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Molecular Recognition of [3-O-GlcNAc Glycopeptides by a
Lectin-Like Receptor: Binding Modulation by the
Underlying Ser or Thr Amino Acids

Francisco Corzana,” Alberto Ferndndez-Tejada,® Jesus H. Busto,” Gururaj Joshi,™
Anthony P. Davis,*®™ Jesus Jiménez-Barbero,' Alberto Avenoza,” and Jesus M. Peregrina*™

The binding properties of different carbohydrates and glyco-
peptides containing the [3-O-2-deoxy-2-(N-acetyl)-p-glucosa-
minyl (B-O-GIcNAc) to a synthetically prepared lectin-like re-
ceptor have been analyzed. The study combines the use of
NMR spectroscopy experiments with extensive MD simulations
in explicit water. Notably, the presence of a key hydrogen
bond between the receptor and the OMe group of the B-O-
GIcNAc-OMe derivative appears to be responsible for the high
selectivity observed for this compound. In addition, to study
the effect on the binding of the underlying amino acid, we

Introduction

[p-O-2-Deoxy-2-(N-acetyl)-p-glucosaminyl ($-O-GIcNAc) moiety
is a common motif in biological chemistry! (Scheme 1A). It
plays a unique role in protein regulation through linkage to
the hydroxy group of serine or threonine. This post-translatio-
nal"? modification is highly dynamic'? and draws comparisons
with protein phosphorylation as a biological control mecha-
nism. It has been implicated in gene transcription, nuclear traf-
ficking, protein translation,” signal transduction,® the regula-
tion of protein-protein interactions, and the sensing of nutri-
tional levels within the cell” Furthermore, there is clear evi-
dence that the aberrant O-GIcNAc modification of proteins is
correlated with diabetes, tumorgenesis, and even with Alz-
heimer’s disease.!"”!

Bearing in mind the singular features of f-O-GIcNAc, it is cru-
cial to know in detail the interaction of this carbohydrate
moiety with its biological targets. On this basis, some of us®
have recently reported on the synthesis of a simple lectin-like
receptor (Scheme 1B) that is particularly effective for this sub-
strate. In fact, the receptor binds 1 (a model for $-O-GIcNAc)
with an affinity constant (K,) of 630m™", very similar to that
shown by the lectin wheat germ agglutinin. The receptor is
also highly selective for the 3-anomer. Indeed, binding to relat-
ed carbohydrates is significantly weaker (e.g., K, for 2 and a-
anomer 3 are 156 and 24m~', respectively) whereas affinities
for other monosaccharides are lower still (e.g., glucose 9m™';
xylose 5m~", galactose 2m~" and N-acetylgalactosamine 2m™").
This system presents an opportunity to study the recognition
of B-O-GIcNAc by a binding site that, though lectin-like, avoids
the size and complexity of a protein scaffold. Here we present
molecular dynamics and NMR spectroscopic investigations that
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have prepared different model glycopeptides, which include
the non-natural o-methylserine and a-methylthreonine as
underlying amino acids. Interestingly, the presence of a methyl
group decreases the affinity constant, especially in those cases
in which a B-methyl group is present. As a result, the serine-
containing glycopeptide exhibited the highest affinity constant
of the glycopeptides, and the threonine derivative showed the
lowest one. This low selectivity could have its origin in the dif-
ficulty to form both specific hydrogen bonds and hydrophobic
(CH-m) contacts.

explore the role of aglycon structure in the molecular recogni-
tion of B-O-GIcNAc.

Results and Discussion

To gain insights into the receptor-ligand interactions that play
a pivotal role in the strong selectivity observed for compound
1, we decided to run 80 ns MD simulations with time-averaged
restraints (MD-tar)”’ on the receptor-1 complex by using all
the experimental distances as restraints and by following our
previously reported protocol.® Figure 1A shows 15 snapshots
taken from these MD-tar simulations. In this particular case,
the calculations were carried out without the externally direct-
ed, water-solubilizing side chains. The obtained structure was
fairly similar to the NOE-based conformation previously report-
ed. Seven conventional intramolecular hydrogen bonds were
detected throughout the simulations. The oxygen of the NHAc
is involved in a hydrogen bond with NH5, and its NH group in-
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Scheme 1. A) Carbohydrates studied in this work. B) Structure of the recep-
tor used in this study, showing the labeling system used throughout the
text.

