galactopyranosyl)-L-threonyl-L-alanyl-

L-prolyl-L-prolyl-L-alanine heptyl ester (32). A solution
of 31 (135mg, 89mmol) in dichloromethane (5mL) and

morpholine (5mL) was stirred at room temperature for
2 h. After evaporation of the solvents in vacuo and
codistillation twice with 5mL toluene in high vacuum,
the remainder was dissolved in pyridine (2mL). At 0 �C
acetic anhydride (0.2mL, 2mmol) was added, and the
mixture stirred for 4 h at room temperature. Dichloro-
methane (25mL) and, subsequently, ice (2 g) were added,

and the mixture was vigorously stirred for 30min at
room temperature. After phase separation the organic
layer was extracted with saturated NaCl solution

(15mL), dried with MgSO4 and concentrated in vacuo.
The remainder was puri®ed by ¯ash-chromatography on
silica gel (150 g) in ethyl acetate!ethyl acetate/ethanol

(2:1, v/v). Yield 91mg (76%); amorphous solid; [a]d22

ÿ19.8 (c 0.5, CH3OH); Rf 0.82 (ethyl acetate/methanol,
2:1, v/v). 1H NMR (CDCl3): d 7.43 (d, J=6.4Hz, 1H,
NH), 7.38 (d, J=8.8Hz, 1H, NH), 7.25 (d, J=8.5Hz,

1H, NH), 6.83 (d, J=7.2Hz, 1H, NH), 6.60 (d,
J=9.2Hz, 2H, NH), 5.31 (m, 2H, 2 4-H), 5.21 (d,
J1,2=3.7Hz, 1H, 1-H), 5.13 (dd, J2,3=11.2Hz,

J3,4=3.2Hz, 1H, 3-H), 5.10 (dd, J2,3=11.0Hz,
J3,4=3.2Hz, 1H, 3-H), 4.94 (d, J1,2=3.6Hz, 1H, 1-H),
4.72 (dd, J1=4.0Hz, J2=8.3Hz, 1H, a-CH Pro), 4.69±

4.40 (m, 7H, 2 2-H, a-CH Ser, 2 a-CH Ala, a-CH Thr, a-
CH Pro), 4.23±4.19 (m, 2H, b-CH Thr, 5-H), 4.12±4.02
(m, 6H, 5-H, 2 6-Ha, 6-Hb, OCH2 Hep), 3.96 (dd,
J5,6b=6.0Hz, J6a,6b=9.9Hz, 1H, 6-Hb), 3.78±3.53 (m,

6H, b-CH2 Ser, 2 d-CH2 Pro), 2.28±1.88 (m+9s {2.12,
2.11, 2.03, 2.01, 1.98, 1.96, 1.933, 1.931, 1.92}, 35H, 9
CH3CO, 2 b-CH2 Pro, 2 g-CH2 Pro), 1.60±1.57 (m, 2H,

OCH2-CH2- Hep), 1.39 (d, J=6.8Hz, 3H, CH3 Ala),
1.32 (d, J=7.1Hz, 3H, CH3 Ala), 1.30±1.12 (m, 8H, -
(CH2)4-CH3), 1.09 (d, J=6.4Hz, 3H, CH3 Thr), 0.84

(m, 3H, CH3 Hep). 13C NMR (CDCl3): d 172.80,
170.95, 170.89, 170.68, 170.61, 170.46, 170.35, 170.27,
170.21, 169.39, 167.50 (C=O), 98.47, 97.84 (2 C-1),

73.29 (b-C Thr), 68.10, 67.90, 67.25, 67.16, 67.12, 66.81
(2 C-3, 2 C-4, 2 C-5), 67.65, 65.54 (O-CH2 Hep, b-C
Ser), 62.00 (2 C-6), 59.70, 58.03 (2 a-C Pro), 55.36 (a-C
Thr), 52.17 (a-C Ser), 48.17, 47.57, 47.43 (2 a-C Ala, 2

