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Novel studies on the synthesis and conformation in aqueous
solution of three antifreeze-like glycopeptides containing the
sequence Xaa(a-GalNAc)-Ala-Ala, with Xaa being threonine
(Thr) or the non-natural amino acids a-methylserine (MeSer)
or a-methylthreonine (MeThr), are reported. The study has
combined NMR experiments with molecular dynamics simu-
lations. Whereas the Thr derivative is rather rigid in solution
and exhibits an extended conformation for the backbone, the
non-natural glycopeptides are fairly flexible and show ran-
dom coil structures for the peptide sequence. On the other
hand, only those glycopeptides with a methyl group at Cf of

the underlying amino acid show perpendicular orientation of
the sugar with respect to the peptide moiety. This structural
feature, together with the rigidity of the Thr-containing gly-
copeptide, makes this system unique to structure the water
molecules of its first hydration shell. In addition, despite its
chemical similarity, the different observed conformational
behaviors of all these molecules, as well as the differences in
their dynamics and hydration properties, make them suitable
systems to shed light on the key factors that govern anti-
freeze activity.

Introduction

Antifreeze glycoproteins (AFGPs) allow polar fishes to
survive in seas where the temperature is subzero by depress-
ing the freezing temperature of the blood without increas-
ing osmotic pressure.l'! These versatile properties have at-
tracted significant interest for their possible applications,
such as protection of blood platelets and human organs at
low temperatures, increase in the effectiveness of the de-
struction of malignant tumors in cryosurgery,® and im-
provement in the smooth texture of frozen foods.[*!

The primary structure of these AFGPs consists of repeat-
ing tripeptide units, (Thr-Ala-Ala),, whose Thr residue is
glycosylated with a B-D-galactopyranosyl-(1-3)-a-D-N-acet-
ylgalactosamine disaccharide, abbreviated as B-Gal-(1-3)-
a-GalNAc. Recently, Nishimura and co-workers reported a
paramount work providing critical structure—activity data
to understand the mechanism of ice growth inhibition and
to rationalize the design of AFGP mimics.’] On the other
hand, the synthesis of different glycosylated analogues with
the [Thr(a-GalNAc)-Ala-Ala], sequence has been reported,
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which exhibited significant antifreeze and ice structuring
activities, even though they only contain monosaccharide
moieties.%] In a parallel manner, a new glycoprotein from
jellyfish has been isolated and its structure elucidated. It
contains unique tandem repeats of eight amino acids, con-
taining the Thr-Ala-Ala tripeptide sequence, with Thr gly-
cosylated with a-GalNAc. In this case, the authors men-
tioned that an antifreeze function is expected for this glyco-
protein.[’]

Therefore, many attempts have been made to character-
ize the structures of AFGPs in solution and to elucidate
their mechanism of action. Nishimura and co-workers iden-
tified three elements as key features for their activity: the
N-acetyl group of a-GalNAc, the a-configuration of the
glycoside, and the B-methyl group on the Thr moiety.F!
These findings can help to improve the design of new
AFGP mimics. In addition, the authors proposed a 3D
model for the physiological action of AFGPs, similar to
that previously suggested by the Bush and Feeney®¥ and
Lane!®® groups. The structure consists of an extended, left-
handed threefold helix of polyproline II type (PPII). This
special distribution exhibits all sugar moieties on one side
of the helix, allowing direct interaction of the water mole-
cules with the hydroxy groups of the sugar moiety and thus
blocking the growth of ice crystals. In this context, a recent
study™ indicates that the a-helical conformation of the
AFGPs could also increase at the ice/water interface.

On the other hand, studies on C-linked AFGP analogs!'"]
stated that not only the changes in the backbone conforma-
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tion, but also the spatial relationship between the carbo-
hydrate moiety and the peptide backbone could play a key
role in the activity of these molecules. The authors con-
cluded that the antifreeze activity could be related to the
facility of these molecules to form hydrophobic pockets be-
tween the sugar and the peptide moieties. In addition, these
authors emphasized the importance of additional studies
to elucidate the role of hydration in glycopeptides and its
subsequent effects on the conformation and activity in real
biological systems.['!] Despite these reports, at the present
moment, and to the best of our knowledge, the actual role
of both hydration and hydrophobicity on the mechanism of
action of AFGPs remains to be elucidated. In fact, different
authors have pointed out that the effect of replacement of
Thr and Ala residues in the Thr-Ala-Ala sequence of
AFGPs would be highly informative.['?]

In this context, it is important to note that the lack of
a low-cost-synthesis of pure samples of AFGPs has been
identified as a limiting factor for more extensive studies on
AFGPs for commercial and academic applications.['”]
Therefore, and within this topic, we have decided to exploit
the known peculiarity of certain non-natural Ca-substituted
a-amino acids!'? to stabilize helical conformations,!'¥ par-
ticularly a-methylserine (MeSer) and a-methylthreonine
(MeThr). Moreover, as we have recently described,!'”! these
noncoded amino acids show peculiar relative orientations
between the carbohydrate moiety and the peptide back-
bone, which could affect both the formation of hydrophobic
pockets and the hydration shell of the glycopeptides.

