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Abstract
A detailed investigation of the conformational properties of all the biologically relevant O-
glycosidic linkages using the Hamiltonian replica exchange (HREX) simulation methodology and
the recently developed CHARMM carbohydrate force field parameters is presented. Fourteen
biologically relevant O-linkages between five sugars, N-acetylgalactosamine (GalNAc), N-
acetylglucosamine (GlcNAc), D-glucose (Glc), D-mannose (Man) and L-fucose (Fuc) and the
amino acids Ser and Thr were studied. The force field was tested by comparing the simulation
results of the model glycopeptides to various NMR 3J couplings, NOE distances and data from
MD with time-averaged restraints (tar-MD). The results show the force field to be in overall
agreement with experimental and previous tar-MD simulations, although some small limitations
are identified. An in depth hydrogen bond and bridging water analysis revealed an interplay of
hydrogen bonding and bridge water interactions influencing the geometry of the underlying
peptide backbone, with the O-linkages favoring extended β-sheet and PPII conformations over the
compact αR helical conformation. The newly developed parameters were also able to identify
hydrogen bonding and water mediated interactions between O-linked sugars and proteins. These
results indicate that the newly developed parameters in tandem with HREX conformational
sampling provide the means to study glycoproteins in the absence of targeted NMR restraint data.
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Introduction
Glycosylation is one of the most abundant posttranslational modifications of proteins. It
involves the covalent attachment of carbohydrates to the side chains of either asparagine (N-
linked) or Ser or Thr (O-linked).1 Glycans attached to proteins can have a wide variety of
roles ranging from processes such as protein folding and trafficking, immune recognition,
and developmental regulation.2,3 Among the two types of glycosidic linkages N-
glycosylation is well defined and occurs between a core β-N-acetylglucosamine (GlcNAc)
and asparagine residues embedded in the consensus tripeptide sequence Asn-Xxx-Ser/Thr,
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Xxx being any amino acid but proline.4-7 On the other hand O-glycosidic linkages, which
occur between different carbohydrate moieties and Ser or Thr, show no particular amino
acid sequence preference.8

Among the various O-linkages the most prevalent type is the linking of N-
acetylgalactosamine (GalNAc) in a α-anomeric configuration to the β-hydroxyl group of
either Ser or Thr. 9 This type of glycosylation is commonly present in mucin type structures.
Other O-linked glycosylations include the β-O-N-Acetylglucosamine (GlcNAc)
modification of cytosolic and nuclear proteins, 10-14 α-O-linked glycosylation by L-fucose
(Fuc) and β-O-linked glycosylation by D-glucose (Glc) in EGF-like repeats on the
transmembrane protein Notch and its cognate ligands, 15-21 and α-O-linked mannose (Man)
modifications in yeast. 22,23

NMR studies have shown that the O-linkages bias the adjacent peptide backbone towards an
extended conformation, with the amount of perturbation due to the carbohydrate moiety
varying among each case. 24-26 Studies also suggest that O-glycosylation may have no effect
on the peptide backbone conformation in the absence of amide groups on the sugar
moiety. 27 These results highlight the chemical diversity of the O-linkages and their
potential impact on local protein backbone conformation, both of which will impact the
biological function of O-linked glycoproteins.

Due to the absence of high resolution crystal structures of O-linkages in glycoproteins the
structural characteristics of these linkages are not well understood. NMR experiments and
CD data provide insights into the properties of the O-linkages, though the results do not give
direct structural results. A general methodology adopted in NMR experiments is the
determination of the 3J coupling constant associated with adjacent hydrogen atoms. Dihedral
values back calculated from the 3J coupling data along with mean distances derived from the
NOE data are then used as restraints for molecular dynamics (MD) or Monte-Carlo (MC)
simulations to derive an ensemble of structures that satisfy the restraints. These structures
are then analyzed to understand the structural properties of these linkages and the associated
peptide moiety. 24-33 Such MD simulations targeting experimental restraints have been
referred to as targeted MD simulations (tar-MD). However, with increasing size of the
protein the NMR spectrum becomes overcrowded thereby hindering the determination of
residue specific 3J coupling constants and NOE data. To this end MD simulations
accounting for the conformational sampling of the O-linkages in tandem with accurate force
fields to describe the O-linkage geometry as well as the associated saccharides and
polypeptide can provide atomic level-of-detail properties such as structure, dynamics, and
thermodynamics.