C-2), 47.21, 46.86 (2 d-C Pro), 31.60, 28.76, 28.44, 25.66
(4 CH2 Hep), 28.31, 27.84 (2 b-C Pro), 25.08, 24.64 (2 g-
C Pro), 23.02, 22.98, 22.76 (CH3CON), 22.46 (CH2

Hep), 20.68, 20.62, 20.57 (CH3CO), 18.13, 17.74 (2 CH3

Ala), 16.16 (CH3 Thr), 13.95 (CH3 Hep). FABMS (3-
NOBA): 1342.0 (M+H)+; calcd: 1341.6. Anal. calcd for

C60H92N8O26 * 1.5H2O (1341.4): C, 52.66; H, 7.00; N,
8.19; found: C, 52.29; H, 6.96; N, 8.08.

N-Acetyl-O-(2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-�-
D-galactopyranosyl)-L-seryl-O-(2-acetamido-3,4,6-tri-O-

acetyl-2-deoxy-�-D-galactopyranosyl)-L-threonyl-L-alanyl-

L-prolyl-L-prolyl-L-alanine (33). To a solution of lipase
N (120mg) in 0.2 sodium phosphate bu�er (pH 7.0,

12mL), treated with PMSF as described for 25, was
added a solution of 32 (60mg, 45mmol) in acetone
(0.6mL). After vigorous shaking for 16 h, the mixture

was lyophylized and the remainder extracted ®ve times
with 25mL of ethanol. After ®ltration the ethanol was
evaporated in vacuo and the crude product puri®ed by
preparative reversed-phase HPLC (¯ow rate 10mL/min)

in methanol/water (1:1, v/v). Yield 38mg (68%); amor-
phous solid; [a]d22 ÿ26.5 (c 0.65, CH3OH); Rf 0.22
(ethanol/methanol, 9:1). 1H NMR [1H-1H-COSY]

(CD3OD): d 5.42 (sb, 2H, 4-H, 40-H), 5.22 (d,
J1,2=3.6Hz, 1H, 1-H), 5.20 (dd, J2,3=11.2Hz,
J3,4=3.1Hz, 1H, 3-H), 5.17 (dd, J20,30=10.3Hz,

J30,40=3.2Hz, 1H, 30-H), 5.03 (d, J10,20=3.5Hz, 1H, 10-
H), 4.83 (t, J=4.4Hz, 1H, a-CH Ser), 4.72 (dd,
J1=4.5Hz, J2=8.1Hz, 1H, a-CH Pro), 4.61 (d,

J=1.6Hz, 1H, a-CH Thr), 4.57 (quart, J=7.1Hz, 1H,
a-CH Ala), 4.49-4.34 (m, 5H, a-CH Ala0, a-CH Pro0, 2-
H, 20-H, b-CH Thr), 4.29±4.12 (m, 5H, 5-H, 50-H, 6-Ha/

b, 6
0-Ha), 4.07 (dd, J50,60b=6.9Hz, J60a,60b=11.0Hz, 1H,

60-Hb), 4.03 (dd, J1=4.6Hz, J2=10.5Hz, 1H, b-CH2a

Ser), 3.93 (m, 1H, d-CH2a Pro), 3.89 (dd, J1=4.3Hz,
J2=10.6Hz, 1H, b-CH2b Ser), 3.78 (m, 2H, d-CH2

Pro0), 3.66 (m, 2H, d-CH2b Pro), 2.38±1.88 (m+7s
{2.18, 2.10, 2.08, 2.06, 2.03, 2.00, 1.98}, 35H, 9 CH3CO,
b-CH2 Pro, g-CH2 Pro, b-CH2 Pro0, g-CH2 Pro0), 1.40
(d, J=7.1Hz, 3H, CH3 Ala), 1.39 (d, J=7.1Hz, 3H,
CH3 Ala0), 1.35 (d, J=6.4Hz, 3H, CH3 Thr).

