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Abstract
Asparagine-linked glycosylation, the co-translational covalent attachment of carbohydrates to
asparagine side chains, has a major effect on the folding, stability, and function of many proteins.
The carbohydrate composition in mature glycoproteins is heterogeneous due to modification of the
initial oligosaccharide by glycosidases and glycosyltransferases during the glycoprotein passage
through the endoplasmic reticulum and Golgi apparatus. Despite the diversity of carbohydrate
structures, the core β-D-(GlcNAc)2 remains conserved in all N-linked glycoproteins. Previously,
results from our laboratory showed that the molecular composition of the core disaccharide has a
critical and unique conformational effect on the peptide backbone. Herein, we employ a synergistic
experimental and computational approach to study the effect of the stereochemistry of the
carbohydrate–peptide linkage on glycopeptide structure. A glycopeptide derived from a
hemagglutinin protein fragment was synthesized, with the carbohydrate attached to the peptide with
an α-linked stereochemistry. Computational and biophysical analyses reveal that the conformations
of the peptide and α- and β-linked glycopeptides are uniquely influenced by the attached saccharide.
The value of computational approaches for probing the influence of attached saccharides on
polypeptide conformation is highlighted.

Introduction
It is now well appreciated that the modification of proteins with carbohydrates plays a very
important role in many biological events. For example, the carbohydrate moieties of
glycoproteins can be involved in cell–cell communication, immune response, cell adhesion,
intracellular targeting, protease resistance, and many other processes.1–3 The carbohydrates
can also impact several physicochemical properties of proteins including hydration,
hydrophilicity, and conformational stability.4 Additionally, because N-linked glycosylation
occurs co-translationally during biosynthesis on the ribosome, the attachment of the
carbohydrates may affect the protein folding pathway. Detailed studies of the impact of
carbohydrates on glycoprotein structure have been limited due to the flexibility of the
carbohydrates, which complicates crystallographic analyses. Thus, 2D-NMR studies of
homogeneous glycopeptides that have been prepared via chemical or chemoenzymatic
synthesis have been exploited to afford insight into the molecular details of the effect of
carbohydrate peptide and protein conformation.4–6
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Previously, we evaluated the effects of specific N-linked glycans on peptide conformation.7,
8 It was shown that the two C2 N-acetamido groups of the natural (GlcNAc-β–GlcNAc-β–)
core are critical in inducing a well-defined type I β-turn in the peptide backbone. These groups
appear to provide a unique conformational effect on the interglycosidic and the glycopeptide
linkages, thereby propagating a precise conformation in the peptide backbone. We have
recently developed a stereoselective synthesis of the pure α-linked glycopeptide, 1-α (Chart
1). The route implements a building block approach and has been modified to improve the
selectivity for the desired α-anomer.9 Access to the pure α-linked glycopeptide, together with
biophysical information from the corresponding β-linked and nonglycosylated species,7
provides a unique opportunity to compare the conformational profiles of the three peptides,
and further to evaluate whether the emerging computational methods including molecular
dynamics (MD) simulations with explicit water solvation support the experimental findings
for the family of peptides. MD calculations provide an excellent complement to experimental
techniques to probe the specific effects of the saccharides at the molecular level. Such
comparisons are not possible with the biophysical measurements alone due to the fluxional
nature of the interactions that cannot be studied with the available spectroscopic methods. The
comparison of the αand β-linked systems is particularly attractive because these species differ
only in a single stereocenter; therefore, predicting similarities or differences between the
conformations by computation will present a rigorous test of the current methodology.

Results and Discussion
Synthesis.

The chemical synthesis of 1-α was carried out using the corresponding tert-butyldimethylsilyl
building block. The α-linked building block was incorporated into the target peptide via
standard solid-phase peptide synthesis, and the peptide was cleaved from the resin using the
conditions noted previously.10 The addition of an extra 0.8% water and additional shaking for
45 min after the standard 3 h of cleavage produced the best results for the removal of the
protecting groups. The peptide was purified by HPLC and characterized by ESMS ([M + H+]
1421.6 (obsd); 1421.5 (calcd) and QAA. Detailed procedures for the chemical synthesis of 1-
α are presented in the Supporting Information.