On this basis, we herein report the synthesis and confor-
mational analysis, in aqueous solution, of different model
glycopeptides with the Xaa*-Ala-Ala sequence, where Xaa
= Thr or non-natural MeSer/MeThr (Figure 1). In all cases,
the carbohydrate moiety is represented by an a-D-N-acetyl-
galactosamine (* = a-GalNAc) unit, whereas the amino and
carboxylic functional groups have been transformed into
amides to simulate the peptide backbone. The glycopeptide
derived from the natural sequence Thr-Ala-Ala has also
been studied for comparative purposes.
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Figure 1. Antifreeze-like glycopeptides studied in this work.

In particular, NOE-based distance information as well as
coupling constants have been interpreted with the assist-
ance of molecular dynamics (MD) simulations. It is impor-
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tant to note that, from a chemical viewpoint, not only is
the synthesis of the non-natural target compounds chal-
lenging, as the a-amino acid derivatives bear quaternary
carbon atoms, but the conformational analysis is also far
from trivial. In fact, the absence of the Ha atom in these
non-natural amino acids implicates the lack of some key
NOE signals and coupling constants, which are pivotal ele-
ments to elucidate the existing conformations.

Results and Discussion

Synthesis

As a key example, Scheme 1 shows the synthesis of glyco-
peptide 2. The rest of the molecules were synthesized as
described in the Supporting Information by following sim-
ilar methodology. The synthesis started from MeSer deriva-
tive 4, whose carboxylic acid group was protected as a
methyl ester function and the amino group as a fert-
butyloxycarbonyl (Boc) carbamate. Treatment of 4 with
3.,4,6-tri-O-benzyl-2-nitrogalactal, following the procedure
described by Schmidt and co-workers,['9 gave a-linked 2-
nitroglycoside 5 in good yield. The reduction of the nitro
group by hydrogenation of 5 with nickel Raney (T4) fol-
lowed by subsequent acetylation of the amino group with
acetic anhydride (Ac,O) and pyridine (Py) led to N-acet-
ylated glycoside 6. Further hydrolysis of the methyl ester
with LiOH-H,O gave corresponding acid 7 in an almost
quantitative manner (97%). This compound was then
treated with dipeptide 8 and N,N,N',N’-tetramethyl-O-
(benzotriazol-1-yl)uroniumtetrafluoroborate (TBTU) as a
coupling agent in the presence of diisopropylethylamine
(DIEA) as a base to give N-Boc protected glycopeptide 9
in excellent yield. Deprotection of the amino group and its
further acetylation led to intermediate 10. Finally, purifica-
tion of compound 10 by column chromatography on silica
gel and subsequent hydrogenolysis of the benzyl groups of
the sugar moieties with H, and Pd/C gave desired glycopep-
tide 2 derived from MeSer. This compound was purified by
reverse-phase HPLC (Scheme 1).

Conformational Study of the Glycopeptides

The clues for dubbing the torsional angles and the
atomic labeling used herein are shown in Figure 2.

In a first step, full assignment of the 'H NMR spectro-
scopic resonances in all of the compounds was carried out
by using standard COSY and HSQC experiments (see Sup-
porting Information). As a next step, a detailed NMR-
based structural study of the different glycopeptides was
performed. NMR spectroscopic data for derivatives 1-3
were recorded at pH 5.5. To analyze the preferred orienta-
tions around both the peptide and glycosidic linkages,
NOEs were measured by using 2D NOESY in H,O/D,O
(9:1) and selective 1D NOE in D,O experiments (Figure 3
and Supporting Information). The key inter-proton dis-
tances were derived from the corresponding NOE build-up

Eur. J. Org. Chem. 2010, 3525-3532



Small Antifreeze-Like Glycopeptides Containing Non-Natural Amino Acids

Eur

European Journal
of Organic Chemistry

BnO OBn BnO OBn BnO OBn
o)
o)
HO BnO R BnO BnO
AcHN c AcHN
Me, a O2N b ¢ —_— o
A OMe —— o - 0
BocHN v Me Me,, OH
e, 1, >
(e} ! OMe
BocHN OMe BocHN BocHN
o)
4 o 6 © 7
5
BnO OBn RO OR
0
o)
BnO RO
(0] Me H AcHN AcHN
7 4 TFA-HZN\)k N9 o e o) o me
Y N Me (@] Me H
:H Me, H H el N N
Me (0] " N\)j\ N\ AcHN N \Me
BocHN H H Me H N
8 0O Me o Me 0

