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Abstract: The structural features of the mucin-type simplest model, namely, the glycopeptide a-O-GalNAc-
L-Ser diamide, have been investigated by combining NMR spectroscopy, molecular dynamics simulations,

and DFT calculations. In contrast to previous reports, the

study reveals that intramolecular hydrogen bonds

between sugar and peptide residues are very weak and, as a consequence, not strong enough to maintain
the well-defined conformation of this type of molecule. In fact, the observed conformation of this model
glycopeptide can be satisfactorily explained by the presence of water pockets/bridges between the sugar
and the peptide moieties. Additionally, DFT calculations reveal that not only the bridging water molecules
but also the surrounding water molecules in the first hydration shell are essential to keep the existing

conformation.

Introduction

The a-O-glycosidic linkage betweeN-acetylated 2-amino-
2-deoxyp-galactose (GalNAc) and the hydroxyl group of
L-serine (Ser) or-threonine (Thr) has attracted much attention
in recent year$,from many different viewpoints. In fact, this
is a common pattern in numerous glycoproteins (i.e. mdgins
which are involved in fundamental biological processasch
as inflammation, inmune response, ealkll communication,
cell growth, cell adhesion, and antifreeze activity, among others.
Moreover, mucins are attracting real interest in therapeutic
approache$, specially for the development of vaccines for
cancer treatmerst.

On the other hand, it has been described that in Nauf@,
glycosylation has a profound organizational effect on the
underlying peptide backbone, forcing it into an extended
conformationt?6 Several attempts have tried to find an explana-
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tion for this fact, since to discern how glycoproteins interact
with their biological targets it is essential to improve our
understanding of the mechanisms that allow the carbohydrate
to modify the conformational equilibrium of the peptide
backbone. At the present moment, the conformational bias
observed uporo-O-glycosylation is explained by means of
specific hydrogen bonds between the peptide moiety and the
first GaINAc unit, which “lock” the orientation of the sugar
with respect to the peptide backbotte.”

However, opposite to this currently used thesis, we demon-
strate herein that this interaction is not responsible for the
extended conformation of the backbone. To reach this conclu-
sion, we have carried out the synthesis and structural study of
the simplest model glycopeptide-O-GalNAc--Ser diamide
1, at natural abundance and also isotopically labeled ¥#ih
(10%) and3C (100%) at key positions (Figure 1). A careful

(4) (a) Davis, B. GChem. Re. 2002 102 579-601. (b) Watt, G. M.; Lund,
J.; Levens, M.; Kolli, V. S. K.; Jefferis, R.; Boons, G.@hem. Biol2003
10, 807—-814. (c) Lui, H.; Wang, L.; Brock, A.; Wong, C.-H.; Schultz, P.
G.J. Am. Chem. So2003 125 1702-1703. (d) Gamblin, D. P.; Garnier,
P.; van Kasteren, S.; Oldham, N. J.; Fairbanks, A. J.; Davis, B\r@ew.
Chem., Int. Ed2004 116, 827—-833. (e) Davis, B. GScience2004 303
480-482.

(5) (a) Dube, D. H.; Prescher, J. A.; Quang, C. N.; Bertozzi, CRRc. Natl.
Acad. Sci. U.S.A2006 103 4819-4824. (b) Hill, C. A. S.; Bullard, K.
A.; Walcheck, B.Cancer Lett 2005 217, 105. (c) Jaracz, S.; Chen, J.;
Kuznetsova, L. V.; Ojima, Bioorg. Med. Chem2005 13, 5043-5054.
(d) Danishefsky, S. J.; Allen, J. Rngew. Chem., Int. EQ00Q 39, 836—
863

(6) Pratt, M. R.; Bertozzi, C. RChem. Soc. Re 2005 34, 58—68.

(7) (@) Mimura, Y.; Inoue, Y.; Maeji, N. J.; Ch@, R. Int. J. Pept. Protein
Res. 1989 34, 363-368. (b) Shuman, J.; Qiu, D.; Koganty, R. R,;
Longenecker, B. M.; Campbell, A. BSlycoconjugate J200Q 17, 835~
848. (c) Tachibana, Y.; Monde, K.; Nishimura, SMacromolecule2004
37, 6771-6779.

10.1021/ja064539u CCC: $33.50 © 2006 American Chemical Society



New Insights into o.-GalNAc—Ser Motif ARTICLES

H
0 OH] OH
Me 15N 0 Me3
/
0 H 0 H @, = 055.C15-01s-CB
136‘ ¥, = C1s-01s-Cp-Ca
Me—N- g @, = C2.N2-Ca-C1
| H N~ H ¥ = N2-Ca-C1-N1
H x! = N2-Ca-CpB-O1s _
0" "Me ot { vz

Figure 1. Representative 2D- and 3D-structures of model glycopetidecluding atomic and dihedral labels employed in this work.

Scheme 1. Synthetic Route to 12
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a(a) (i) BoeO, 1 N agNaOH, dioxane, rt, 24 h, (i) MeNHHCI, TBTU, DIEA, MeCN, rt, 10 h, 64%,; (b) (i) TFA, CkCly, rt, 3.5 h, (ii) AcO, Py, rt,
3 h, (i) MeONa, MeOH, rt, 3 h, 73%; (c) (i) concd ag#lOs, Ac,0, —50 °C, 0.5 h, (i) EtN, CHoCly, rt, 0.5 h, 81%; (dYBUOK, THF, rt, 12 h, 60%;
(e) (i) Raney nickel T4 (Pt), | EtOH, 1 atm, rt, 3 h, (ii) AgO, Py, rt, 3 h, (iii) separation by column chromatography, 83%; ¢)Pt/C, MeOH-EtOAc,
1 atm, rt, 12 h, 100%.