13C NMR
(CD3OD): d 178.54, 173.40, 173.27, 173.22, 173.17,
172.89, 172.38, 172.21, 172.12, 172.01, 171.89, 171.36

(C=O), 100.04, 99.88 (2 C-1), 78.12 (b-C Thr), 70.49,
69.93, 69.02, 68.80, 68.21 (2 C-3, 2 C-4, 2 C-5), 69.67 (b-
C Ser), 63.35, 63.11 (2 C-6), 61.77, 59.52 (2 a-C Pro),

57.76 (a-C Thr), 54.37 (a-C Ser), 51.27, 48.46 (2 a-C
Ala, 2 C-2, 2 d-C Pro, berlagert durch CD3OD-Signal),
30.38, 29.55 (2 b-C Pro), 26.09, 25.92 (2 g-C Pro), 23.39,

22.86, 22.45 (CH3CON), 20.65, 20.55 (CH3CO), 19.33,
19.01 (2 CH3 Ala), 16.99 (CH3 Thr). FABMS (3-
NOBA): m/z 1241.7 (M-H)-. Calcd: 1241.5.

N-Acetyl-O-(2-acetamido-2-deoxy-�-D-galactopyranosyl)-

L-seryl-O-(2-acetamido-2-deoxy-�-D-galactopyranosyl)-L-

threonyl-L-alanyl-L-prolyl-L-prolyl-L-alanine (3). To a

solution of 33 (30mg, 24mmol) in dry methanol (5mL)
was added a solution of 1% sodium methanolate in
methanol until the pH is adjusted to 8.5. After stirring

for 2 h at room temperature, neutralization was carried
out by addition of acidic ion-exchange resin (DOWEX
50 WX-8, H+ form). After ®ltration and concentration

in vacuo, preparative HPLC was performed as descri-
bed for 33. Yield of 3: 17mg (73%); amorphous solid;
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[a]d22 ÿ13.6 (c 1.75, CH3OH). 1H NMR [1H-1H-COSY
and NOE] (D2O): d 4.93 (d, J1,2=3.8Hz, 1H, 1-HThr),

4.85 (d, J10,20=3.7Hz, 1H, 10-HSer), 4.72 (t, J=4.7Hz,
1H, a-CH Ser), 4.62 (dd, J1=5.5Hz, J2=8.4Hz, 1H, a-
CH Pro), 4.57 (d, J=1.8Hz, 1H, a-CH Thr), 4.54

(quart, J=7.1Hz, 1H, a-CH Ala), 4.34 (dd, J1=5.4Hz,
J2=8.5Hz, 1H, a-CH Pro0), 4.25 (dq, J1=1.7Hz,
J2=8.5Hz, 1H, b-CH Thr), 4.10 (dd; J10,20=3.8Hz,

J20,30=10.8Hz, 1H, 20-H), 4.07 (m, 2H, 2-H, a-CH Ala0),
4.00 (dd, J1=4.2Hz, J2=11.4Hz, 1H, b-CH2a Ser), 3.98
(t, J=7.0Hz, 1H, 5-H), 3.93 (d, J=2.9Hz, 2H, 4-H, 40-
H), 3.89±3.80 (m, 4H, 50-H {3.87ppm}, 30-H {3.83ppm}

3-H {3.82ppm}, b-CH2b Ser {3.81pp}), 3.78±3.75 (m,
2H, d-CH2a Pro, d-CH2a Pro0), 2.40±2.20 (m, 2H, b-
CH2a Pro {2.34ppm}, b-CH2a Pro0 {2.27ppm}), 2.10±

1.87 (m, 15H, 3 CH3CO, b-CH2b Pro {1.95}, g-CH2 Pro
{2.04ppm}, b-CH2b Pro0 {1.91ppm}, g-CH2 Pro0

{2.04ppm} ), 1.33 (d, J=7.2Hz, 3H, CH3 Ala), 1.31 (d,

J=7.3Hz, 3H, CH3 Ala), 1.24 (d, J=6.4Hz, 3H, CH3

Thr). 13C NMR (D2O): d 174.18, 173.69, 172.97,
172.19,171.91, 171.70, 170.28 (C=O), 98.77, 98.15 (2 C-