Biophysical Characterization. NMR Studies.
The principal biophysical tool that is implemented in these studies is NMR spectroscopy. In
contrast to other available solution-state techniques, such as circular dichroism or fluorescence
spectroscopy, NMR provides discrete information about peptide conformation at a molecular
level. Spin system assignment for glycopeptide 1-α was carried out using TOCSY and ROESY
spectra (see Experimental Section). Glycopeptide 1-α displayed mainly random coil
characteristics (values of αC–H chemical shift deviations from random coil were close to 0
ppm). However, a detailed analysis of nuclear Overhauser effect (NOE) patterns, 3JNHα
coupling constants of Asn5, and variable-temperature (VT) coefficients indicate that the
conformation of glycopeptide 1-α is more similar to that of the unglycosylated peptide 1, which
has an Asx-turn structure,7 than to that of the β-linked glycopeptide 1-β, which manifests a
type I β-turn in the peptide sequence around the carbohydrate moiety.

As depicted in Figure 1, a type I β-turn shows several measurable differences from the Asx-
turn in the NMR analysis. For this peptide, the interproton distance a between the Gly6–
Thr7 amides [dNN(Gly6,Thr7)] is expected to be shorter for an Asx-turn than for a type I β-
turn. On the other hand, the Asn5–Gly6 amide distance b is expected to be shorter for a type I
β-turn than for an Asx-turn.7 As summarized in Table 1, the ROESY spectrum of glycopeptide
1-α displays the specific dNN(Gly6,Thr7) NOE that is present in unglycosylated peptide 1, but
absent in the β-linked glycopeptide 1-β.7 Furthermore, in contrast to glycopeptide 1-β, the
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ROESY spectrum for glycopeptide 1-α revealed a weak dNN(Asn5,Gly6) NOE as in the
unglycosylated peptide (Table 1).

Information on amide proton variable-temperature (VT) coefficients can provide insight into
whether an exchangeable proton is protected from solvent exchange due to hydrogen bonding.
11 In general, VT coefficients below 6.0 ppb/K in water are associated with protons involved
in hydrogen bonding. A major characteristic of an Asx turn is a hydrogen bond between the
carboxyamide carbonyl of the Asn side chain and the backbone amide of the Thr or Ser two
residues away from the Asn in the C-terminal direction (in this case Thr7) (Figure 1).7
Therefore, a low VT coefficient will be expected for the Thr7 amide proton for a peptide in an
Asx-turn conformation. The calculated VT coefficient for the Thr7 amide of 1-α was 5.9 ppb/
K, a value in good agreement with a hydrogen bond. Also, a similarly low VT coefficient was
observed for the γNH of the Asn5 side chain (5.8 ppb/K). These values are similar to those
observed in 1, which showed values of 6.2 and 5.4 ppb/K for the Thr7 amide and one of the
Asn5 γNH2 protons, respectively. On the other hand, 1-β exhibited a higher VT value for the
Asn5 γNH2 proton (7.2 ppb/K).7 Although a low VT coefficient for the Thr7 amide was also
observed for 1-β, this was previously explained by an unusual and strong dNα(Gly6,Thr7) NOE
which indicated that Thr7 may fold back, thus protecting the threonine amide.7

In addition to NOE and VT studies, the earlier evaluation of peptides 1 and 1-β included an
analysis of the 3JHNα coupling constant for Asn5.8 For example, a distinct spectral feature
supporting the conclusion that 1-β adopts a type I β-turn was the elevated 3JHNα coupling
constant of 9.6 Hz for Asn5. The 3JHNα coupling constant is associated with the amino acid
φ dihedral angles through the Karplus equation.12 The corresponding observed value for 1-
α was 7.5 Hz, a value closer to the 7.0 Hz value observed for 1. This result is also consistent
with those previously observed with the cellobiose-glycopeptide which fails to induce the β-
turn.8 Together, these results support the proposal that 1-α adopts an extended conformation
similar to that of the unglycosylated peptide 1,7 rather than a type I β-turn structure exhibited
by the β-linked glycopeptide 1-β.7 These data also reinforce the previous observation that the
(GlcNAc-β–GlcNAc-β) moiety is unique, inducing the type I β-turn structure.7,8

Solution-State Structure.
The solution-state structure of 1-α was solved by a simulated annealing protocol using
conditions similar to those for 1 and 1-β.7 A total of 100 NOE distance and 21 chiral restraints
were included in the simulated annealing protocol. As expected from the αC–H chemical shift
deviations, the majority of the peptide was disordered. However, the backbone residues near
the glycosylation site adopted a unique, nonrandom conformation (Figure 2). These results are
similar to those observed for 1 and 1-β.7 From the analysis, 10/10 structures displayed an
extended conformation near the glycosylation site. Eight of the displayed structures are similar
to those including the Asx-turn observed for 1, while all are very different from those of
glycopeptide 1-β (Figure 2). The more open Asx-turn-like structure is expected for 1-α (in
comparison to peptide 1) because the carbohydrate moiety and the organized water molecules
associated with the sugar will occupy extra space between the Asn5 side chain and the backbone
near Thr7. Similar NOE intensities from the carbohydrate to the Asn5 NHγ resulted in the
expected unordered carbohydrate moiety from the simulated annealing.