conformational analysis df has been carried out using NMR  the carbonyl group and 3,4,6-@-benzyl-2-nitrop-galactal
(NOE and homo- and heteronuclear coupling constants, usinglabeled with 15N (4) (Scheme 1). Thus, the commercially
the labeled molecule), which have been interpreted with the availableL-serine labeled witA3C was easily transformed into
assistance of molecular dynamics (MD) simulations. No ex- the N-Boc derivative following the procedure described in the
perimental evidence of direct intramolecular hydrogen bond was literature? Then, the treatment of this compound with MeNH
found between thé3C labeled carbonyl group of the serine HCland TBTU in the presence of DIEA gave the corresponding
moiety and the amide proton of GalNAc. This analysis, together methyl amide2. Final deprotection of the amino group with
with DFT calculations carried out, including explicit water TFA, further diacetylation with AgO/Py, and deprotection of
molecules for the first hydration shell, points toward the the hydroxyl group of serine with MeONa gave the desired
existence of bridging water molecules between the sugar andcompound3, with good yield. Nitrop-galactal4 was easily
the peptide moieties, which could indeed explain the stabilization obtained following the procedure described in the literature,
of the extended conformation of the simulated backbone. Thus, but employing concentrated HN@beled with 10% ofN in

the population of conformers showing the above-mentioned our case. Further treatment of nitpegalactal4 with derivative
direct intramolecular hydrogen bond must be intrinsically very 3in the presence of catalytic amounts®fOK gave a mixture
low. of two anomers %o and5f) in a 9:1 ratio, respectively. The

Results mixture of both anomers was successfully converted into the

i X . . (8) (a) Winterfeld, G. A.; Ito, Y.; Ogawa, T.; Schmidt, R. Bur. J. Org.
Synthesis.Model glycopeptidel was synthesized using the Chem.1999 1167-1171. (b)Winterfeld, G. A.; Schmidt, R. Ringew.

; ) i - ; Chem., Int. Ed2001, 40, 2654-2657.
standard Michael _type adC!ItIOI’] co_nd|t_|ons develope_d by Schmidt (9) Campbell, A D.; Raynham, T. M. Taylor, R. J. Bynthesi4 998 1707
and co-workerswith L-serine derivative3 labeled with!3C at 1709.
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Table 1. Full Assignment of Protons and "Jy 1 Couplings for 12

H2s OH
] OH| OH
His -
I'\J'Ies/lL -~ o] Has
N f HEsHEss
H!3 i Ha
Q /wHBproR Hos
Met‘"‘N )%Hﬁpms
|!|1 K, ‘N/HZ
0" “me2
splitting®
(no. of
O (ppm) proton protons) "Jup (in Hz)
2.05 Me3 s (3H) -
2.08 Me2 s (3H) —
2.76 Mel s (3H) -
3.72-3.78 H6$ m (2H) -
3.81 H5proR dd (1H) 2Jnppror 1 pros= 10.8
3JH/)’pr0R,H1 =55
3.86-3.94 H3$§ m (3H) -
HpproS
H5¢
3.97-4.00 H4$§ m (1H) -
4.15 H2§ dd (1H) 3Jh2s,H3s= 11.0
3JHzs,H1s= 3.7
4.54 Ho dd (1H) 3JHoHppror= 5.5
3JHm,H/y’proS: 4.5
4.89 H1$§ d (1H) 3J1s,H2s= 3.7
805j N_H?)d d (1H)d 3JH3,HZS: 92j
8.05-8.12 N—H1d m (1H) -
8.4 N—H2d d (1Hy 3Jh2He = 6.2

aData extracted from 1BH NMR experiment carried out in f (20
°C, pH = 5.2) at 400 MHz" s = singlet, d= doublet, dd= doublet of
doublet, m= multiplet. ¢ The letter “s” makes reference to sugar moiety.
d Data extracted from 1BH NMR experiment carried out in 4#0/D,0 (9/

1) (20°C, pH = 5.2) at 500 MHz.

first one is much weaker than the second one, in agreement
with the expectations for an extended conformation (see Figure
2). On the other hand, NOEs between H1 (amide proton at the
Ser methyl acetamide C-terminus) and the GalNAc amide proton
(dubbed H3) or its corresponding GalNAc acetamide methyl
group (Me3) were not detected, a first suggestion for the lack
of importance of hydrogen bonds between the carbohydrate and
the peptide moieties (Figure 2).

From a quantitative viewpoint, NOE build up curves were
measured (Figure 2c and Supporting Information) and used to
extract the corresponding proteproton distance® which were
used for further analysis using MD simulations including
experimental restraints.

MD Simulations. Thus, to get an experimentally derived
ensemble, 80-ns MD-t#r (MD with time-averaged restraints)
simulations were carried out by including the coupling constants
and distances shown in Table 2 as time-averaged restraints. The
simulation was performed without explicit solvent, but using a
bulk dielectric constant of 80 to reproduce the water environ-
ment.

The calculated] coupling constant values were obtained from
the simulations by applying the appropriate Karplus equétion
to the corresponding torsion angles.

MD-tar simulations were performed with AMBER 8%
(parm94)L” which was implemented with GLYCAM 04 pa-
rameter$® to accurately simulate the conformational behavior
of the sugar moiety. In addition, a 4-ns MD-tar in explicit water,
as well as a 40-ns unrestrained MD simulations in explicit water,
were also carried out for comparison (M&-tar and MDy20
columns, Table 2, respectively).