1), 76.56 (b-C Thr), 71.30, 68.60, 68.45, 68.40, 67.84 (2
C-3, 2 C-4, 2 C-5), 67.63 (b-C Ser), 61.32, 61.16 (2 C-6),
60.55, 58.46 (2 a-C Pro), 56.85 (a-C Thr), 53.60 (a-C
Ser), 50.90, 49.74, 49.59, 47.31 (2 a-C Ala, 2 C-2), 47.86,

47.64 (2 d-C Pro), 29.15, 28.07 (2 b-C Pro), 24.66, 24.57
(2 g-C Pro), 22.37, 22.07, 21.65 (CH3CON), 18.37, 17.60
(2 CH3 Ala), 15.49 (CH3 Thr). FABMS (glycerol): m/z

989.0 (M-H)-; calcd: 989.4.

N-Acetyl-L-prolyl-L-alanyl-L-prolyl-glycyl O-(2-acetamido-

3,4,6-tri-O-acetyl-2-deoxy-�-D-galactopyranosyl)-L-seryl-

O-(2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-�-D-galacto-

pyranosyl)-L-threonyl-L-alanyl-L-prolyl-L-prolyl-L-alanine

heptyl ester (34). A solution of 31 (345mg, 227mmol) in

toluene (5mL) and morpholine (5mL) was stirred for
2 h at room temperature. The solvent was evaporated in
vacuo. The residue was dried by codistillation with

toluene (10mL) in high vacuum and dissolved in
dichloromethane (5mL). This solution was added to a
mixture of 25 (125mg, 458 mmol), EDC (90mg,

496mmol) and HOBt (125mg, 925mmol) in dichloro-
methane/dimethylformamide (1:1, v/v, 10mL), which
already had been stirred for 1 h at room temperature.

After 3 days the solvents were removed in high vacuum,
and the remainder was puri®ed by preparative HPLC as
described for 33, eluent methanol/water (65:35). As a
by-product the N-acetyl glycohexapeptide 32 was iso-

lated: 77mg (25%). Yield of glycodecapeptide 34:
170mg (45%); amorphous solid; [a]d22 ÿ60.0 (c 0.5,
CH3OH). 1H NMR (CDCl3): d 9.11 (d, 1H, NH), 8.22

(d, J=11.4Hz, 1H, NH), 7.94 (d, J=9.1Hz, 1H, NH),
7.81 (d, J=6.0Hz, 1H, NH), 7.21 (d, J=10.4Hz, 1H,
NH), 7.02 (d, J=8.5Hz, 1H, NH), 6.94 (d, J=7.0Hz,

1H, NH), 6.43 (d, J=9.9Hz, 1H, NH), 5.33±5.28 (m,
2H), 5.11±5.06 (m, 2H), 4.99 (dd, J1=3.3Hz,

J2=11.9Hz, 1H), 4.82±4.66 (m, 3H), 4.60±4.46 (m, 5H),
4.43 (t, J=7.1Hz, 1H), 4.39 (dd, J1=2.3Hz,

J1=8.5Hz, 1H), 4.31±4.19 (m, 4H), 4.11±4.02 (m, 7H),
3.94 (dd, J1=5.6Hz, J2=10.3Hz, 1H), 3.88 (m, 1H),
3.81±3.46 (m, 9H), 3.38±3.33 (m, 1H), 2.29±1.86 (m,

43H, 9 CH3CO, 4 b-CH2 Pro, 4 g-CH2 Pro), 1.61±1.58
(m, 2H, OCH2-CH2- Hep), 1.42±1.17 (m, 17H, 3 CH3

Ala, (CH2)4-CH3), 1.14 (d, J=7.3Hz, 3H, CH3 Thr),

0.85 (m, 3H, CH3 Hep). 13C NMR (CDCl3): d 174.42,
173.39, 173.23, 172.80, 171.75, 171.70, 171.06, 170.82,
170.55, 170.36, 170.20, 169.99, 169.44, 169.19 (C=O),
100.12, 98.05 (2 C-1), 73.94 (b-C Thr), 68.66, 68.44,