Molecular Dynamics.
Explicitly solvated MD simulations provide a valuable tool for investigating the
conformational space populated, within the limits of the force-field and simulation time scale,
at an atomic level. The starting conformations utilized were independent of the simulated
annealing-derived structures and were based only on the three NOEs observed in the central
region of the peptide and the 3JHNα values observed for the peptide backbone. Once the systems
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reproduced the majority of the restraint data, they were equilibrated for 1 ns, yielding
experimentally consistent starting structures. In the case of the unglycosylated peptide, 1, a
second simulation was performed in which the hydrogen bond that is characteristic of an Asx-
turn was included as an initial constraint to obtain the starting structure. The structure from
this simulation is referred to as 1*. In the MD simulation of 1*, the Asx-turn remained stable
for the first 2 ns before collapsing to a structure similar to that obtained from the simulation of
1. Therefore, for all computed values for 1*, only those from the first 2 ns were utilized.

Calculation of the root-mean-square deviation (RMSD) with respect to the starting structure
provides a guide of the flexibility in the peptide backbone, which is typically between 1.5 and
2.0 Å for an MD simulation of a stable folded protein. Therefore, the RMSDs for the Cα atoms
of peptide residues Thr3, Pro4, Asn5, Gly6, and Thr7 were calculated between the
experimentally consistent starting structure and 1 ps snapshots from each of the MD
trajectories. For 1, 1*, 1-α, and 1-β, the average RMSDs were 1.51 ± 0.35, 1.41 ± 0.31, 2.55
± 0.41, and 1.26 ± 0.14 Å, respectively. The small standard deviation in 1-β emphasizes the
small fluctuation of the backbone in the naturally occurring glycopeptide, relative to either the
unglycosylated or the α-linked peptides. Relative to the peptide backbone, the glycan in both
1-α and 1-β shows relatively little internal motion, as seen by the similarity of their RMSDs
(0.80 ± 0.23 and 0.78 ± 0.19 Å respectively), computed for all atoms in each disaccharide.
Despite this similarity, it is clear that the α-linked chitobiose has a very different effect on the
peptide-backbone conformation (Figure 3) as well as on the flexibility of the backbone.

Notably, 1-β exhibits three relatively long-lived intrapeptide hydrogen bonds, forming the
foundation for the β-turn (hydrogen bonds 1, 3, and 5 in Table 2 and Figure 3). In contrast,
throughout the MD simulation of 1-α, only two, short-lived intrapeptide hydrogen bonds were
observed. In addition, upon altering the peptide–carbohydrate linkage from β- to α- while
maintaining the peptide backbone in the β-turn conformation found in 1-β, the structure
collapses to one similar to that found in the MD simulation of 1-α, reinforcing the importance
of the β-linkage for β-turn induction.

Over the course of the 1-β MD simulation, no hydrogen bonds were detected between β-
GlcNAc1 and the central region of the peptide; however, several short-lived hydrogen bonds,
specifically between α-GlcNAc1(O6)–Thr7(CO, N, Oγ) and α-GlcNAc1(O6, O5)–Trp8(N),
were observed in the 1-α MD simulation. In addition, during the MD simulation of 1-α, initiated
in the β-turn conformation, formation of a hydrogen bond between α-GlcNAc1(N2) and
Asn5(CO) appeared to trigger the decay of the β-turn conformation. Because this interaction
involves the backbone of the glycosylated asparagine, it could form regardless of peptide
sequence. Therefore, it appears that the formation of hydrogen bonds between α-GlcNAc1 and
the central region of the peptide, independent of its sequence, disrupts the β-turn conformation.