10: R=Bn

f ,:2;R=H

Scheme 1. Synthesis of glycopeptide 2. Reagents and conditions: (a) 3,4,6-Tri-O-benzyl-2-nitrogalactal, tBuOK, THE, 25 °C, 12 h, 67%.
(b) i. Ho/Ni Raney (T4), EtOH/ethyl acetate (4:1), 25 °C, 4 h; ii. Ac,O/Py (1:2), 25 °C, 3 h, 41 % overall yield. (¢) LIOH-H,O, MeOH/H,O
(4:1), 25°C, 24 h, 97%. (d) TBTU, DIEA, CH;CN, 25 °C, 12 h, 97%. (e) i. TFA/CH,Cl, (1:1), 0 to 25 °C, 3.5 h; ii. Ac,O/Py (1:2), 25 °C,
3 h, 43% overall yield. (f) H,, Pd/C, MeOH/ethyl acetate (4:1), 25 °C, 12 h, 95%.
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Figure 2. Torsional angles and atom labeling for compound 2. The
same definitions were used for all molecules studied herein.

curves (Figure3a) by employing the ISPA approxi-
mation.l'”! These values, together with the H,H homonu-
clear coupling constants, are represented in Table 1.

The weak or almost absent NH-NH (i, i + 1) NOE con-
tacts observed in glycopeptide 1 suggests an extended con-
formation for the backbone of this molecule (Figure 3b).
On the contrary, the medium NOE contact between consec-
utive Ha-NH groups, together with the medium NH-NH
(i, i + 1) ones, detected in derivatives 2 and 3, suggest the
coexistence of both extended and helix-like conformations
for the backbone of these molecules (Figure 3¢ and Sup-
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porting Information).l'® Interestingly, the characteristic
NOE between NHS and NH1 previously detected in dif-
ferent Thr-derived glycopeptides!'”! was also evidenced in
compound 1.

In order to get a representative ensemble of the confor-
mations present in solution for glycopeptides 1-3, we ran
extensive MD simulations in explicit water, including all the
NOE-derived distances and 3J data as time-averaged re-
straints (MD-tar).? Results from these simulations
showed close agreement, in numerical terms, between the
distances and 3J values found in the refined models and
those extracted from the experimental data (Table 1). Fig-
ure 4 shows the superimposition of 10 conformers ran-
domly taken from the MD-tar simulations for each glyco-
peptide.

Two important conclusions can be drawn from the ex-
amination of Figure 4. Firstly, glycopeptide 1 is the most
rigid molecule in water solution, with a small RMSD value
around 1A. Secondly, the backbone of this molecule
mainly adopts an extended conformation. In contrast, gly-
copeptides 2 and 3 are rather flexible and exhibit a random
coil conformation for the backbone.

Cluster analysis of the MD simulations revealed that the
three residues of glycopeptide 1 simultaneously exhibited
dpil Wi typical values of extended conformations for about
80% of the total trajectory time. In particular, the PPII
structure was present for about 40% of the total trajectory
time. In contrast, the extended conformations were rarely
populated by the residues of glycopeptides 2 and 3. In the
later cases, a random-coil distribution was also exhibited by
the peptide backbone. Nevertheless, it is important to note
that small populations of the two possible type I B-turns
3527
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Figure 3. (a) Example of NOE build-up curves corresponding to
the anomeric proton of glycopeptide 2; (b) section of the 800 ms
NOESY spectra (400 MHz) of compound 1 in H,O/D,O (9:1) at
20 °C showing amide-aliphatic cross-peaks;
800 ms NOESY spectra (400 MHz) of compound 3 in H,O/D,O
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(9:1) at 20 °C showing amide-aliphatic cross-peaks.

Table 1. Comparison_ of the experimental (NMR) and simulated

(MD-tar) distances [A] and 3J couplings [Hz] for compound 2.

(c) section of the

Expt. MD-tar
NHI-NH2 ~al 2.1
NH2-NH3 =35 33
NH3-NH4 32 29
NHI-HBros 3.0 2.9
NHI-HB0r 3.0 2.9
NH2-HBpros 3.5 3.4
NH2-HB,r0r 2.9 3.0
Hls-HBpos 24 23
Hls-HPpor 2.8 2.6
NH2-Ho2 2.8 2.8
NH3-Ho2 24 2.5
NH4-Ho3 23 2.5
NH4-Mea 4.5 5.0
BJNHZ,H(Q 5.6 5.2[b]
3.]]\1]—{3’]-[(13, 5.8 5.7[b]
*JNms s 8.9 9.40°]

[a] Not determined due to signal overlap. [b] Estimated by using

the Karplus equation given in reference.3%
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Figure 4. Calculated ensembles obtained from the MD-tar simula-
tions in explicit water for glycopeptides 1 (a), 2 (b), and 3 (c). The
numbers indicate the RMSDs for heavy-atom superimposition with
respect to the average structure of the trajectory.

were detected for glycopeptides 2 and 3 (Figure 5): one be-
tween Ol--H3-N (B-turna) and another one involving
02---H4-N atoms (B-turn b).
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Figure 5. (a, b) Population of the significant conformations ob-
tained from the MD-tar simulations in explicit water for the back-
bone of the glycopeptides. In (b), the population of type I B-turns a
and b is represented in black and grey, respectively. (c) ChemDraw
representation of the typel B-turna (left) and typel B-turnb
(right) present in compound 2.