From inspection of Table 2, it can be deduced that the
unrestrained MD simulations (Mio) fail to accurately repro-
duce the conformation of the peptide backbone, suggesting a

corresponding amino compounds with Raney nickel T4 (Pt) as folded conformation (distance HIH2 < distance t-H1) for

a catalyst? The subsequent treatment with APy, further
purification of6a. by column chromatography on silica gel, and
deprotection of the hydroxyl groups by hydrogenolysis led to
the desired model glycopeptide in moderate yield (Scheme
1). The glycosylated Ser diamideat natural abundance was
synthesized following the same procedure but starting from
3,4,6-tri-O-benzyl-2-nitrop-galactat and Ser diamide as previ-
ously described!

NMR Experiments. 1D- and 2D-NOESY Experimentsin
a first step, full assignment of protons corresponding to
compoundl was made using COSY and HSQC experiments
(see Supporting Information) and it is given in Table 1. Then,
selective 1D-NOESY experiments inO (20°C, pH 5.2) and
2D-NOESY experiments in $#0/D,0 (9/1) (20°C, pH 5.2) were
carried out for glycopeptidé (See Supporting Information and
Figure 2). In addition3J coupling constants were measured from

compoundL. This result is characteristic of the AMBER94 force
field, used in the simulations, which favor helical structures for
small peptided? However, when the experimental data was
entered as restraints (Mpy-tar and MD-tar), the calculated
distances andJ values obtained from the Mpg-tar simula-
tions, and in particular from the longer MD-tar simulations, were
in good accordance with the experimental values. It is important
to point out that when applying restrained MD, the sensitivity
of the results to the simulation conditions depends not only on
the force field but mainly on the amount of experimental
information included as time-averaged constraints. Figure 3
shows the®/W distributions of the peptide backbon®/\Vy)

and the glycosidic linkage®J/Ws), as well as the distribution

of »%, obtained from the MD-tar simulations for glycopeptide

(12) Dyson, H. J.; Wright, P. EAnnu. Re. Biophys. Chem1991, 20, 519—
538

the splitting of the resonance signals in the 1D spectrum and (13) Haselhorst, T.; Weimar, T.; Peters JTAm. Chem. So2001, 123 10705

are gathered in Table 1.
The strong NOE observed between End H1, together with

the weak one between H1 and H2, strongly suggests that the¢,
simulated peptide backbone mainly adopts an extended con-

formation12 This is also corroborated when the NOE intensities
of the Hui—H2 and Hx—H1 proton pairs are compared. The

(10) Nishimura, SBull. Chem. Soc. Jprl959 32, 61—64.
(11) Corzana, F.; Busto, J. H.; Engelsen, S. B.; diezeBarbero, J.; Asensio,
J. L.; Peregrina, J. M.; Avenoza, &hem—Eur. J.2006 12, 7664-7771.
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(15) (a) Marco, A; Llinas, M.; Wuthrich, KBiopolymers1978 17, 617—636.
(b) Vuister, G. W.; Bax, AJ. Am. Chem. S0d.993 115 7772-7777.
(a) Pearlman, D. A.; Case, D. A.; Caldwell, J. W.; Ross, W. R.; Cheatham,
T. E., lll; DeBolt, S.; Ferguson, D.; Seibel, G.; Kollman,Gomput. Phys.
Commun.1995 91, 1-41. (b) Kollman, P. A.; et al1999 AMBER 6,
University of California, San Francisco.
a7 Cornell W. D.; Cieplack, P. C.; Bayly, I.; Gould, I. R.; Merz, K.; Ferguson,
D.M.; Spellmeyer D.C.; Fox, T, Caldwell J. W Kollman P.AAM.
Chem. Socl1995 117, 5179-5197.
(18) Woods, R. J.; Dwek, R. A.; Edge, C. J.; Fraser-Reid]).B2hys. Chem. B
1995 99, 3832-3846.
(19) Gnanakaran, S.; GaeglA. E.J. Phys. Chem. R003 107,12555-12557.
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Figure 2. (a) Section of the 800-ms NOESY spectrum (400 MHz) of compalimdH,O/D,0 (9/1) at 20°C, showing amidealiphatic cross-peaks. (b)
Representative 3D-structure df showing the most significant NOEs for the conformational analysis. (c) Example of NOE build up curves for H1s of

Table 2. Comparison of the Experimental and MD Simulations
Derived Distances and 3J Couplings for 12

MD-tar

expl (e =80) MDyyp0-tar MDy0
dHl,HZ 2.9 (m}’ 2.9 3.2 2.4
dH(x,Hl 2.3 (S)’ 2.5 2.4 3.2
o H2 2.9 (my 2.8 2.9 2.9
dH1,Hgpros 2.5 2.3 2.4 2.3
dH1,Hppror 2.6 2.6 2.6 2.8
OHis, o 3.9 3.8 35 4.5
3JHa,H,gme 55 5.8 6.4 4.1°
3JHa,HBpro S 4.5 4.F 4.8 3.z
3JH2,Ha 6.2 6.9 6.4 6.7
3JHa Has 9.2 9.3 9.4 7.9

aDistances are given in A arfd coupling in Hz.> m = medium and s
= strong NOE ¢ Estimated from the MD simulations using the Karplus
equation given in ref 15& Estimated from the MD simulations using the
Karplus equation given in ref 15b.

1. It can be observed that according to the NOE experiments
commented above),/W,, dihedral values (backbone) are similar
to those typical for extended conformations, such as PPII and
p-sheet, and only a small amount of conformers showgd
W, dihedral values corresponding ¢ehelical structures.

Concerning the glycosidic linkag&s has a value close to
80°, in accordance with the exo-anomeric effect, whllg is
rather rigid, showing a value about 180

The simulations also indicated thgt dihedral showed a
conformational preference for values close t8.6lhe applica-
tion of the Karplus equatidf? for this torsion angle led to
theoretical values ofJue, g that are in good accordance with
the experimentally measured one (Table 2). Besides, this

preferred conformation also agrees with the medium observed (@)
NOE between the acetamide methyl (Me3) of sugar residue and

the methyl amide (Mel) of peptide moiety (see Supporting
Information).