In an ongoing effort to enable the atomic-level modeling of a wide variety of carbohydrates
in an aqueous environment and interacting with other biopolymers such as proteins, nucleic
acids, and lipids, our laboratory has undertaken the development of a comprehensive force
field for carbohydrates 34-38 in the context of the CHARMM additive biomolecular force
field.39 To this end we have recently developed parameters to extend the carbohydrate force
field to model the O- and N- glycosidic linkages to proteins. The aim of this study is to use
the newly developed parameters to characterize the structure and properties of O-glycosidic
linkages in the absence of restraint data, thereby further validating the parameters as well as
enabling the molecular modeling of larger glycoproteins.

In the present work standard MD and Hamiltonian replica exchange (HREX) simulations
have been performed on 14 glycoprotein dipeptides, which are representative of all the
naturally occurring O-linkages. Recent combined NMR and tar-MD studies of α,β-GalNAc,
β-GlcNAc and β-Glc Ser/Thr dipeptides by Corzana and co-workers were used as the
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primary target data to compare and validate our force field and simulation
methodology. 40,414243 Analysis characterized the presence and absence of key hydrogen
bond interactions which influence the overall structure of the glycopeptides. A detailed
analysis of the solvent structure was preformed to identify bridging solvent interactions,
which are also shown to bias the conformation of the underlying peptide backbone.
Validation was also extended to the glucoamylase from Aspergillus awamori var. X100
(PDB id: 3GLY) to confirm the ability of the force field to identify carbohydrate-protein
direct and water-medicated interactions present in the crystal structure.

Methods
Models Compounds

Glycoprotein dipeptides were chosen to study the conformational behavior of Ser and Thr
O-glycosidic linkages (Figure 1). The five sugars, N-acetylgalactosamine (GalNAc), N-
acetylglucosamine (GlcNAc), D-glucose (Glc), D-mannose (Man) and L-fucose (Fuc),
known biologically to form the O-glycosidic linkages have been studied in this work. From
previous studies it is known that all the sugars do not adopt the same anomeric configuration
at the O-linkage. GalNAc and Man are known to adopt both the α and β configurations,
GlcNAc and D-Glc show a preference for the β-configuration, while L-Fuc shows a
preference for the α configuration. 1-3,8,9,44-48 To comprehensively sample these linkages a
total of 14 glycoprotein dipeptides were selected for the present study. In addition, the
crystal structure of glucoamylase from Aspergillus awamori var. X100 (PDB id: 3GLY) was
simulated as a test of the force field on a large glycoprotein.