Figure 6 shows the structural properties of one of the -
turns in compound 2. This structure is characterized by a
weak NOE contact between NH4 and the a methyl group
of the MeSer residue.

As far as the lateral chain (y! torsion angle) is concerned,
the simulations suggest that the rotation around y! in glyco-
peptide 1 is very restricted, showing only values close to 60°
(Figure 7a). This result is in agreement with the small value
of 3Jpq.np (2.5 Hz) experimentally observed for the Thr res-
idue of derivative 1.2!1 In sharp contrast, the lateral chain
of the MeSer- and MeThr-containing glycopeptides (com-
pounds 2 and 3, respectively) are rather flexible, showing a
significant population of each of the three possible stag-
gered conformations for this torsion angle. As previously

Eur. J. Org. Chem. 2010, 3525-3532
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Figure 6. 3D representation of the type I B-turn b observed in com-
pound 2 and section of the 800 ms NOESY spectra (400 MHz) of
compound 2 in H,O/D>O (9:1) at 20 °C showing amide-aliphatic
cross-peaks. The weak NOE contact (grey circle) between NH4 and
the o methyl group of the MeSer residue of compound 2 corrobo-
rates the existence of this B-turn.

reported by us for other glycopeptides containing the non-
natural MeThr residue,l'>¥ the MD simulations showed a
preference for the anti conformation (x' close to 180).
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Figure 7. (a) Distribution for the lateral chain (y') obtained from
the MD-tar simulations for the three glycopeptides. The Newman
projection of the lateral chain of derivative 1 is shown; (b) distribu-
tion of the glycosidic linkage (¢4/,) of compound 1 obtained from
the MD-tar simulations; (c) distribution of the glycosidic linkage
(0s/yrs) of compound 2 obtained from the MD-tar simulations.

Concerning the glycosidic linkage, the ¢, dihedral angle
was found to be rather rigid for all compounds (Fig-
ure 7b,c), exhibiting values around 60°, in accordance with
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the exo-anomeric effect.??) However, the glycopeptides with
a Me group at CB, that is, compounds 1 and 3, showed a
markedly different behavior in terms of the w, (Figure 7b)
angles in comparison to the MeSer-containing glycopeptide
(compound 2). In fact, for derivatives 1 and 3 (see Figure 7b
and Supporting Information), this angle showed well-de-
fined values around 120-140°, resulting in an eclipsed con-
formation for the HB-CB and O1-C1 bonds. Curiously, this
eclipsed conformer avoids repulsions between the methyl
group at CB and the carbohydrate moiety (endocyclic oxy-
gen), which would be present when the y, angle is close to
180°.1'1 The different y, values in Thr/Ser-derived glyco-
peptides allow the carbohydrate moiety to adopt completely
distinct orientations. Thus, in compound 1, the carbo-
hydrate is almost perpendicular to the peptide backbone
(Figure 4). As a consequence, the N-acetyl group of the
carbohydrate in this molecule is in close proximity to the
peptide backbone, which favors the existence of a weak hy-
drogen bond between the carbonyl group of the amino acid
(02) and the NH5 corresponding to NHAc group of the o-
GalNAc (Figure 8a). Although the eclipsed conformation
was also observed in glycopeptide 3, this hydrogen bond
was rarely populated in this molecule as a result of the inap-
propriate orientation of its lateral chain. On the other hand,
as also reported in the literature, the existence of this hydro-
gen bond is negligible in solution for Ser-derived glycopep-
tides.*?!

a) b)

(N5-H...02)/%
>

Hydrogen bonding
# water molecules

o
N
el

4

6.5
6.0-
5.5
5.0
4.5
4.0
35 »
sof A

25

RINS...OWJ/A

water
density > 1

253035404550556065
RIN1...OwJ/A

Figure 8. (a) Population of the hydrogen bond between N5-H---O2
atoms obtained from the MD-tar simulations in explicit water for
the three glycopeptides; (b) number of water molecules of the first
hydration shell (<2.8 A from the solute heteroatoms) obtained
from the MD-tar simulations in explicit water; (c) 2D radial pair
distribution function of N1 and N5 and a representative frame of
the MD-tar simulation of glycopeptide 1 showing a bridging water
molecule. The maximum density of this shared water site was
1.6 times the bulk density, with maximum and average residence
times of 6.0 and 0.5 ps, respectively.