As additional indication of the goodness of the obtained
conformational distribution, the experimental and theoretical
3Jus H2sWere also in good agreement. This valuébsuggests
a torsion angle H3N3—C2s-H2s of about 18015 Accord-
ingly, the orientation of thé-acetyl group relative to the sugar
framework seems essentially fixed.

On this basis, we can state that the geometry of the simplest
model, glycopeptidéd, in aqueous solution is essentially equal
to that observed in glycopeptides derived from naturally
occurring glycoproteins previously studigt?’Several authors
have concluded that the defined geometry of these glycopeptides,
in which the peptide backbone adopts an extended conformation,
is stabilized by the existence of an intramolecular hydrogen bond
between the amide NH proton of GalNAc and the oxygen of
the carbonyl groufy-2°2at the peptide (H3 and O1 in our model
compound, respectively). Interestingly, our experimental and
theoretical studies (see below) suggest that this hydrogen bond
must be very weak.

Experimental Evidences of the Absence of Sugar and
Amino Acid Interresidue Hydrogen Bonds. To experimentally
estimate the strength of this hydrogen b&naind taking into
account that the HNCO experimétt failed, 1D-selective
HMQC-type experiments were performed on tH€-labeled

(20) (a) Schuman, J.; Qiu, D. X.; Koganty, R. R.; Longenecker, B. M.; Campbell,
A. P. Glycoconjugate J200Q 17, 835-848. (b) Mdler, H.; Serttas, N.;
Paulsen, H.; Burchell, J. M.; Taylor-Papadimitriou, J.; MeyerEBr. J.
Biochem.2002 269 1444-1455. (c) Kinarsky, L.; Suryanarayanan, G.;
Prakash, O.; Paulsen, H.; Clausen, H.; Hanisch, F.-G.; Hollingsworth, M.
A.; Sherman, SGlycobiology2003 13, 929-939.

(a) Barfield, M.J. Am. Chem. So@002 124, 4158-4168. (b) Cordier,

F.; Rogowski, M.; Grzesiek, S.; Bax, Al. Magn. Reson1999 140,
510-512.
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Figure 3. (a) ®y/W, distribution obtained from MD-tar calculations for simulated peptide backborfe @) ®¢Ws distribution obtained from MD-tar
simulations for the glycosidic linkage df (c) x* distribution obtained from MD-tar simulations &f (Red square) Calculated dihedral andig ¥y, s,
and Ws values of the global minimum found fdr at the HF/6-31G(d) level of theory (ref 1c). (Yellow dot) Dihedral angig W, ®s, andWs values of
GalNAc—Ser residue found for the average structure obit&TFSTTAV glycopeptide in aqueous solution (ref 1b).

compoundl in order to determine thé&Jcy a2t Different of the solute. First, the radial pair distribution functions (RDF)
experiments were performed with the period for evolution of were calculated for all heteroatoms bfThese RDF functions
couplings (1/3) chosen to match values of 1, 2, 3, 4, and 5  give the probabilityg(r), of finding a water molecule at a given
Hz. No signal for the target H3 proton was observed in any distancer from the solute. Figure 4a shows the RDF obtained
case. Indeed, resonance signals for tleedid H3 protons were from MDyyo-tar simulations for atoms O1 and N3. These results
observed, as well as for the two amide protons located at two are in agreement with previous studies carried out on anifdes.
or three bonds away from tHéC-labeled carbonyl moiety (H1  In addition, normalized two-dimensional radial pair distribu-
and H2, respectively). Moreover, the Mel protons signal was tions’® were calculated for all possible shared water density sites
also observed with high intensity when thevolution period (Figure 4b). These 2D functions give the probabili,ro),
was matched to 45 Hz. When theJ-evolution period was of finding a water molecule at a distanceandr, from two
longer than 200 ms)(= 1—-2 Hz), the Me2 protons, located at  selected solute atoms, relative to the probability expected for a
five bonds from the target carbonyl carbon, were also observed.random distribution (Figure 4d). Figure 4b shows the 2D radial
This fact seems to indicate that the persistence of theQ43 pair distribution obtained for atoms N3 and O1. Interestingly,
hydrogen bond, if any, must be very low, since no signal for the shared water density found in the first hydration shell (ca.
the amide H3 proton was observed at any mixing time. 2.8 A) of both atoms revealed the existence of bridging water
To shed some light on the factors that govern the experi- molecules between N3 and O1 (Figure 4c). The density of this
mentally observed shift to extended conformations in the model shared water site was 1.5 times the bulk density, having
glycopeptidesl, we carried out an extensive theoretical study maximum and average residence times of 5.5 and 0.5 ps,
as discussed in the next section. respectively. The average distance between N3 and O1 was 5.6
Solvent Influence on the Conformational Behavior of A, ranging from 7.8 to 2.8 A.
Compound 1.First, it has to be emphasized that hydrogen bonds  Additionally, different frames of the MRyo-tar simulations
between the sugar and the peptide moieties were not detecte@ontaining the first hydration shell and a bridging water molecule
over the course of the MD simulations. To gain details of the were subjected to minimization using DFT methods (Figure 5).
influence of the water on the solute conformation, the number From the MD analysis, gauche-J and gauche+) conforma-
of close neighbor water molecules as a function of time was tjons of hydroxymethyl group were deduced and considered for

calculated. The Mio-tar simulations trajectory was chosen these DFT calculations. This study clearly revealed that the
for this purpose because, as commented above, the unrestrained