Molecular dynamics
MD simulations were performed with the CHARMM program. 39 The CHARMM22 protein
force field49 with CMAP (dihedral correction map), 50 the CHARMM carbohydrate force
field 34-38 and the modified TIP3P water model51 were used to represent the model
glycopeptides in solution. Initial geometries of the model compounds were generated from
the topology information present in the force field, which has been recently extended to treat
O-glycosidic linkages. For both GalNAc and GlcNAc linkages an initial anti configuration
was chosen for the H-N-C2-H2 dihedral in accordance with NMR studies. These initial
geometries were subjected to a 1000-step steepest descent (SD) minimization followed by
an adopted basis Newton–Raphson (ABNR) minimization to a force gradient tolerance of
10-6 kcal/mol/Å. 52,53 The minimized geometries of the glycopeptides were then immersed
in a preequilibrated cubic water box of size 32 Å × 32 Å × 32 Å. The size of the water box
was selected based on the condition that it extend at least 10 Å beyond the non-hydrogen
atoms of the glycopeptides. Water molecules with the oxygen overlapping with the non-
hydrogen solute atoms within a distance of 2.8 Å were deleted. For all of the subsequent
minimizations and MD simulations, periodic boundary conditions were employed using the
CRYSTAL module implemented in the CHARMM program. Before performing an
equilibration, the water molecules were allowed to rearrange around the fixed solute atoms
by a short minimization cycle of 50 SD steps followed by 50 ABNR steps. Next, with a
mass-weighted harmonic restraint of 1.0 kcal/mol/Å on the non-hydrogen atoms of the
glycopeptides, the systems were subjected to a 50 step SD minimization followed by a 50
step ABNR minimization cycle. This was followed by a 100 ps simulation in the NVT
ensemble with the same harmonic restraints to equilibrate the solvent molecules around the
glycopeptides. A 200 ps NPT simulation at 1atm and 298K followed the NVT simulation,
wherein all the previous restraints were removed. In the NPT simulation the center of mass
of the glycoprotein was restrained near the origin by using the MMFP module54 in
CHARMM using a harmonic restraint of 1.0 kcal/mol/Å applied to the center of mass of the
glycopeptides. This was done to keep the glycoprotein from drifting out of the simulation
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box. This option was also retained in the production runs. The electrostatic interactions were
treated via the particle mesh Ewald method with a real space cutoff of 12 Å, kappa value of
0.34 Å-1 and a 6th order spline. 55 Nonbond interaction lists were updated heuristically out to
16 Å with a force switch smoothing function from 10 Å to 12 Å used for the LJ
interactions. 56 Production runs were carried out for 20 ns in the NPT ensemble with the
Leapfrog integrator employing an integration time step of 2 fs, while the SHAKE algorithm
was used to constrain all covalent bonds involving hydrogen atoms. 57 The temperature was
maintained at 298K by a Nose-Hoover heat bath with a thermal piston parameter of 2000
kcal mol−1 ps2. 58 Constant pressure of 1 atm was controlled using the Langevin piston with
a mass of 364 amu (ie. Pmass = integer(system mass/50.0). 59 Coordinates were saved every
1 ps from the MD simulations for all subsequent analyses.

Hamiltonian Replica Exchange (HREX)
In a standard MD simulation of a biological or chemical system the simulation often does
not explore all the available conformational states. This is due to limitations of MD
simulations to transverse high-energy barriers. To address this issue replica-exchange
molecular dynamics (REMD) presents an alternative approach that combines perturbation
methods that facilitate conformational sampling with a Metropolis based, multiple-
simulation strategy. 60-62 In its most common implementation conformational sampling of
the molecular system is modified through temperature (t-REMD), which is gradually
increased (T0, T1, T2, …TN) across an ensemble of MD simulations (or replicas). 63,64 Each
of the simulations then exchange conformations at selected time intervals according to a
Metropolis criterion, thereby facilitating the sampling of conformational space over that
which would occur at room temperature in the same length simulations. Importantly, the
Metropolis exchange criterion based on the probabilities as defined in equations 1 through 3
assures that the ground state (i.e. room temperature) replica reproduces a correct ensemble.

(1)

(2)

(3)

with β = 1/RT (R: gas constant and T: temperature) and E(r) representing the potential
energy of the system for a given configuration, rj or ri, from replicas i and j, respectively.

However, the general applicability of t-REMD is limited by differences in the free-energy
landscape as a function of temperature requiring small temperature differences between
adjacent replicas in explicit solvent simulations, thereby requiring an excessive number of
replicas, as well as the potential for sampling of statistically insignificant conformational
states. 65 To address this HREX is an alternate method for conformational sampling, in
which a gradual perturbation is applied to the potential energy function across the system of
replicas. HREX has been shown to be efficient when compared to t-REMD for condensed
phase simulations. 66-70 The difference between HREX and t-REMD methods lies in the
definition of the change in energy used in the Metropolis acceptance criterion. In HREX
instead of simulating different replicas at different temperatures they are simulated using
different Hamiltonians (H0, H1, H2, …HN). The replica exchanges between neighboring
simulations are accepted or rejected according to the energy difference between neighboring
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configurations at the same temperature using the force field for replica j (Ej) minus the force
field for replica i (Ei) where the energy differences in equations 1 and 2 is defined as