Once the structure features were elucidated, the next step
should be to try to deduce a possible structure—activity rela-
tionship. It is noteworthy to mention that the structure of
the first hydration shell should play a pivotal role in defin-
3529
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ing the antifreeze activity of these molecules. Thus, we first
decided to calculate the number of close neighbor water
molecules as a function of time. The average hydration
number was higher for molecule 1 than for its non-natural
glycopeptide analogues, which indicates that both the rigid-
ity and the extended conformation of the backbone favor
better interaction with the first hydration shell (Figure 8b).
Moreover, we investigated the anisotropic hydration of
these molecules by calculating the normalized 2D radial
pair distributions®! for all possible shared water density
sites between the sugar and peptide moieties. These 2D
functions give the probability, g(r1,r2), of finding a water
molecule at a distances r1 and 72 from two selected solute
atoms (oxygen and nitrogen atoms in our molecules), rela-
tive to the probability expected for a random distribution.
Thus, if this probability is higher than the unit (bulk water
density), then structural or semistructural water molecules
are present between the two solute atoms that define the
2D function (Figure 8c).

The analysis of the MD-tar simulations in explicit water
also revealed the existence of an interesting water bridge
between NHI and NHS5 for compound 1 (Figure 8c). This
finding is in agreement with the NOE observed between
these two protons (Figure 3b, left panel) and also with the
results previously obtained by our group for the simplest
mucin-like glycopeptide model, derived from Thr.['”) Con-
versely, no relevant water-mediated interactions were found
for derivatives 2 and 3. These findings indicate that the ori-
entation of the sugar moiety with respect to the peptide
plays a key role in different events. It defines the flexibility
of the underlying amino acids (backbone) and, probably
more important within the antifreeze context, it permits (or
not), the proper structure of the surrounding water mole-
cules.

Conclusions

The synthesis and conformational analysis in aqueous
solution of three antifreeze-like glycopeptides containing
the sequence Xaa(a-GalNAc)-Ala-Ala, where Xaa is either
threonine (Thr) or the non-natural amino acids o-meth-
ylserine (MeSer) or a-methylthreonine (MeThr), has been
achieved. Notably, whereas the Thr derivative is rather rigid
in solution and exhibits an extended conformation for the
backbone, the non-natural glycopeptides are rather flexible,
presenting a random coil conformation for the peptide se-
quence. For this reason, the Thr-containing glycopeptide is
able to structure the surrounding water molecules, showing
an interesting water pocket between the sugar and peptide
backbone moieties. Thus, the orientation of the sugar moi-
ety with respect to the peptide plays an important role in
structuring the water molecules and in defining the flexibil-
ity of the underlying polypeptide backbone. Therefore, the
different behaviors of these molecules in both dynamics and
hydration properties make them suitable systems to shed
light on the key factors that govern antifreeze activity.
3530
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Experimental Section

General Procedures: Solvents were purified according to standard
procedures. Analytical TLC was performed by using Polychrom SI
F254 plates. Column chromatography was performed by using sil-
ica gel 60 (230-400 mesh). 'H and '*C NMR spectra were recorded
with Bruker ARX 300 and Bruker Avance 400 spectrometers. 'H
and '3C NMR spectra were recorded in CDCl; or CD;0D with
TMS as the internal standard and in D,O (chemical shifts are re-
ported in ppm on the ¢ scale, coupling constants in Hz). Optical
rotations were measured with a Perkin—Elmer 341 polarimeter.
Microanalyses were carried out with a CE Instruments EA-1110
analyzer and are in good agreement with the calculated values. Pre-
parative reverse-phase HPLC was performed by using a Phen-
omenex® column, Luna 10pm C18(2) 100 A, AXIA Packed
250 X 21.2 mm. Injection volume: 500 pL. Detector 4 = 210 nm.

5: 3,4,6-Tri-O-benzyl-2-nitrogalactal (660 mg, 1.43 mmol) and
MeSer derivative 41231 (400 mg, 1.71 mmol) were dissolved in THF
(30 mL) under an argon atmosphere in the presence of molecular
sieves. The reaction mixture was stirred at 25 °C for 30 min and a
solution of potassium ferz-butoxide (1M in THF, 0.3 mL,
0.3 mmol) was then added. After the reaction was stirred for an
additional 12 h, the molecular sieves were filtered off and all sol-
vents were removed by evaporation. The residue was purified by a
silica gel column chromatography (hexane/ethyl acetate, 4:1) to give
5 (660 mg, 67%) as a colorless oil. [a]y = +63.6 (¢ = 1.1, CHCl5).
'"H NMR (400 MHz, CDCls): 6 = 1.32-1.40 (m, 12 H, Boc, Mea),
3.42-3.49 (m, 1 H, H6s), 3.50-3.57 (m, 1 H, Hé6s), 3.60 (d, J =
9.6 Hz, 1 H, Hp), 3.67 (s, 3 H, CO,Me), 3.87-3.95 (m, | H, HS5s),
3.96-4.01 (m, 1 H, H4s), 4.11-4.24 (m, 1 H, Hp), 4.26-4.35 (m, 2
H, 1 CH,Ph, H3s), 4.354.44 (m, 2 H, 1 CH,Ph), 4.59-4.67 (m, 2
H, 2 CH,Ph), 4.74 (d, J = 11.1 Hz, 1 H, 1 CH,Ph), 4.82-4.92 (m,
1 H, H2s), 5.12-5.20 (m, 1 H, Hls), 5.28 (s, 1 H, NHBoc), 7.10-
7.29 (m, 15 H, Arom.) ppm. *C NMR (100 MHz, CDCl,): 6 =
20.6, 28.2, 52.8, 59.5, 67.7, 69.6, 70.1, 72.9, 73.5, 75.0, 75.1, 79.7,
84.2, 96.6, 127.8, 128.0, 128.1, 128.3, 128.4, 128.5, 137.3, 137.6,
137.9, 154.2, 172.8 ppm. C3;H4N,O; (694.78): caled. C 63.96, H
6.67, N 4.03; found C 64.00, H 6.65, N 4.06.