While the hydrogen bond between the Thr7 NH proton and the Asn5 Oγ, which is characteristic
of an Asx-turn, was not observed during the initial MD simulation of the free peptide 1, over
two-thirds of the experimental data were nevertheless well reproduced (Table 2 and Figure 4).
Despite the use of the hydrogen-bond distance restraint in 1*, the computed 3JHNα values for
the first 2 ns are not in better agreement with experimental values than those derived from 1.
However, taking into account the conformations from both 1 and 1* yields better agreement
overall with the 3JHNα values (Table 3). Once the Asx-turn conformation collapses, it does not
re-form, which may be an artifact of the time scale used in these simulations or may point to
weaknesses in the peptide force field.13,14

It is clear that the conformational preference observed for the central backbone region of 1-β
is different from that of 1, 1*, and 1-α (Figure 3). The rapid conformational transitions observed
in the simulations of 1, 1*, and 1-α generally contrast with the behavior of 1-β, which displays
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relatively stable conformations for the peptide-backbone φ torsion angles (Figure 4). The MD
simulations provide an excellent indication of the conformations sampled, but even over 10 ns
may not have reached statistical convergence.16 Differences in relative conformer populations
could alter the values for 3JHNα significantly.

From both the RMSD values and the hydrogen bond analyses, it is clear that the β-linkage is
necessary to preserve the β-turn conformation and that it leads to a decrease in flexibility of
the peptide. The rigid behavior of the Ile2, Thr3, and Asn5 residues, observed during the MD
simulation of 1-β, reaffirms the stability of this system in the β-turn conformation. The
contrasting behavior of 1-α reinforces the conclusions derived from the NMR data that the α-
linked chitobiose has a distinctly different effect on peptide conformation relative to 1-β.

Conclusions
Herein, we have reported a detailed comparison of biophysical and computational data for an
α- and a β-linked glycopeptide and the corresponding unglycosylated peptide. Two-
dimensional NMR studies were used to evaluate the conformational properties of the new α-
linked glycopeptide to compare these with the properties of the unglycosylated peptide, as well
as the β-linked glycopeptide, reported previously. The NMR studies revealed that the
stereochemistry at the anomeric center of the N-linked carbohydrate dramatically affects the
backbone conformation of the glycopeptide, and, indeed, only the β-linked glycopeptide adopts
a compact β-turn conformation. The three systems have been simultaneously subjected to
computational analysis involving MD simulations utilizing explicit water solvation. The
findings of these studies are in excellent agreement with the experimental solution-state
conformational analysis. Specifically, the simulations illustrate the role played by Thr3 in the
β-turn induction, which proceeds via formation of an intrapeptide hydrogen-bond network
between both the backbone and side chain of Thr3 and the backbone of Gly6, which only
occurred during the simulation of 1-β. In addition, the formation of hydrogen bonds between
α-GlcNAc1 and the central region of the peptide leads to destabilization of the β-turn
conformation. Taken together, these findings provide a tested computational framework that
may be used to predict the conformational impact of carbohydrates on peptide and protein
structure and suggest future directions for evaluating the synergistic application of
experimental and computational methods in the evaluation of glycoconjugate structures.
Furthermore, the conformational consequences of the stereochemistry of the anomeric center
in the carbohydrate–peptide linkage reported in this study may also provide valuable
information for the design of neoglycopeptides and glycopeptide mimetics that may be useful
as therapeutic agents.17,18

Experimental Section
NMR Studies.

NMR spectra were acquired using the same conditions reported for 1 and 1-β.7 One to four
mM peptide solutions in 90:10 H2O:D2O at pH 4.5 were used with DMSO as internal reference.
NMR TOCSY, ROESY, and DQF COSY spectra were recorded on a 600 MHz Bruker Advance
spectrometer. TOCSY spectra recorded at 7, 12, 17, 22, and 27 °C were used to calculate the
amide proton VT coefficients. ROESY spectra were acquired using 400 ms mixing times with
WATERGATE gradient suppressions. The NMR data were processed using Felix 97 software.

Simulated Annealing.
The solution-state structure of glycopeptide 1-α was solved by a simulated annealing protocol
using similar conditions as for peptide 1 and glycopeptide 1-β.7 The structure was generated
using the Biopolymer option of Insight II. ROESY cross-peak volumes were measured and
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sorted into strong and weak bins. The strong peaks were assigned a distance range of 1–3 Å,
and the weak peaks were assigned a distance range of 2–4 Å. An additional distance restraint
of 2.0–5.0 Å between Thr7 amide and the Asn5 carboxyamide was justified by the decreased
VT coefficient observed for Thr7 and the Asn NHγ.7 A total of 100 NOE distance and 21 chiral
restraints were included in the simulated annealing protocol.