MD simulations did not quantitatively reproduce the experi- (22) (a) Mennucci, B.; Maftez, J. M.J. Phys. Chem. 2005, 109, 9818

mental data that support the conformational behavidr. dhe
average hydration number was 17.9 and 4.6 for water oxygen
distances less than 3.5 and 2.8 A from the solute heteroatoms
(nitrogen and oxygen), respectively. These values are similar
to that previously found for g-O-Glc-L-Ser diamide com-
pound!! The next stage was to inspect the anisotropic hydration
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9829. (b) Rick, S. W.; Berne, B. J. Am. Chem. Sod.996 118 672—
679. (c) Gao, J.; Freindorf, Ml. Phys. Chem. A997 101, 3182-3188.
(d) Beglov, D.; Roux, BJ. Phys. Chem. B997 101, 7821-7826. (e)
Buck, M.; Karplus, M.J. Phys. Chem. R001 105 11000-11015. (f)
Rocha, W.; Aimeida, K. D.; Coutinho, K.; Canuto, Shem. Phys. Lett.
2001, 345 171-178. (g) luchi, S.; Morita, A.; Kato, Sl. Phys. Chem. B
2002 106, 3466-3476.

(23) Andersson, C. A.; Engelsen, S. B. Mol. Graphics Model1999 17,

101-105.
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Figure 4. (a) Radial pair distribution function (RDF) of O1 and N3. (b) Two-dimensional radial pair distribution function for O1 and N3 found in the 4-ns
MDu2o-tar simulation. (c) A representative frame of the 4-ns Mtar simulation showing a bridging water molecule. (d) Schematic diagram of hydration
shells with indications of relevant parameters for calculating 2D pair distributions. This figure is a modification of the one reported in ref 23.

b)

Figure 5. Calculated B3LYP/6-31G(d) geometries of compounihcluding the surrounding water molecules from two different frames of the;Mdar
trajectory: (a) gauche~) conformation for the hydroxymethyl group and (b) gauch¢ ¢onformation for the same group.

inclusion of explicit water molecules that solvate the polar For example, if only the bridging water molecule is removed,

groups ofl is crucial to obtain a structure according to that the backbone preserves the extended conformation and the
experimentally observed. The obtained results suggest that nothydrogen bond between H3 and O1 is not observed. On the
only the bridging water molecule but also the surrounding water other hand, if all the water molecules are removed except the
molecules are important for stabilization of the extended one involved in the water bridge, the obtained geometry cannot
conformation of the backbone. Indeed, the systematic removalaccurately reproduce the experimental data. Some of these
of some crucial solvent molecules produced severe alterationsgeometries are displayed in the Supporting Information, for

on the solute structure, especially on the backbone conformation.illustrative purposes. As a consequence, the geometry calculated
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in vacuo for the same compound by Csonka et al. at the HF/ mL). The combined organic layers were dried and filtered and the
6-31G(d) leveke considerably differs from that proposed in this ~ solvent was removed to give quantitativéig-labeled\-Boc-(S)-serine
paper, as shown in Figure 3a (see the red square). The reported@s @ thick oil (2.02 g). A solution of this compound (500 mg, 2.43
calculations carried out in vacuo predicgaturn conformation mmol) in acetonitrile (60 mL) was treateq with dllsopro_pllethylamlne
for the backbone, stabilized by two key hydrogen bonds, one (P'EA) (2.0 mL, 12.1 mmol), methylamine hydrochloride (328 mg,

4.85 mmol), andO-benzotriazol-1-yl-1,1,3,3-tetramethyluronium tet-
between O2H1 and another one between €M3. On the rafluoroborate (TBTU) (935 mg, 2.91 mmol) under an inert atmosphere.

contrary, our structure is similar to that proposed by D_anishefsky The reaction mixture was stirred at room temperature for 10 h, the
and co-workers for the ti-STF-STTAV glycopeptide!® a solvent was then removed, and the mixture was partitioned between
short mucin motif of glycoprotein CD43 (Figure 3a, yellow prine (20 mL) and ethyl acetate (70 mL). The organic layer was washed
circle). For this more complex glycopeptide, the experimental with 0.1N HCI (2 x 20 mL) and 5% NaHC®(2 x 20 mL), dried
distance N301 was experimentally measured to fluctuate from over anhydrous NSO, filtered, and evaporated to give a residue that
3.2t0 4.1 A (in compound, as commented above, this distance was purified by silica gel column chromatography, eluting with
between these two atoms ranged from 2.8 to 7.8 A) with the dichloromethane/MeOH (94:6) to gi&(341 mg), as a white solid, in
corresponding angle N3H3—O1 being close to 96 (the 649 yield. Mp 122-124°C. [o]*% = —20.8 € 1.55, CHCY). *H NMR
average angle obtained féirfrom the MD-tar simulations was g‘gs ani’Hngg)éf 111'4(‘:“(51'3;4)4 Zl'fi (1t9"]( r: ‘;'S)Hé'scrs)gii
120+ 22°). Taking into account these experimental values, the Vo At LN T '
authors indicated that it is difficult to certainly assert whether 1H), 6.70-6.84 (m, 1H)*C NMR (100 MHz, CDCY): 6 26.2, 28.3,

. . . 8 . 55.0, 63.0, 80.6, 156.3, 172.0. Anal. Calcd fet*CH;gN,O4: C, 49.76;
the peptide-sugar interactions are more appropriately viewed | gog- N 12.78. Found: C. 49.58: H. 8.26: N. 12.76.