6: Platinized Raney-nickel (T4) catalyst was freshly prepared as de-
scribed in the literature.?%) The catalyst obtained by using 2.0 g of
Raney nickel/aluminum alloy was suspended in ethanol (10 mL)
and prehydrogenated for 10 min before the addition of 5 (119 mg,
0.17 mmol) in ethanol/ethyl acetate (4:1, 5 mL). The reaction mix-
ture was shaken under an atmosphere of H, (1 atm) for 4 h at
25 °C. The catalyst was filtered oft, and the solvent was evaporated.
The residue was dissolved in pyridine/acetic anhydride (2:1, 6 mL)
and stirred at 25 °C for 3 h. Removal of the volatiles and silica
gel column chromatographic purification (ethyl acetate/hexane, 7:3)
gave 6 (50 mg, 41%) as a colorless oil. [a] = +52.4 (¢ = 1.07,
MeOH). 'H NMR (400 MHz, CD;0D): § = 1.36 (s, 9 H, Boc),
1.38 (s, 3 H, Mea) 1.83 (s, 3 H, NHACc), 3.46-3.57 (m, 4 H, HB, 2
H6s, H3s), 3.61 (s, 3 H, CO,Me), 3.76-3.83 (m, | H, H5s), 3.84—
3.90 (m, 1 H, HP), 3.91-3.94 (m, 1 H, H4s), 4.33-4.44 (m, 3 H, 3
CH,Ph), 449 (d, J = 11.6 Hz, 1 H, 1 CH,Ph), 4.53-4.59 (m, 1 H,
H2s), 4.63 (d, J = 122 Hz, 1 H, 1 CH,Ph), 4.77 (d, J = 3.6 Hz, 1
H, Hls), 4.86 (d, J = 11.6 Hz, 1 H, 1 CH,Ph), 523 (s, 1 H,
NHBoc), 5.42 (d, J = 8.8 Hz, 1 H, NHAc), 7.18-7.29 (m, 15 H,
Arom.) ppm. 13C NMR (100 MHz, CD;0D): 6 = 23.2, 28.2, 28.3,
48.9, 52.5, 59.7, 68.6, 69.9, 71.2, 71.5, 72.5, 73.4, 74.4, 77.1, 98.8,
127.4,127.7, 127.8, 127.8, 128.0, 128.1, 128.3, 128.4, 128.4, 137.9,
138.0, 138.5, 154.6, 169.8, 173.0 ppm. C39H5oN,0( (706.82): calcd.
C 66.27, H 7.13, N 3.96; found C 66.30, H 7.15, N 4.00.
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7: LiOH-H,O (24 mg, 0.56 mmol) was added to a solution of 6
(80 mg, 0.11 mmol) in H,O/MeOH (1:4, 10 mL). After the reaction
mixture was stirred at 25°C for 12h, LiOH-H,O (24 mg,
0.56 mmol) was added again, and stirring was maintained for an
additional 12 h. The solvent was then evaporated, and the residue
was taken up in diethyl ether (15mL). The organic layer was
washed with 1 N HCI (5mL), dried, and concentrated in vacuo.
Desired acid 7 was obtained as a pallid yellow oil (74 mg, 97%),
which was then directly used for the next step. [a]y = +57.7 (¢ =
1.05, MeOH). 'H NMR (400 MHz, CD;0D): 6 = 1.43 (s, 9 H,
Boc), 1.45 (s, 3 H, Mea) 1.99 (s, 3 H, NHAc¢), 3.52-3.63 (m, 2 H,
2 Hos), 3.69 (d, J = 9.5Hz, 1 H, Hp), 3.80 (d, J = 10.8 Hz, 1 H,
H3s), 3.94-4.07 (m, 3 H, HB, H4s, H5s), 443 (d, /= 11.7Hz, 1 H,
1 CH,Ph), 4.46-4.60 (m, 4 H, 4 CH,Ph), 4.71 (d, J = 11.6 Hz, 1
H, 1 CH,Ph), 4.77-4.84 (m, 2 H, 2 CH,Ph), 7.18-7.39 (m, 15 H,
Arom.) ppm. 3C NMR (100 MHz, CD;0D): J = 23.0, 28.9, 50.8,
60.7, 70.0, 71.0, 72.3, 73.2, 74.4, 74.8, 75.8, 78.9, 100.1, 128.6,
128.7, 128.8, 129.0, 129.2, 129.4, 139.5, 140.0, 140.1, 173.5,
177.1 ppm. C3gH sN,0, (692.80): caled. C 65.88, H 6.98, N 4.04;
found C 65.84, H 7.00, N 4.00.