(4)

Various HREX strategies have been applied to study biomolecular conformations, ranging
from bond based 71,72 biasing potentials to dihedral based biasing potentials. 73-75 In this
study we use a combination of the two-dimensional (2D) dihedral grid-based energy
correction map (CMAP) extension of the CHARMM force field and a Saxon-Wood
potential as the biasing potential across the different replicas.50 Two CMAP biasing
potentials are used, corresponding to ϕs/ψs and ϕ/ψ to sample the conformational space of
the glycopeptides around the O-glycosidic linkage and the protein backbone (Figure 2). The
Saxon-Wood potential is used to enhance conformational sampling about the χs dihedral.
Addition of the biasing potentials during a simulation lowers the energy barriers for the
involved dihedrals, thereby enabling enhanced conformational sampling.

Biasing potential CMAPs (bpCMAP) used to perturb the Hamiltonian in each replica were
designed to create a “flat” 2D energy surface for the fully perturbed state (ie. the change in
potential energy as a function of dihedrals is essentially zero for the entire surface). To
construct the bpCMAPs we obtained the 2D MM energy profiles at a resolution of 15° for
the full range of the ϕs/ψs dihedral angles for the glycosidic linkages of each of the
glycopeptide systems. This was done to include the influence of the various intramolecular
interactions between the different sugar units (GalNAc, GlcNAc, Glc, Man and Fuc) and the
peptide backbone. We observed that the difference between the intramolecular interactions
was also dependent on the configuration at the anomeric center. This fact is illustrated by the
2D MM energy surfaces of the ϕs/ψs dihedral angles for the α and β anomers of GalNAc
presented in Figure 2; the global minima lie in different regions for each surface, thereby
requiring individual CMAPs for the HREX methodology. Thus, an independent bpCMAP
was generated for each system yielding 14 different bpCMAPs, wherein each bpCMAP, in
combination with the underlying MM ϕs/ψs 2D energy surface, yields flat 2D energy
surfaces for the linkage. For the ϕ/ψ 2D surfaces in the peptide backbone, the published
CHARMM CMAPs for the alanine and glycine dipeptides were altered to produce the
bpCMAP that yields the corresponding flat ϕ/ψ 2D surfaces for HREX. This was done so
that the scaled CMAPs used in this study could be used for larger glycopeptide systems and
still remain in agreement with the philosophy of the original CMAP correction in which the
alanine and glycine maps were used as the underlying correction for the other amino acids
except proline. 50

To arrive at the bpCMAPs for the different replicas the underlying MM 2D energy profiles
were offset by setting the global minimum to 0 kcal/mol. The modified energy surfaces were
then used to generate the 8 CMAPs for the 8 replicas by multiplying the scaled energy
values at each grid point of the bpCMAP by a scaling factor (n × -0.15), where n was varied
from 0 to 7. Analysis of the rescaled (modified) energy surfaces show the influence of the
scaling factor is maximal for the high-energy regions and minimal for the low energy
regions, thereby leading to a gradual lowering of the energy barrier in subsequent replicas.
Thus, the first replica with 0% scaling represents a simulation with no perturbing potential
and the subsequent replicas are under an influence of 15%, 30%, 45%, 60%, 90% and 105%
of the respective bpCMAPs (Figure 2).

For the χs dihedral the Saxon-Wood potential was utilized with a scaled force constant term
as the biasing potential across the replicas.
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(5)

where h = (n × -0.75) kcal/mol, n going from 0 to 7 for replicas 1 to 8, p1 = 0.1, p2 = 0.3 and
θref = 30° (α-GalNAc), 45° (β-GalNAc, β-GlcNAc, β-Glc, β-Man) and 60° (α-Man, α-Fuc).
Where, θref was set to the local minimum from a dihedral scan about χs in each system.