as electrostatic or should be seen as conventional hydrogen Synthesis of Compound 3TFA (5 mL) was added to a solution of
bonds. In this paper, we propose a completely different point 5 (300 mg, 1.37 mmol) in CCl, (5 mL) at 0°C. The reaction was

of view, perfectly compatible with the experimental data, and maintained at ®C for 30 min and at room temperaturer 8 h and

in which, as commented above, water molecules play a crucial then concentrated. The residue was then dissolved in pyridine/acetic

role. anhydride (3:1, 8 mL) and stirred at room temperature3fd to give
Conclusions. In contrast to common belief, the structural the corresponding diacetylated compound, which was used in the next
study of the mucin-type simplest model glycopeptideQ- step without purification. This compound was then dissolved in MeOH

(5 mL) and treated with sodium methoxide/MeOH (0.5 M) to pH 9.

bonds involvina suaar and pebtide residues are very weak andAfter stirring at room temperature for 3 h, the mixture was neutralized
g sug pep y ’ with Dowex 50-X8, filtered, and concentrated. Finally, the residue was

cqnsequently, they cannot determ'ne the defined g_eometry Ofpurified by silica gel column chromatography, eluting with dichlo-
this type of molecule. Our experimental and theoretical results \omethane/methanol (85:15) to giB(161 mg), as a white solid, in
point toward the existence of water pockets/bridges between 730 yield. Physical properties were identical to those reported in the
the sugar and the peptide moieties and indicate that theliterature!* Anal. Calcd for GRCHN,Os: C, 45.33; H, 7.50; N, 17.38.
surrounding water molecules are essential to keep the definedFound: C, 45.22; H, 7.51; N, 17.3%4 NMR (400 MHz, D;O): &
conformation. Although these results are on the smallest model2.08 (s, 3H), 2.77 (s, 3H), 3.88.91 (m, 2H), 4.36-4.40 (m, 1H).
glycopeptide, the existence of such sugpeptide interactions ~ **C NMR (100 MHz, DO): 6 22.7, 26.4, 57.0, 63.0, 173.1, 173.5.
through bridging water molecules could explain the particular ~ Synthesis of Compound 4Concentrated HN§X(10% *5N-labeled)
features of mucin-type glycoproteins. The combined experimental/ (1 mL) was added dropwise to acetic anhydride (10 mL) &t @nder

theoretical investigations of synthetically prepared larger systemsconstant stirring. The external temperature was further lowered @
are currently underway °C to keep the internal temperature in the range-20°C during the

addition. Once the addition was completed, the solution was cooled
Experimental Section further to—50 °C upon which a precipitate formed. Then a solution of
tri-(O-benzyl)galactal (1.00 g, 2.4 mmol) in acetic anhydride (5 mL)
General Procedures Solvents were purified according to standard was added over a period of @5 min, and the mixture stirred at this
procedures. Analytical TLC was performed using Polychrom SI F254 temperature for 30 min. After the reaction mixture had been allowed
plates. Column chromatography was performed using silica gel 60 to warm to—22 °C, it became clear. The reaction mixture was then
(230—400 mesh)!H and*3C NMR spectra were recorded on Bruker poured into cold water (20 mL), brine (10 mL) was added, and the
ARX 300, Bruker Avance 400, and Bruker Avance 500 spectrometers. aqueous layer was extracted with,@t(3 x 10 mL). The combined

GalNAc--Ser diamide, reveals that intramolecular hydrogen

1H and 3C NMR spectra were recorded in CRGInd CQOD with organic layers were dried (M80O,) and the solvents removed by
TMS as the internal standard and indD(chemical shifts are reported  coevaporation with toluene. The corresponding crude 2-nitrogalacto-
in ppm on thed scale). Melting points were determined on acBu pyranose derivative was dissolved in dichloromethane (10 mL) and

B-545 melting point apparatus and are uncorrected. Optical rotations slowly added to an ice-cold, stirred solution of triethylamine (0.36 mL,
were measured on a Perkin-Elmer 341 polarimeter. Microanalyses were2.60 mmol) in dichloromethane (5 mL). After complete addition, the
carried out on a CE Instruments EA-1110 analyzer and are in good cooling bath was removed and stirring was continued for 30 min, at
agreement with the calculated values. room temperature. The organic phase was washédd2it HCI solution
Synthesis of Compound 2A solution of3C-labeled §-serine (1.04 and dried (NaSQ). Removal of the volatiles and silica gel column
g, 9.8 mmol) h 1 N aqueous NaOH (20 mL) and dioxane (10 mL) at chromatographic purification (toluene/ethyl acetate, 98:2) of the residue
0 °C was treated with diert-butyl dicarbonate (2.57 g, 11.8 mmol)  gave compound (897 mg), as a light yellow oil, in 81% yield. Physical
and the mixture was allowed to warm to room temperature and stirred properties and spectral data were identical to those reported in the
for 24 h. The dioxane was then evaporated and the aqueous layer waditerature? Anal. Caled for G/H7NQOs: C, 70.25; H, 5.91; N, 3.06.
washed with B (30 mL) to remove dtert-butyl dicarbonate. Ethyl Found: C, 70.11; H, 5.92; N, 3.01.
acetate (50 mL) was then added to the aqueous layer and the mixture Synthesis of Compounds & and 53. Compounds3 (97 mg, 0.61
stirred whie a 1 Maqueous K5O, solution was added to give pH mmol) and4 (234 mg, 0.51 mmol) were dissolved in THF (5 mL)
2—3. Following the separation of the organic layer, the aqueous layer under argon, and freshly activated molecular sieve (3 A, 0.5 g) was
was then saturated with NaCl and extracted with ethyl acetate5@ then added. After stirring of the reaction mixture at room temperature
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for 1 h, 1 M potassiuntert-butoxide solution in THF (5%L, 0.05
mmol) was added and stirring was continued for 12 h. Acetic acid (2