9: A solution of acid 7 (70 mg, 0.10 mmol) in acetonitrile (10 mL)
was treated with DIEA (0.08 mL, 0.51 mmol), amine 8 (29 mg,
0.10 mmol) as previously described by our group,!'**! and TBTU
(42 mg, 0.13 mmol), under an inert atmosphere. The reaction mix-
ture was stirred at 25 °C for 12 h and then evaporated to give a
residue, which was purified by silica gel column chromatography
(CH,Cl,/MeOH, 15:1) to obtain compound 9 (83 mg, 97%) as a
colorless oil. [a] = +52.1 (¢ = 1.02, MeOH). '"H NMR (400 MHz,
CDCls): 6 = 1.30 (d, J = 7.3 Hz, 3 H, Mey,,), 1.32-1.37 (m, 12 H,
9 Boc, Megy,), 1.38 (s, 3 H, Mea), 1.82 (s, 3 H, Mey), 2.69 (d, J =
4.5Hz, 3 H, Mey), 3.40 (d, J = 10.0 Hz, 1 H, Hp), 3.42-3.55 (m,
2 H, 2 Hés), 3.55-3.60 (m, 1 H, H3s), 3.65 (d, J = 10.1 Hz, 1 H,
Hp), 3.75 (“t”, J = 6.5Hz, 1 H, HS5s), 3.93-4.01 (m, 1 H, H4s),
4.02-4.12 (m, 1 H, HoAla), 4.23-4.31 (m, 1 H, H2s), 4.31-4.44 (m,
4 H, 3 CH,Ph, HoAla), 4.51 (d, J = 11.5Hz, 1 H, 1 CH,Ph), 4.66
(d, J = 120Hz, 1 H, 1 CH,Ph), 480 (d, J = 11.5Hz, 1 H, 1
CH,Ph), 5.16-5.24 (m, 1 H, Hls), 5.61-5.72 (m, 2 H, NHBoc,
NHgygar), 0.80 (s, 1 H, NHACc), 6.85 (d, J = 3.9 Hz, | H, NHAla),
7.15-7.35 (m, 15 H, Arom.), 7.57 (d, J = 7.7Hz, 1 H, NHAla)
ppm. *C NMR (100 MHz, CDCly): 6 = 17.4, 18.8, 23.3, 26.2, 28.2,
49.1, 50.2, 51.0, 60.1, 68.5, 70.0, 71.2, 71.8, 72.5, 73.6, 74.5, 76.2,
81.2, 98.2, 127.7, 127.9, 128.0, 128.2, 128.3, 128.4, 128.7, 137.5,
137.6, 138.1, 155.6, 170.6, 171.9, 173.0, 173.1 ppm. C45sH4N5Oy,;
(847.99): caled. C 63.74, H 7.25, N 8.26; found C 63.84, H 7.18, N
8.25.

10: TFA (3 mL) was added to a solution of compound 9 (50 mg,
0.06 mmol) in CH,Cl, (3 mL) at 0 °C. The reaction was maintained
at this temperature for 30 min, warmed at 25 °C for 3 h, and then
concentrated. The crude was dissolved in pyridine/Ac,O (2:1,
3mL), and the mixture was stirred for 3 h at 25 °C. The solvent
was evaporated, and the crude was purified by silica gel column
chromatography (CH,Cl,/MeOH, 15:1) to give 10 (20 mg, 43%) as
a colorless oil. [a]y = +57.3 (¢ = 1.09, MeOH). 'H NMR
(400 MHz, CD;0D): ¢ = 1.34-1.42 (m, 6 H, Me2, Mel), 1.54 (s, 3
H, Mea), 1.98 (s, 3 H, Mec), 1.99 (s, 3 H, Meg), 2.74 (s, 3 H, Mey),
3.47-3.61 (m, 3 H, Hé6s, HB), 3.74-3.83 (m, 2 H, H3s, H5s), 3.93
(d, J = 9.3Hz, | H, HP), 3.97-4.00 (m, 1 H, H4s), 4.20 (q, J =
7.3 Hz, 1 H, HeAla), 4.30 (g, J = 7.3 Hz, 1 H, HaoAla), 4.40 (d, J
= 11.8 Hz, 1 H, 1 CH,Ph), 4.44-4.52 (m, 2 H, 2 CH,Ph), 4.56 (dd,
J=11.1,3.5Hz, 1 H, H2s), 4.61 (d, J = 11.7Hz, 1 H, | CH,Ph),
474 (d, J=11.7Hz, 1 H, 1 CH,Ph), 4.79-4.85 (m, 2 H, 1 CH,Ph,
Hls), 7.21-7.41 (m, 15 H, Arom.) ppm. '3C NMR (100 MHz,
CD;OD): ¢ = 17.3, 17.7, 20.8, 22.8, 23.2, 26.5, 50.7, 50.7, 52.1,
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60.6, 70.1, 71.4, 72.7, 73.2, 74.5, 74.8, 75.8, 78.2, 99.7, 128.6, 128.8,
129.1, 129.2, 129.5, 139.3, 139.8, 140.0, 173.4, 173.5, 175.0, 175.6,
175.8 ppm. C4oHssNsO,o (789.91): caled. C 63.86, H 7.02, N 8.87;
found C 63.84, H 7.08, N 8.85.