The REPDSTR module of a modified version of CHARMM c36a2 was used to perform the
HREX simulations.76 The HREX simulations were started from the equilibrated coordinates
obtained after the 200 ps unbiased NPT simulation at 1atm and 298K. The same MMFP
restraints as those used in the production runs were utilized in the HREX runs to constrain
the glycoprotein at the center of the simulation box. An exchange between neighboring
replicas was attempted every 1000 MD steps and the coordinates were saved every 1 ps.
Each replica was simulated for 10 ns and the trajectories from the final 10 ns of the first
replica (unbiased, ground state replica) were used for subsequent analysis.

Glycoprotein Simulation
The crystal structure of glucoamylase from Aspergillus awamori var. X100 (PDB id: 3GLY)
solved at a resolution of 2.20 Å was chosen to extend the results from the present study of
model glycopeptides to a glycoprotein in aqueous environment.77 Scripts obtained from
CHARMM-GUI and modified accordingly to include the O-linkages were used to setup the
simulation.78,79 Coordinates of the crystal structure were retrieved from the PDB (Protein
Data Bank). 80 The Reduce software was used to place missing hydrogen positions and to
choose optimal Asn and Gln sidechain amide and His sidechain ring orientations.81 Patch
residues were used to incorporate disulfide bonds and O-glycosidic linkages between Ser or
Thr residues and the relevant sugar units. Crystallographic water molecules, counter ions
and heteroatoms were included in the simulation system. The built geometries were then
immersed in a pre-equilibrated cubic water box that extended at least 10 Å beyond the non-
hydrogen atoms of the protein structure, which resulted in a simulation box of size 90 × 90 ×
90 Å3. Water molecules with the oxygen overlapping with the non-hydrogen solute atoms
within a distance of 2.8 Å were deleted. Based on the overall charge of the system, 29
potassium ions were added to neutralize the system. The whole system was then subjected to
the same equilibration protocol used to setup the glycopeptide systems, which included a
100 ps NVT simulation followed by a 200 ps NPT simulation. The equilibrated structures
were then used for a 16 ns production simulation performed using NAMD version 2.7b1.82

A Langevin coupling coefficient of 1 ps−1 with a temperature bath of 298 K was applied to
all atoms to achieve constant pressure. Piston oscillation period of 200 fs and barostat
damping time scale of 100 fs were used to maintain a piston pressure of 1 atm. The last 10
ns of the simulation trajectory were used for the analyses.

Karplus Equations (3J Coupling Constants)
3J coupling constants about the dihedral torsions C-N-Cα-C, H-N-C2-H2 (for α/β-GalNAc
and β-GlcNAc) and N-Cα-Cβ-O1 were calculated from the simulations to compare them with
experimental values. The respective dihedral value associated with the proton-proton
coupling was calculated every 1 ps for each of the production runs amounting to 10,000
points (10 ns) and 20,000 points (20 ns) for the HREX and independent MD simulations,
respectively. The 3J coupling constants were then calculated from the dihedral values of
each snapshot using the following Karplus equations.
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(6)83

(7)84

(8)85

Experimental J-couplings measured at room temperature inherently include a certain degree
of averaging of the torsion angles about the mean positions. The effect of Gaussian
fluctuations of the torsion angle with a variance σ2 on the 3J coupling can be described by a
Karplus equation with modified coefficients.

(9)86

where A, B and C are the coefficients of the original Karplus equation and θ0 is the average
torsional angle. The analyses of the 3J coupling constants were performed both in the
presence and the absence of the motional averaging.

2D radial pair distribution
2D radial pair distributions, g(r1, r2), were calculated to analyze the localized water
densities, in particular the bridging water molecules between the carbohydrate and peptide
units. The 2D radial pair distribution function g(r1, r2) gives the probability of finding an
atom, in our case the water oxygen, at a distance r1 and r2 from two selected solute atoms,
relative to the probability expected for a random distribution.