COSY spectra were recorded with gradients and using the cosygpgf
pulse program with 90 pulse width. Phase-sensitive ge-2D HSQC

mL) was used to acidify the reaction mixture, the molecular sieve was spectra were recorded usizgilter and selection befor& removing
filtered off, and all solvents were removed by evaporation. The residue the decoupling during acquisition by use of the invigpndph pulse

was purified by silica gel column chromatography (ethyl acetate/
methanol, 95:5) to give a mixture &o and 56 in a 9:1 ratio (190
mg), as an oil, in 60% yield. Optical rotation for this mixturex]$

= +31.0 € = 0.61, CHOH). Compoundso: *H NMR (400 MHz,
CDClg): 6 2.00 (s, 3H), 2.76 (d) = 4.8 Hz, 3H), 3.48-3.61 (m, 2H),
3.65 (dd,J = 10.9 Hz,J = 6.6 Hz, 1H), 3.94 (ddJ = 10.9 Hz,J =
5.2 Hz, 1H), 3.974.00 (m, 2H), 4.36 (ddJ = 10.6 Hz,J = 2.8 Hz,
1H), 4.40-4.51 (m, 4H), 4.66:4.74 (m, 2H), 4.83 (dJ = 11.2 Hz,
1H), 5.02 (dd,J = 10.6 Hz,J = 4.8 Hz, 1H), 5.40 (dJ = 4.2 Hz,
1H), 6.08-6.14 (m, 1H), 6.38 (dJ = 7.5 Hz, 1H) 7.26-7.38 (m, 15H).
13C NMR (100 MHz, CDC}): ¢ 23.1, 26.4, 52.5, 68.2, 68.6, 70.2,

program with CNST2 (JHC)} 145. 2D NOESY experiments were
made using phase-sensitive ge-2D NOESY for CD§Hectra and
phase-sensitive ge-2D NOESY with WATERGATE fop®ID,O (9:

1) spectra. Selective ge-1D NOESY experiments were carried out using
the 1D-DPFGE NOE pulse sequence. NOEs intensities were normalized
with respect to the diagonal peak at zero mixing time. Experimental
NOEs were fitted to a double exponential functidft) = po[exp(—
pit)][1 — exp(—p2t)] with po, p1, andp, being adjustable parametéps.
The initial slope was determined from the first derivative at tinve

0, f(0) = pop2. From the initial slopes, interproton distances were
obtained by employing the isolated spin pair approximation.

72.7,72.9,73.7,74.9,75.0,84.4,96.9, 128.0, 128.1, 128.2, 128.2, 128.2, Experimental Determination of Jcy Coupling Constants. 1D-

128.4, 128.5, 128.6, 137.0, 137.4, 137.7, 169.5, 170.2.
Synthesis of Compound 6. Platinized Raney nickel (T4) catalyst

Selective HMQC-type experimeftswere performed on thEC-labeled
samples on a Bruker AVANCE 500 at 278 K. THE hard 90 pulses

was freshly prepared as described in ref. 10. The catalyst obtained usingn the regular HMQC sequence were replaced by soft Gaussian-shape

2 g of Raney nickel/aluminum alloy was suspended in ethanol (10 mL)
and prehydrogenated for 10 min before the addition of the mixture of
glycosides5o. and 56 (180 mg, 0.29 mmol) in ethanol (7 mL). The
reaction mixture was shaken under, KL atm) fa 3 h at room

pulses of 40 ms length and centered on the carbonyl resonance
frequency. Different experiments were performed with the period for
evolution of couplings (13 chosen to match values of 1, 2, 3, 4,

and 5 Hz (See Supporting Information). No refocusing period was used

temperature. The catalyst was filtered off and the solvent evaporated.and the resulting 1H spectra were processed both in the phase-sensitize

The residue was dissolved in pyridine/acetic anhydride (2:1, 6 mL)

and magnitude modes. A total of 1024 scans were acquired per

and stirred at room temperature for 3 h. Removal of the volatiles and experiment with a repetition delayf é s and an acquisition time of

silica gel column chromatographic purification (ethyl acetate/methanol,
95:5) gave an oil corresponding toglycoside6a (153 mg) in 83%
yield. [a]®» = +28.1 ¢ = 0.4, MeOH).*H NMR (400 MHz, CD-
OD-CDCh): 6 1.93 (s, 3H), 1.97 (s, 3H), 2.62.67 (m, 3H), 3.41
(dd,J = 9.7 Hz,J = 4.2 Hz, 1H), 3.583.71 (m, 3H), 3.88-3.94 (m,
2H), 4.20 (ddJ = 11.4 Hz,J = 2.6 Hz, 1H), 4.38-4.75 (m, 7H), 4.90

(d, J = 3.6 Hz, 1H), 4.95 (dJ = 11.7 Hz, 1H), 5.55 (dJ = 8.5 Hz,
1H), 6.36-6.42 (m, 1H), 7.07 (dJ = 8.6 Hz, 1H), 7.26-7.40 (m,
15H).13C NMR (100 MHz, CROD-CDCE): 6 20.7, 21.0, 24.5, 48.5,

15s

Computational Methods. Molecular Dynamics Simulations: MD-
tar Simulations. NOE-derived distances (see Table 2) were included
as time-averaged distance constraints and scalar coupling constants
as time-averaged coupling constraints [BA®[71/¢ average was used
for the distances and a linear average was used for the coupling
constants. Final trajectories were run using an exponential decay
constant of 8000 ps and a simulation length of 80 ns for the MD-tar
simulation withe = 80 and using an exponential decay constant of

52.8, 67.3, 67.3, 68.3, 69.2, 71.0, 72.5, 73.7, 76.5, 98.0, 126.4, 126.6,400 ps and a simulation length of 4 ns for the MD-tar simulations in
126.6, 126.7, 126.8, 127.0, 127.1, 127.3, 127.4, 137.1, 137.6, 137.7,explicit water (MDyzo-tar).