Figure 1. A) Different orientations of the ensemble obtained from the MD-
tar simulations for complex receptor:1. The resulting structure reproduces
all the NOE-derived distances reported by some of us (ref. [6]). B) Schematic
representation of the different hydrogen bonds obtained from the MD-tar
simulations in the receptor-1 complex. C) Schematic representation of the
hydrophobic interactions between ligand 1 and the receptor. The hydrogen
atoms have been removed for clarity.

teracts with the carbonyl group NH1_C=0. On the other hand,
06 of the sugar participates in two hydrogen bonds: 06--NH3
and 06--NH7. Moreover, O4 interacts with NH4 and O3—H with

ChemBioChem 2011, 12, 110-117

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPERS

the carbonyl group NH2_C=O. Finally, an important hydrogen
bond was present between the [-glycosidic oxygen (O1) and
NH5. These hydrogen bonds are summarized in Figure 1B. On
the other hand, hydrophobic contacts were observed between
the methyl group of NHAc and the two spacer aromatic rings.
The averaged distance between the carbon atom of the
methyl group and the centers of the aromatic rings was calcu-
lated to be 3.6 A. Notably, an additional hydrophobic contact
was detected between the methoxy group and one spacer ar-
omatic ring. As in the former cases, the distance between the
ring and the methyl group was 3.6 A (Figure 1C). Experimental
evidence for this CH-m interaction® is the perturbation of the
chemical shift of the OMe group in the bound state with re-
spect to the free sugar. In addition, from a theoretical point of
view, when ligand 1 is removed from the complex, the side
chain attached to the spacer involved in the CH-m interactions
becomes significantly more flexible (see the Supporting Infor-
mation).

To check the reliability of the above-mentioned MD simula-
tions on these systems, we also ran 25 ns unrestrained MD
simulations on the receptor-1 complex in explicit water. Now
all the receptor atoms, including the water-solubilizing side
chains and the counter ions, were included in the calculations.
Strikingly, the distances derived from these simulations were
similar to the experimental ones. Moreover, the same interac-
tions between the receptor and compound 1 were detected,
which validates the unrestrained MD simulations.

Encouraged by these results, we decided to run unrestrained
MD simulations on the complexes formed between the recep-
tor and compounds 2 and 3. As before, the hydrogen bonds
observed in the complex with 1 were also found for these sub-
strates. However, in sharp contrast with 1, the population of
the hydrogen bond NH5--O1 dropped to only 20% in com-
pound 2 and, moreover, was never populated for 3 (with O1
axially oriented, Figure 2). Considering that the rest of the sta-
bilizing interactions have a similar weight in the three com-
plexes, and assuming that a typical NH--O hydrogen"” bond
stabilizes around 1.9 kcalmol™', it could be deduced that the
K, of compound 1 should be around 25 times the affinity con-
stant of derivative 3, which is in excellent agreement with the
experimental data commented on above. On the other hand,
the low population of this hydrogen bond obtained for the
receptor-3 complex indicates that this interaction, with the
proper orientation of NH5, plays the key role in the 3 versus a
selectivity of this receptor.

Taking into account the strong selectivity of the receptor for
compound 1 and the fact that -O-GIcNAc appears in most
cases linked to a serine or a threonine residue; we decided to
use this simple lectin-like receptor to investigate the effect
that the underlying amino acid has on the binding properties.
On this basis, and given that the incorporation of unnatural
residues in the backbone of small glycopeptides can stabilize
conformations present in naturally occurring molecules or
exhibit some atypical conformations,"” we report herein the
binding properties of different model glycopeptides derived
not only from natural serine and threonine (compounds 4 and
5, respectively) but also derived from the unnatural a-methyl-
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RZ=R3=H, 4 RZ=Me,R¥=H, 6
RZ=H,R®*=Me, 5 R®=Me, R®=Me,7

Scheme 2. Glycopeptides studied in this work, showing the la-
beling system used throughout the text.