67.43, 67.37, 66.81 (2 C-3, 2 C-4, 2 C-5), 65.56, 65.44 (O-
CH2 Hep, b-C Ser), 62.29, 61.42 (2 C-6), 61.34, 60.61,
60.20, 59.90 (4 a-C Pro), 58.50 (a-C Thr), 56.10 (a-C
Ser), 48.18, 48.05, 47.01, 46.86 (4 d-C Pro), 47.96, 47.69,
47.33, 47.21 (3 a-C Ala, 2 C-2), 43.54 (a-C Gly), 31.56,
28.72, 28.42, 25.63, 22.43 (4 CH2 Hep), 30.20, 27.70 (b-
C Pro), 25.56, 25.35, 25.05, 23.94 (4 g-C Pro), 23.16,
22.92, 22.67 (CH3CON), 20.65, 20.57, 20.53 (CH3CO),
18.58, 18.31, 18.09 (3 CH3 Ala), 16.69 (CH3 Thr), 13.91

(CH3 Hep). FABMS (3-NOBA): 1664.7 (M+H)+;
calcd: 1663.8 (tetrahydrate). Anal. calcd for C75H114

N12O30 * 4H2O (1663.8): C, 51.90; H, 7.08; N, 9.68;
found: C, 52.06; H, 6.92; N, 9.27.

N-Acetyl-L-prolyl-L-alanyl-L-prolyl-glycyl O-(2-acetamido-

3,4,6-tri-O-acetyl-2-deoxy-�-D-galactopyranosyl)-L-seryl-

O-(2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-�-D-galactopyr-

anosyl)-L-threonyl-L-alanyl-L-prolyl-L-prolyl-L-alanine (35).

To solution of 34 lipase N (200mg) in 20mL of sodium

phosphate bu�er (pH 7.0), which had been treated with
PMSF as described for 25, was added a solution of 34
(100mg, 60mmol) in acetone (1mL). The mixture was
vigorously shaken for 16h at 37 �C, then lyophylized and

the residue was extracted ®ve times with 20mL of etha-
nol. After evaporation of the ethanol the crude product
was puri®ed by preparative HPLC in methanol/water

(4:1, v/v) as described for 33. Yield: 47mg (50%), amor-
phous solid, [a]d22 ÿ49.5 (c 0.5, CH3OH). 1H NMR
[1H-1H-COSY] (CD3OD): d 5.43 (m, 2H, 4-H, 40-H),

5.18±5.22 (m, 3H, 3-H, 30-H, 1-H), 5.03 (d, 1H, 10-H),
4.80 (m, 1H, a-CH Ser), 4.75 (m, 1H, a-CH Pro), 4.67 (m,
1H, a-CH Ala), 4.65 (m, 1H, a-CH Thr), 4.57 (m, 1H, a-
CH Ala0), 4.45 (m, 4H, 20-H, 3 a-CH Pro), 4.42 (m, 3H,
2-H, b-CH Thr, 5-H), 4.30±4.20 (m, 2H, a-CH Ala, 50-
H), 4.20±4.04 (m, 5H, 6-Ha/b, 60-Ha/b, b-CH2a Ser),
3.45±4.00 (m, 12H, a-CH2 Gly, b-CH2b Ser, 4 d-CH2a/

b Pro), 2.45±1.90 (m, 43H, 9 CH3CO, 4 b-CH2 Pro, 4
g-CH2 Pro), 1.45±1.30 (m, 12H, 3 CH3 Ala, CH3 Thr).
13C NMR (CD3OD): d 179.34, 175.03, 174.22, 174.03,

173.41, 173.28, 173.14, 173.01, 172.82, 172.36, 172.28,
172.11, 172.05, 171.94, 171.80, 171.20 (C=O), 100.45,
99.58 (2 C-1), 78.25 (b-C Thr), 70.48, 69.91, 69.01,