Molecular Dynamics.
The SANDER module19 of AMBER720 was utilized in conjunction with the PARM9921
parameter set for proteins and the GLYCAM22 parameter set for glycosides and glycoproteins.
All MD simulations utilized explicit solvation, with an average of 3000 TIP3P waters.23
Simulated annealing was followed by MD simulations with minimal 3JHNα and distance
restraints.24 Restraints were included until agreement with experimental NMR data was
achieved, and then equilibration was continued for 1 ns. All restraints were removed for the
10 ns production runs. A control MD simulation of 1-α was performed with the same starting
structure as 1-β. During the simulation, the structure quickly decayed leading to behavior
similar to that observed in the original 1-α simulation. All MD simulations employed an
integration time step of 2 fs, a dielectric of unity, scaling of 1–4 electrostatic and van der Waals
interactions by the standard values of 1/1.2 and 1/2.0, restraint of all hydrogen-containing bonds
through the SHAKE algorithm, a cutoff of 10 Å for all nonbonded interactions, and particle
mesh Ewald treatment of long-range electrostatics.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structure of Asx and Type I β-turn and their NOE patterns.
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Figure 2.
Comparison of the solution-state structure between 1, 1-α, and 1-β. 1 and 1-α are shown from
Pro4 to Thr7. 1-β is shown from Thr3 to Thr7. The structures of 1 and 1-β were taken from
refs 7 and 8.
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Figure 3.
The most representative structures obtained from the MD simulations of 1*, 1-α, and 1-β, with
a schematic of their corresponding secondary structure, Thr3–Thr7, shown. The hydrogen
bonds are labeled with respect to Table 2.
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Figure 4.
Plot of the φ backbone torsion angle for Ile2, Thr3, Asn5, and Thr7 (left to right) for the 10 ns
MD simulation of 1, 1*, 1-α, and 1-β with 1 (black) and 1* (gray) superimposed.
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Chart 1.
Chemical Structures of 1, 1-α, and 1-β
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Table 1
Comparison of the Experimental Relative Intensities of the Diagnostic ROESY Cross-Peaks in the Turn Region
of 1, 1-α, and 1-β

NOE 1a 1-α 1-βa

a, dNN(Gly6, Thr7) weak weak absent
b, dNN(Asn5, Gly6) weak weak strong
c, dαN(Pro4, Asn5) strong strong strong

a
Data for peptides 1 and 1-β taken from ref 7.
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Table 2
Percent Occupanciesa of Intrapeptide Hydrogen Bonds from MD Simulation of 1, 1*, 1-α, and 1-β

hydrogen bond

donor acceptor 1 1* 1-α 1-β

1 Thr3 HOβ Gly6 CO 38
2 Thr3 HOβ Asn5 CO 10
3 Thr3 HN Gly6 CO 86
4 Asn5 HNγ Thr3 CO 23
5 Gly6 HN Thr3 CO <10 <10 52
6 Gly6 HN Asn5 Oγ 35 13 <10
7 Thr7 HN Asn5 Oγ 63
8 Thr7 HOβ Asn5 Oγ 10

a
Occupancy was fulfilled when the proton–heavy atom distance was less than 2.4 Å; a dash indicates an occupancy of less than 1%.
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Table 3
Comparison of the Experimental and MD-Deriveda 3JHNα Couplings for 1, 1*, 1-α, and 1-β

1 1* 1-α 1-β

Ile2 6.6 (7.4 ± 1.9) (8.3 ± 1.7) 7.9 (7.1 ± 2.0) 6.6 (7.0 ± 1.6)
Thr3 7.0 (8.3 ± 1.7) (6.4 ± 2.0) 7.4 (7.0 ± 2.0) 6.5 (8.3 ± 1.2)
Asn5 7.0 (7.6 ± 1.6) (8.9 ± 1.3) 7.5 (6.2 ± 1.3) 9.6 (8.6 ± 1.2)
Thr7 7.0 (4.5 ± 1.7) (8.9 ± 1.3) 7.5 (5.3 ± 1.3) 6.3 (7.0 ± 2.0)

a
In Hz, computed value with standard deviations in parentheses. Experimental values for 1 and 1-β obtained from ref 15.

J Am Chem Soc. Author manuscript; available in PMC 2006 March 2.