Figure 2. Population of the hydrogen bond NH5--O1 between the receptor and carbohy-
drates 1, 2, and 3, as obtained from the 25 ns unrestrained MD simulations in explicit

water.

serine (MeSer) and a-methylthreonine (MeThr), compounds 6
and 7 (Scheme 2). Thus, the main goal of this study was to in-
vestigate in detail the role that the substituents at the Ca and/
or C} atoms have in the glycopeptide conformations and, con-
sequently, on their binding properties. In these compounds,
the amino and carboxylic acid functional groups were trans-
formed into amides to simulate the peptide backbone.

Prior to carrying out the conformational study of the glyco-
peptides in the bound state, it is important to know the con-
formation of the glycopeptides in water (free state). In this
context, the conformational behavior of compounds 4 and 5
has been previously reported."?

In this case, the main conclusion is that although these com-
pounds have a similar behavior for the peptide backbone, rep-
resented by extended conformations, they have different be-
havior in terms of the vy, (C1-O1-Cp-Ca) dihedral angle. In fact,
for derivative 5, this angle showed values around 120°, result-
ing in an eclipsed conformation for the HP—Cf} and O1-C1
bonds. This defined conformation can accommodate a water
pocket between the peptide and the carbohydrate moieties.
Additionally, the lateral chain adopts a g(+) conformation (y'=
60°) in both derivatives. On the other hand, the conformational
analysis of glycopeptides 6 and 7 was carried out by following
our methodology,® which combines NOE-derived distances
with MD-tar simulations. The results obtained for these two
novel molecules are summarized in Figure 3. Our data show
that the peptide backbone of both derivatives 6 and 7 adopt-
ed mainly helix-like conformations, which are typical for glyco-
peptides, which incorporate a,a-disubstitued amino acids. This
result is in good agreement with the weak-to-medium NOE ob-
served between the NH protons of the backbone (Supporting
Information). As far as the lateral chain (x' torsion angle) is
concerned, the simulations suggest that the rotation around ¥’
in the MeThr derivative is restricted with values for this torsion
angle close to —60°. In sharp contrast, the lateral chain of the
MeSer-containing glycopeptide is rather flexible, showing sig-
nificant population of each staggered conformation for this
torsion angle. Concerning the glycosidic linkage, they also
showed a different behavior in terms of the 1, dihedral angle.
In fact, for 7, this angle showed values around 120°-140°. This
result is similar to that obtained for glycopeptide 5, which also
possesses a B-methyl group. However, 1, was found to be
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compound 6 compound 7

ap (56%), a (32%) <—
-60°, 175° <— glycosidic linkage (¢, w) —> -60°, 120°
+B80° (45%)
+180° (32%)
—-60° (23%)

backbone —> ap (79%)

<—— lateral chain (') —>  -60° (100%)

Figure 3. Ensembles obtained from the MD-tar simulations in explicit water
for model glycopeptides 6 and 7 together with detailed information about
their major conformations found in the free state for the most relevant tor-
sional angles.

much more flexible for the MeSer analogue 6, which shows a
major anti-type arrangement for the GIcNAc residue and the
peptide moiety. Curiously, although the anomeric linkage and
the chemical nature of the sugar is completely different, it is
noteworthy that an eclipsed 1, conformation has been previ-
ously reported by us for glycopeptides containing the a-O-
GalNAc-Thr unit."™® This similar behavior could indicate that the
conformational tendencies for 1, in O-glycopeptides are
mainly determined by the presence (or not) of the (3-methyl
group in the B-hydroxy-a-amino acid residue (Thr or Ser, re-
spectively), irrespective of the chemical nature of the carbohy-
drate moiety and of the configuration at the anomeric center.