169.5, 170.3, 171.2. Anal. Calcd fogfSCH43NsOs: C, 66.37; H, 6.84;
N, 6.63. Found: C, 66.52; H, 6.77; N, 6.59.

Synthesis of Compound 1To a solution of glycosidéo (14 mg,
0.02 mmol) in ethyl acetate/methanol (1:1) (3 mL) was added 10%
palladium-carbon (7 mg) as a catalyst. The reaction mixture was
shaken under (1 atm) for 12 h at room temperature. Removal of the
catalyst and the solvent gat€8 mg), as a colorless oil, in quantitative
yield. Data for'*C- and**N-labeled compound: [a]®, = +24.1
= 0.54, CHOH). 'H NMR (400 MHz, D,O): ¢ 2.04 (s, 3H), 2.07 (s,
3H), 2.76-2.78 (m, 3H), 3.7£3.77 (m, 2H), 3.783.85 (m, 1H), 3.85
3.95 (m, 3H), 3.964.01 (m, 1H), 4.14 (dd) = 11.0 Hz,J = 3.7 Hz,
1H), 4.50-4.57 (m, 1H), 4.89 (dJ = 3.5 Hz, 1H).*C NMR (100
MHz, D;O): 6 21.8, 22.0, 26.0, 49.8, 54.2, 61.2, 67.1, 67.6, 68.4, 71.3,
97.8, 171.3, 171.9, 174.4. Anal. Calcd fors®CHzsN3Os: C, 46.41;

H, 6.93; N, 11.56. Found: C, 46.54; H, 7.05; N, 11.41. Data for
compoundl at natural abundance:o]?> = +24.8 ¢ = 0.51, CH-
OH). *H NMR (400 MHz, D,O): 4 2.05 (s, 3H), 2.08 (s, 3H), 2.76 (s,
3H), 3.72-3.78 (m, 2H), 3.81 (ddJ = 10.8 Hz,J = 5.5 Hz, 1H),
3.86-3.94 (m, 3H), 3.974.00 (m, 1H), 4.15 (ddJ = 11.0 Hz,J =
3.7 Hz, 1H), 4.54 (ddJ = 5.5 Hz,J = 4.5 Hz, 1H), 4.89 (dJ = 3.7
Hz, 1H).*H NMR (500 MHz, HO/D,;0): ¢ 2.05 (s, 3H), 2.08 (s, 3H),
2.76 (d,J = 4.6 Hz, 3H), 3.72-3.78 (m, 2H), 3.81 (ddJ = 10.8 Hz,
J=5.5Hz, 1H), 3.86-3.94 (m, 3H), 3.974.00 (m, 1H), 4.15 (dd)
=11.0 Hz,J = 3.7 Hz, 1H), 4.54 (m, 1H), 4.89 (d,= 3.7 Hz, 1H),
8.05 (d,J = 9.2 Hz, 1H), 8.05-8.12 (m, 1H), 8.42 (dJ = 6.2 Hz,
1H). Anal. Calcd for GsH2sN3Os: C, 46.28; H, 6.93; N, 11.56.
Found: C, 46.39; H, 7.00; N, 11.40.

2D NMR Experiments. NMR experiments were recorded on a
Bruker Avance 400 spectrometer at 293 K. Magnitude-mode ge-2D

Molecular Modeling in Explicit Water. The solute molecule was
first immersed in TIP3P bath water molecules with the LEAP
module? The simulation was performed using periodic boundary
conditions and the particle-mesh Ewald appréaah introduce long-
range electrostatic effects. The SHAKE algoritfifor hydrogen atoms,
which allows using a 2-fs time step, was also employed. Finally, a
9-A cutoff was applied to Lennard-Jones interactions. Equilibration of
the system was carried out as follows; as a first step, a short
minimization with positional restraints on solute by a harmonic potential
with a force constant of 500 kcal mdl A2 was done. A 12.5-ps
molecular dynamics calculation at 300 K maintaining positional
restraints on the solute was then run in order to equilibrate the water
box. For these two steps, a 9-A cutoff was used for the treatment of
the electrostatic interactions. As the next step, the system was
equilibrated during an additional 12.5-ps period, but using now the
mesh Ewald method, as water properties are slightly different with this
treatment. Then, the system was subjected to several minimization
cycles, gradually reducing positional restraints on the solute from 500
to 0 kcal mot® A2, Finally, one unrestrained MD trajectory at constant
pressure (1 atm) and temperature (300 K) was collected and analyzed
using the CARNAL modul@® The simulation length was 40 ns.
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DFT Calculations. All calculations were carried out by means of  Rioja (project API-05/B01 and grant of G.J.-O.), and the
the B3LYP hybrid functionat? Full geometry optimizations were  Gobierno de La Rioja (ANGI-2004/03 and ANGI-2005/01

carried out with the 6'31G(d) basis set USing the Gaussian 03 pa?fkage. projects) We also thank CESGA for Computer Support
BSSE corrections were not considered in this work. Analytical

frequencies were calculated at the same level to determine the nature Supporting Information Available: H and3C NMR spectra
of the opti_miz_gd geometries. Scaled frequencies were npt consider_edof compounds, 2, 3, 50, and6a,, as well as COSY and HSQC
because significant errors on the calculated thermodynamical prOpert'escorreIations of compound, 5a, and6a; MD simulations in
explicit water for derivativel and B3LYP/6-31G(d) distances,
dihedral angles, energy, enthalpy, free energy, entropy, and
coordinates of the optimized structureslabgether with explicit
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geometry optimizations using explicit water molecules from the first
hydration shell.
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