68.84, 68.28, 68.17 (2 C-3, 2 C-4, 2 C-5), 68.95 (b-C
Ser), 63.37, 63.14 (2 C-6), 62.18, 61.91, 61.05, 59.53 (4
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a-C Pro), 57.76 (a-C Thr), 54.61 (a-C Ser), 51.86, 48.44
(3 a-C Ala, 2 C-2), 48.02 (4 d-C Pro), 43.79 (a-C Gly),

30.90, 30.68, 30.43, 29.56 (4 b-C Pro), 26.11, 25.89,
25.74 (4 g-C Pro), 23.41, 22.89, 22.24 (CH3CON),
20.71, 20.58, 20.52 (CH3CO), 19.41, 19.31, 16.99 (3 CH3

Ala), 16.43 (CH3 Thr). FAB MS (3-NOBA): m/z 1566.8
(M+H)+; calcd: 1565.7; 1589.8 (M+Na)+; calcd:
1587.7.

N-Acetyl-L-prolyl-L-alanyl-L-prolyl-glycyl-O-(2-acetamido-

2-deoxy-�-D-galactopyranosyl)-L-seryl-O-(2-acetamido-2-

deoxy-�-D-galactopyranosyl)-L-threonyl-L-alanyl-L-prolyl-

L-prolyl-L-alanine (2). To a solution of 35 (40mg,
25.5mmol) in dry methanol (5mL) was added a solu-
tion of 1% sodium methanolate in methanol until the

pH was adjusted to 8.5. The mixture was stirred for 2 h
and then neutralized by addition of ion-exchange resin
(DOWEX WX 50-8, H+ form). After ®ltration and

concentration in vacuo, the remainder was puri®ed by
preparative HPLC in analogy to the procedure for 3,
eluent:methanol/water (1:1, v/v). Yield: 24mg (71%);

amorphous solid; [a]d22 ÿ38.8 (c 0.8, CH3OH). 1H
NMR (CD3OD): d 5.04 (d, J1,2=3.8Hz, 1H, 1-H), 4.91
(d, J10,20=3.7Hz, 1H, 1-H0), 4.85 (t, J=5.7Hz, 1H, a-
CH Ser), 4.72 (dd, J1=4.4Hz, J2=8.1Hz, 1H, a-CH
Pro), 4.67 (m, 1H, a-CH Ala), 4.59 (m, 2H, a-CH Ala,
a-CH Thr), 4.48±4.41 (m, 3H, 3 a-CH Pro), 4.31±4.23
(m, 4H, 2 a-CH Ala, 2-H, 20-H), 4.08 (dd, J1=5.2Hz,

J2=10.4Hz, b-CH2a Ser), 4.00±3.60 (m, 21H, a-CH2

Gly {4.0}, b-CH2b Ser {3.84}, 3-H {3.78}, 3(-H {3.78},
6-Ha/b, 60-Ha/b, 5-H, 50-H, 4-H, 40-H, 4 d-CH2 Pro0,
2.37±1.96 (m+3s {2.12, 2.08, 2.06}, 25H, 3 CH3CO, 4 b-
CH2 Pro, 4 g-CH2 Pro), 1.41 (d, J=7.0Hz, 3H, CH3

Ala), 1.40 (d, J=6.2Hz, 3H, CH3 Ala), 1.39 (d,
J=6.9Hz, 3H, CH3 Ala), 1.30 (d, J=6.4Hz, 3H, CH3

Thr). 13C NMR (CDCl3): d 175.15, 174.28, 173.91,
173.64, 173.51, 172.99, 172.72, 172.31, 172.06, 171.73,
171.37 (C=O), 100.11, 99.66 (2 C-1), 76.99 (b-C Thr),

72.90, 70.64, 70.41, 70.33, 69.95 (2 C-3, 2 C-4, 2 C-5),
68.57 (b-C Ser), 62.89, 62.83 (2 C-6), 62.14, 61.53, 60.99,
59.61 (4 a-C Pro), 57.91 (a-C Thr), 54.68 (a-C Ser),

51.46, 51.32, 48.55, 48.43, 45.41 (3 a-C Ala, 2 C-2),
49.49, 48.75, 48.62, 48.39 (4 d-C Pro), 43.82 (a-C Gly),
30.99, 30.48, 30.34, 29.43 (4 b-C Pro), 26.13, 26.02,

25.85, 25.74 (4 g-C Pro), 23.43, 23.09, 22.24 (3
CH3CON), 19.23, 18.31, 16.95 (3 CH3 Ala), 16.62 (CH3

Thr). FABMS (glycerol): m/z 1312.9 (M-H)-; calcd:
1311.6.