From the interactions perspective, the different features ob-
served in the glycopeptides could have important implications
for molecular recognition processes. To test this hypothesis, we
studied the binding of compounds 4-7 to the receptor in D,O
with '"H NMR spectroscopic titrations, following the methodolo-
gy previously described.®

As can be observed in Figure 4, when nine equivalents of
the glycopeptides 4-7 were added to a solution of the recep-
tor, the signals of this molecule became more complicated,
which is consistent with the loss of symmetry upon binding.
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Figure 4. 'H NMR spectra of the receptor (0.5 mm) in D,0 after addition of
nine equivalents of the different glycopeptides. Only aromatic signals of the
receptor are shown.

The association constants were measurable through the inte-
gral ratios of the bound and unbound receptor signals. The K,
and AG values obtained for the different glycopeptides are
summarized in Table 1.

Table 1. Association constants (K,) and AG values in aqueous solution for
the receptor shown in Scheme 1B with different substrates.
Name Compound K, M AG [kcalmol™"]
1 BGICNACOMe 1 630 3.82
2 GIcNAC 2 156 2.99
3 aGIcNAcOMe 3 24 1.88
4 BGIcNAcSer 4 91 2.67
5 BGIcNACThr 5 13 1.52
6 PBGIcNAcMeSer 6 75 2.56
7 PGIcNAcMeThr 7 46 2.27

Important conclusions can be drawn from the inspection of
these K, values. Firstly, the presence of the amino acid reduces
the affinity constant significantly. Secondly, the presence of a
and/or (3-methyl groups at the amino acid moiety appears to
have negative effects on the binding. Especially relevant is the
small K, value obtained for the Thr-containing glycopeptides.
In fact, the two glycopeptides with a [3-methyl group (com-
pounds 5 and 7) exhibited the lower K, values. According to
these values, the complex with glycopeptide 4 is, at 298 K,
about 1.1 kcalmol™" more stable than the complex with the
Thr derivative 5. Finally, it is important to note that the pattern
shown by the complex with ligand 4 (similar to that found for
compound 1) differs from that observed for the rest of the
glycopeptides, which could indicate that the methyl groups
accommodate the sugar moiety in a different way.

To explain these results, we ran extensive MD simulations on
the complexes between glycopeptides 4-7 and the receptor.
Figure 5 shows 15 snapshots taken from these simulations for
each complex.

As shown in Figure 6, the helix-like conformation was partic-
ularly populated in the bound state for glycopeptides 5 and 7
(compound with a B-methyl group); this conformer coexists
with the G conformation in derivatives 4 and 6. The helix-
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Figure 5. Ensembles obtained from the 25 ns unrestrained MD simulations
in explicit water for the complexes between the receptor and glycopeptides
4-7.
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Figure 6. ¢,/y,, distributions (backbone) obtained from the 25 ns unrestrain-
ed MD simulations in explicit water for the bound state of the glycopepti-
des.

like conformation allows the formation of a weak hydrogen
bond between the amino group of the amino acid residues
and the carbonyl group NH1_C=0 of the receptor.

Concerning the glycosidic linkage (Figure 7), glycopeptides 4
and 6 adopted an alternate conformation, which is expected

113

www.chembiochem.org


www.chembiochem.org

CHEMBIOCHEM

compound 4 compound 5
180 — 180 ————————
120 - 120 g
60+ - 60 ' ]
W, 04 {1 w o 1
60 A -60- g
120 1 -120- |

— T T T -180 T T T T T
-180 -120 60 0 60 120 180 -180 120 -60 0O 60 120 180
s ]

compound 6 compound 7

180 T ’ﬂ" — E - 180 T %
1204 l 4 120 4
604 4 60 ]
Vs o 1 Vs 04 ]
60 E 60 _
120 o - 120 -
- . -180 e . T
180 120 60 0 60 120 180

180 120 60 0 60 120 180

s 2

Figure 7. ¢/1, distributions (glycosidic linkage) obtained from the 25 ns un-
restrained MD simulations in explicit water for the bound state of the glyco-
peptides.

for derivatives without a -methyl group at the backbone.'™
Moreover, glycopeptide 5 showed the typical eclipsed confor-
mation for the glycosidic linkage. Strikingly, and in contrast to
the result obtained for the free state, the alternate conforma-
tion was also the most populated for derivative 7 in the
bound state.