2: A solution of compound 10 (20 mg, 0.02 mmol) in MeOH/ethyl
acetate (4:1, 5 mL) was treated with 10% Pd/C (15 mg) as a cata-
lyst. The reaction mixture was shaken under an atmosphere of H,
(1 atm) for 12h at 25°C. The catalyst and the solvent were re-
moved, and the crude product was purified by preparative reverse-
phase HPLC (flow rate 20 mLmin!, g = 6.32 min) in CH5CN/
H,0 (2:98) to give 2 (13 mg) as a colorless oil in 95% yield. [a]
= +62.2 (¢ = 0.58, H,0). '"H NMR (400 MHz, D,0): 6 = 1.39 (br.
s, 3 H, Me2), 1.41 (br. s, 3 H, Mel), 1.53 (s, 3 H, Mea), 2.04 (s, 3
H, Mec), 2.07 (s, 3 H, Meg), 2.76 (s, 3 H, Mey), 3.73-3.95 (m, 6
H, 2 HB, 2 H6s, H5s, H3s), 3.98-4.02 (m, 1 H, H4s), 4.17 (dd, J =
11.1, 3.4 Hz, 1 H, H2s), 4.21-432 (m, 2 H, Ho2, Ha3), 4.90 (d, J
=3.3Hz 1 H, Hls) ppm. '"H NMR (H,0/D,0): 6 = 1.31-1.39 (m,
6 H), 1.48 (s, 3 H), 1.99 (s, 3 H), 2.03 (s, 3 H), 2.71 (d, J = 4.5 Hz,
3 H), 3.67-3.76 (m, 3 H), 3.76-3.82 (m, 1 H), 3.83-3.89 (m, 2 H),
3.93-3.98 (m, 1 H), 4.07-4.15 (m, 1 H), 4.16-4.26 (m, 2 H), 4.82
(br. s, 1 H), 7.68-7.76 (m, 1 H), 8.04 (d, J = 6.1 Hz, 1 H), 8.11 (d,
J=89Hz, 1H),828(d, J=55Hz 1 H), 831 (s, 1 H) ppm. 1*C
NMR (100 MHz, D,0): 6 = 16.2, 16.5, 20.2, 22.0, 22.2, 25.9, 49.8,
50.0, 50.1, 59.2, 61.2, 67.5, 68.4, 69.8, 71.3, 97.5, 173.9, 174.4,
174.8, 174.9, 175.3 ppm. C5;H37N50, (519.55): caled. C 48.55, H
7.18, N 13.48; found C 48.60, H 7.08, N 13.50.

NMR Experiments: NMR experiments were recorded with a
Bruker Avance 400 spectrometer at 293 K. Magnitude-mode ge-
2D COSY spectra were recorded with gradients and by using the
cosygpqf pulse program with 90° pulse width. Phase-sensitive ge-
2D HSQC spectra were recorded by using z-filter and selection
before tI removing the decoupling during acquisition by use of
invigpndph pulse program with CNST2 (JHC) = 145. 2D NOESY
experiments were made by using phase-sensitive ge-2D NOESY
with WATERGATE for H,O/D>O (9:1) spectra. Selective ge-1D
NOESY experiments were carried out by 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 function, f{(t) =
po(e ?1)(1 — e 7%) with py, p1, and p, being adjustable parameters.['”)
The initial slope was determined from the first derivative at time ¢
=0, /(0) = pop,. From the initial slopes, inter-proton distances
were obtained by employing the isolated spin pair approximation.

Molecular Dynamics Simulations: MD-tar simulations in explicit
TIP3P7] water were performed with AMBERP®1 6.0 (AMBERY4),
which was implemented with GLYCAM 04 parameters®! to accu-
rately simulate the conformational behavior of the sugar moiety.
RESP atomic charges for 1-3 were derived by applying the RESP
module of AMBER to the HF/6-31G(d) ESP calculated charges.
NOE-derived distances were included as time-averaged distance
constraints, and scalar coupling constants J as time-averaged cou-
pling constraints. A<r°>"1¢ average was used for the distances
and a linear average was used for the coupling constants. Final
trajectories were run by using an exponential decay constant of
1600 ps and a simulation length of 16 ns. 3Jyq up and 3Jnp g cou-
pling constants were estimated by using the Karplus equations
given in the bibliography.>!

Supporting Information (see footnote on the first page of this arti-
cle): Experimental procedures and characterization data; results of
the MD simulations and HPLC chromatograms.
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