Structual studies of 1, 2, and 3

The three (glyco)peptides, puri®ed to homogeneity using
HPLC, were dissolved in DMSO-d6 containing 0.09mM
tetramethyl silane, to produce 4mM solutions in

0.5mL. DMSO-d6 was used as solvent. 1H Homo-
nuclear 1- and 2-dimensional (1-D and 2-D) NMR

spectroscopy was undertaken at 400 and 500MHz on
Brucker AX500, AMX500, and AX400 NMR spectro-

meters, using standard Bruker software for acquisition
and processing of data. Chemical shifts were measured,
accurate to 0.01 ppm relative to the TMS resonance. 1-

D spectra were recorded over 16 k data points, zero ®l-
led to 32 k using a sweep width of 15 ppm. 2-D COSY,
HOHAHA, NOESY, and ROESY experiments were

undertaken typically over sweep widths of 15�15 ppm,
acquiring 512�2 k spectra. The HOHAHA experiments
were undertaken with a 100ms mixing time, using
anmLEV17 pulse sequence and time proportional phase

incrementation (TPPI). The NOESY experiments used
mixing times of between 200 and 600ms. The ROESY
experiment used a 150ms mixing time, and a ®leld

strength of 1±2 kHz for spin locking, which was
achieved with a continuous wave pulse.

Molecular simulation of 1, 2, and 3

The decapeptide, glycodecapeptide, and glycohexapep-

tide were constructed using the Builder module of
InsightII (version 3.0.0; MSI, San Diego, CA). The
structures were energy-minimized using 1000 iterations
of molecular dynamics within the Discover (version

2.9.8; MSI, San Diego, CA) force-®eld followed by up
to 5000 iterations of Fletcher±Reeves conjugate gradient
minimization. The structures were exported to the Gen-

esis II Graphics System28 for simulation using the
Dynamic/Monte-Carlo (DMC) method of Morley.29

Partial atomic charges were re-assigned using the

Charge method30 and the structures re-minimized within
the COSMIC(90) force-®eld31 using up to 1000 itera-
tions of Fletcher±Reeves conjugate gradients. The
starting conformation for the simulation for each struc-

ture was chosen by performing 10 runs of simulated
annealing (Monte-Carlo torsional rearrangements,
initial Metropolis temperature of 1500K, 25 tempera-

ture blocks, temperature increase factor of 0.93 per
block, 250 Metropolis trials-per-block, ®ve rearrange-
ments per trial) and the conformer with the lowest

energy after 1000 iterations of conjugate gradient mini-
mization chosen.

Molecular dynamics was performed on each of the three
peptides in conformations produced by the Monte-
Carlo sampling above. From an initial Metropolis sam-
pling temperature of 1000K, low-energy conformers for

each peptide were produced using 10 runs of COSMIC-
style molecular dynamics32 and a simulated annealing
schedule within DMC (COSMIC-MD atomic rearran-

gements, initial Metropolis temperature of 1000K, 25
temperature blocks, temperature increase factor of 0.93
per block, 250 trials-per-block, ®ve MD iterations-per-

trial, 1 femtosecond integration-per-MD step). The
®nal 10 conformations of each peptide were energy
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minimized and unique conformations (within 5 kcal/
mol) extracted.

When used, inter-atomic restraints were applied by
converting each distance violation to an energy penalty

through a quadratic function. Inter-proton distances
were recorded from a Boltzmann-average (taken at
298K) of those in the ®nal conformations.
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