As a next step, the intermolecular hydrogen-bonding analy-
sis for all the complexes was carried out. The most persistent
hydrogen bonds between the sugar moiety and the receptor
are shown in Figure 8. The population of the hydrogen bond
NH5--01 considerably differs from that observed for com-
pound 1; its occupancy was only around 25% in the best case
(compound 4). In particular, this hydrogen bond was very
weak (<5% occupancy) in compounds with a methyl group at
CP (derivatives 5 and 7). This methyl group also inhibits the

100

80

60

40

20

S &
“ad Qs
S
Hydrogen bond

Figure 8. Occupancy of the most significant hydrogen bonds obtained from
the 25 ns unrestrained MD simulations for the bound states of compounds
1 (e), 2 (m), 3 (4), 4 (x),5(*), 6 (e), and 7 (+).
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formation of a hydrogen bond between the carbonyl group
NH2_C=0 of the receptor and O3-H of the ligand. These two
features could explain the observed very low affinity of the
receptor for glycopeptides 5 and 7.

We guessed that the presence of the methyl groups in the
amino acid moiety could also modulate the ligand-receptor in-
teractions and, consequently, the affinity constant. As com-
mented on above, there is one hydrophobic contact (CH-xt
interaction) that involves the OMe group of compound 1 and
the aromatic ring of one of the side chains (Figure 1C). On this
basis, Figure 9 shows the distances between the different car-

A)

B)

7

T 6

=

g 5 H Cy

o

=y E CH,

o

O3 B CPp(OCH,in1and 3)
1 H Ca

3 3.4 3.8 4.2 4.6 5
Distance /A —>

Figure 9. A) Left panel) Superimposition of 10 conformers randomly taken
from the MD simulations for the complex with ligand 4, showing the CH-xt
interaction of the backbone with the side chain of the receptor. Right panel)
Schematic representation of the distances between the different carbon
atoms and the center of the aromatic ring. B) Distances Cx-Ar obtained
from the unrestrained MD simulations for the different complexes.

bons of the backbone and the center of this aromatic ring. For
compounds 1 and 3, the distance between the OMe group
and the aromatic ring (Ar) is less than 3.6 A. In compound 4,
without methyl groups in the backbone, the distance CB-Ar is
also less than 3.6 A. This scenario considerably differs when a
methyl group at a and/or § positions is present. The presence
of this additional moiety inhibits the CH-mt interaction, with
distances CB-Ar and Ca-Ar greater than 4.2 A. Although the
additional methyl groups of compounds 5-7 could make con-
tact with the Ar group, these interactions should be rather
weak due to the large distance C—Ar. In fact, only in the case
of compound 6 is this value less than 3.8 A.

On the other hand, to compare our theoretical data to the
experimental K, values, we calculated the AAG of binding for
compounds 4 and 5. To this end, we used the thermodynamic
integration (Tl) methodology"*'® as implemented in Amber 10
package (see the Supporting Information for computational
details). This method has been successfully employed in bio-
physical studies to predict free energy changes, notably the

ChemBioChem 2011, 12, 110-117
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effect of amino acid point mutations.'”’ Based on these calcu-
lations, the difference in the AAGyq., Was calculated to be
0.6 kcalmol™" in favor of compound 4, which is in the same di-
rection as the experimental data.

Finally, to explain the high K, value (>1000m™") observed
for the CKll-based O-GIcNAc decapeptide 8,°' we ran 25 ns un-
restrained MD simulation in explicit water on the receptor-8
complex (Figure 10). In this case, the calculations were carried

l_'".rV:;\I-Pro ~Thr-Ser-Gly-NH;

H
O \\rrN‘Ser—Ala—Asn—Met—CONHz
o}

Figure 10. Calculated ensembles obtained from the 25 ns unrestrained MD
simulations in explicit water for glycopeptide 8.

out without the externally directed, water-solubilizing side
chains. The MD simulations revealed that the larger backbone
not only allow further interactions between the peptide and
the receptor, but also increases the fraction of the key hydro-
gen bond NH5--O1 up to 60%, which could be at the origin of
the large experimentally measured K, value. Although merely
speculative, the high affinity could be also attributed to the
electrostatic interactions between the positively charged back-
bone and the negatively charged side chains of the receptor.
The binding free energy for the receptor-8 complex was
estimated with the MM-PBSA method as implemented in
Amber 10 (see the Experimental Section for details). This bind-
ing energy (without considering the unfavorable entropy con-
tribution) was very high: about —40 kcalmol™'. This result is
qualitatively in agreement with the experimental data.

Conclusions

The recognition of 3-O-GIcNAc-containing moieties by the syn-
thetic lectin is modulated by a variety of factors, which have
been scrutinized by using a combination of NMR spectroscopic
methods and modeling protocols. For more complex mole-
cules, additional interactions take place in the process. In this
particular case, and for the studied compounds, the presence
of a key hydrogen bond between the receptor and the OMe
group of compound 1 appears to be responsible for the high
selectivity observed for this compound. On the other hand, the
presence of the underlying amino acid residue decreases the
affinity constant, especially in those cases in which a 3-methyl
group is present. Thus, the serine-containing glycopeptide ex-
hibits the highest affinity constant of the glycopeptides, and
the threonine derivative shows the lowest one. The combina-
tion of NMR spectroscopic and MD methods permits us to de-
duced that the observed selectivity has its origin in the forma-
tion of specific hydrogen bonds and hydrophobic (CH-) con-
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tacts, which may only take place for certain orientations of the
receptor groups and for the proper stereochemistries and sub-
stitutions in the glycopeptide chain.

Experimental Section

Synthesis: The synthesis of the receptor’ and compounds 4 and
52 have been previously reported. The synthetic routes to obtain
glycopeptides 6 and 7 are described in the Supporting Informa-
tion.

Compound 6: 'HNMR (400 MHz, D,0): 0=1.42 (s, 3H), 2.00 (s,
3H), 2.06 (s, 3H), 2.72 (s, 3H), 3.40-3.49 (m, 2H), 3.51-3.59 (m, TH),
3.67-3.82 (m, 3H), 3.88-3.99 (m, 1H), 417 (d, J=99Hz, 1H),
451 ppm (d, J=84Hz, 1H); *CNMR (100 MHz, D,0): 6=19.8,
22.1, 22.2, 26.0, 55.5, 59.4, 60.7, 69.9, 71.7, 73.5, 75.8, 101.5, 173.7,
174.5, 174.7 ppm; elemental analysis calcd (%) for C;sH,,N;04: C
47.74, H 7.21, N 11.13; found: C 47.81, H 7.22, N 11.10.

Compound 7: 'H NMR (400 MHz, D,0): 6=1.00 (d, J=6.4 Hz, 3H),
1.31 (s, 3H), 1.94 (s, 3H), 1.99 (s, 3H), 2.65 (s, 3H), 3.37-3.47 (m,
2H), 3.48-3.55 (m, 1H), 3.61-3.69 (m, 1H), 3.76 (dd, J=12.1Hz, J=
50Hz, 1H), 3.86-3.99 (m, 2H), 451 ppm (d, J=83Hz, TH);
3CNMR (100 MHz, D,0): 6=13.5, 14.4, 22.0, 22.3, 26.1, 55.3, 60.7,
62.9, 69.9, 73.4, 75.9, 78.5, 99.4, 173.1, 174.3, 174.7 ppm; elemental
analysis calcd (%) for C;gH,N;Og: C 49.10, H 7.47, N 10.74; found: C
49.21, H 7.44, N 10.70.

NMR spectroscopy experiments: All the NMR spectroscopy ex-
periments were recorded on a Bruker Avance 400 spectrometer at
293 K. '"H and "*CNMR spectra were recorded in D,O (chemical
shifts are reported in ppm on the 6 scale). Magnitude-mode ge-2D
COSY spectra were recorded with gradients and by using the co-
sygpgf pulse program with 90° pulse width. Phase-sensitive ge-2D
HSQC spectra were recorded by using a z-filter and selection
before t1 by removing the decoupling during acquisition by use of
invigpndph pulse program with CNST2 (J,,c)=145. 2D NOESY ex-
periments were made by using phase-sensitive ge-2D NOESY for
CDCl; spectra and phase-sensitive ge-2D NOESY with WATERGATE
for H,0/D,0 (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.

'H NMR spectroscopic titrations: Solutions of glycopeptides 4-7
were made up in D,O (99.9%). Aliquots were then added to an
NMR tube containing the receptor in the same solvent (500 pL, [re-
ceptoriiia=0.50 mm). The sample tube was shaken carefully after
each addition and 'H NMR spectra were recorded at 298 K on a
Briker Avance 500 spectrometer. Affinity constants (K,) were ob-
tained by integration of signals from both the free and bound re-
ceptor. Values were obtained from several spectra and the results
averaged. Details are given in the Supporting Information.

Molecular dynamics simulations

Unrestrained MD simulations in explicit water: Simulations were per-
formed by using the AMBER 10 program package™ (parmo03),"?
which was implemented with GLYCAM 06 and GAFF parame-
ters™ 2V to accurately simulate the conformational behavior of the
sugar moiety and the receptor, respectively. The starting geome-
tries were generated by superimposing the carbohydrate moiety
of the glycopeptides on the structure previously proposed for the
receptor-1 complex.® Counterions (12Na") and a cubic box of
pre-equilibrated TIP3P water molecules”” were then added by
using Xleap module of AMBER. The simulations were run with the
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PMEMD module of AMBER with SHAKE algorithm,””® by using peri-
odic boundary conditions, a 2 fs time step, a temperature of 300 K,
a Langevin-type thermostat®” for temperature control, and con-
stant pressure of 1atm. 9 A cut-off was applied to the Lennard-
Jones interactions, and Ewald sums for the treatment of the elec-
trostatic interactions.” An initial 2500 cycles of minimization (com-
bining steepest descent with conjugate gradient) were run by first
restraining the atoms of the complex (Na* ions and water mole-
cules were allowed to move). The whole system was then mini-
mized by using 2000 cycles. This first step was followed by 200 ps
of dynamics at constant volume with weak positional restrains on
the complex (10 kcalmol™ A™2). In this step the system was heated
form 100 to 300 K. The restrains on the solute were then removed
and we ran then 400 ps MD simulations at 300 K and 1 atm to get
the appropriate density. Finally, we ran a 25 ns MD simulations by
using the conditions commented on above.

MD-tar simulations: They were performed with AMBER 6.0 pack-
age® (parm03),"” which was implemented with GLYCAM 06 pa-
rameters”® to accurately simulate the conformational behavior of
the sugar moiety. NOE-derived distances were included as time-
averaged distance constraints. A (r°)~"® average was used for the
distances. Final trajectories were run by using an exponential
decay constant of 8000 ps and a simulation length of 80 ns for the
MD-tar simulation with é=80 to simulate the water environment.

Thermodynamic integration method: These simulations were carried
out as implemented in AMBER 10 by using the default parame-
ters. In our calculations compound 5 was transformed into deriva-
tive 4. The non-Tl parts of the input files were carried out by using
the following steps: Firstly, 500 steps of steepest-descent minimiza-
tion, secondly, 500 ps of density equilibration and finally 200 ps of
NTP production MD to collect dV/dA data. A time step of 2 fs was
used together with the Shake algorithm, a 9 A direct sum cutoff,
isotropic pressure scaling, and a Langevin-type thermostat. The 4
parameter was set to 0.1, 0.2,... 0.9. Only for step 2, a soft-core po-
tential were activate (by setting ifsc=1). This uses a different form
of the Lennard-Jones equation, specifically designed for better
convergence of Tl calculations in the case of appearing or disap-
pearing atoms. Plots showing dV/dA as function of A are shown in
the Supporting Information.

MM-PBSA method:*” The simulation to estimate the binding
energy between the receptor and glycopeptide 8 was carried out
as implemented in Amber 10 program package,™ by using the
default keywords in the MMPBSA.py script (http://ambermd.org/
tutorials/advanced/tutorial3/py_script/files/mmpbsa_py.tar.gz).
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