(10)

where N(r1,r2) is the number density, ρw is the water density and Vintersect is the intersection
volume. We calculate Vintersect and g(r1,r2) using the formalism suggested by Engelsen and
co-workers which has been successfully used to identify bridging water sites in
carbohydrates. 87-89

Results and Discussion
In the present study the ability of the newly developed CHARMM carbohydrate force field
in combination with the HREX sampling method to reproduce solution geometries of the
glycopeptides is tested followed by additional validation on the target glycoprotein,
glucoamylase. The major validation data are NMR J-coupling constants and NOE data.
Emphasis on adequate sampling of conformational space involved both extended MD and
HREX simulations; results presented below are primarily from the HREX simulations.
Comparison of selected MD and HREX simulations results highlight the advantages of the
HREX methodology. Notably, it is shown that the applied sampling method is able to
reproduce previously published tar-MD results, thereby making it a viable option to study
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larger glycoprotein systems in the absence of restraint data. While available tar-MD studies
only included a subset of the biologically known O-linkage geometries, the present study
includes all the biologically known glycopeptide linkages (14 model systems), thus
performing a comprehensive study of O-linkages. Notably, results from these simulations
show that the O-linkage geometry is dependent on the interplay between intramolecular
hydrogen bonding and bridging waters, interactions that are present in both glycopeptides
and glycoproteins.

3JHNHα couplings
3JHNHα coupling constants calculated from both MD and HREX simulations by applying the
appropriate Karplus equation (eqn 6) are summarized in Table 1. The 3J coupling constants
obtained by averaging over the whole simulation trajectory agree well with the
experimentally observed values. Over the eight systems for which experimental J-couplings
exist, the RMS differences are 0.55 or less and average differences are 0.09 or less; the
largest discrepancies occurs with 1 followed by 2 with the six remaining systems in
excellent agreement with experiment (maximum difference 0.6). The α-linkages show the
largest discrepancy with the experimental results while the β-linkages are in good
agreement. The 1H NMR experiments also predict the 3J coupling constant associated with
the C-N-Cα-C dihedral to be lower for Ser linkages (odd-numbered systems) when
compared to the Thr linkages (even-numbered systems).40-42 The force field is able to
capture this trend. To gain insight into the origins of these trends we plot the distribution of
the C-N-Cα-C dihedral versus the calculated 3J coupling constant associated with it obtained
from the HREX simulations for compounds 1 to 4 in Figure 3a to 3d. Each panel also
includes the 3J values from experimental studies (solid line) and average 3J values from
HREX (dashed line). The ϕ (C-N-Cα-C) dihedral samples three major conformations
distributed around -150°, -60° and 60° for the Ser linkage (1), while it samples only
conformations distributed around -150° and -60° for the Thr linkage (2). The effect of this
conformational preference is clearly seen on the evaluated 3J coupling constant values
plotted in Figure 3a and 3c for 1 and 3, respectively. We observe that the sampling of
conformations around 60° leads to an additional distribution in the ϕ vs 3J plot with a
maximum 3J value of 6.3 Hz. This additional distribution causes an overall decrease in the
calculated average 3J value for the Ser linkages, while the absence of this distribution
(Figure 3b and 3d) results in a higher average 3J value for the Thr linkages. NMR studies on
larger glycoprotein systems find that the 3J value for the Ser-α-GalNAc linkage vary in the
range 6.5-7.5 Hz. 24,25,32 The calculated 3J value for the Ser linkage (7.7 Hz) is close to the
experimental range. On the other hand for the Thr-α-GalNAc linkage the experimental
studies always find the 3J coupling constant to lie in the range 8.6-9.2 Hz, suggesting a trans
relationship between these protons or a dihedral distribution lying between -160° < ϕ <
−80°.24,25,32 From the ϕ vs 3J distribution plotted in Figure 3b for Thr-α-GalNAc (2) it may
be seen that the tail regions of the plot for ϕ < -160° and ϕ>−80° are responsible for bringing
down the overall calculated average. The average 3J value excluding this region is found to
be 9.0 Hz, which is in better agreement with the experimentally observed value of 8.8 Hz;
the dihedral distribution lies in the favorable -160° < ϕ < −80° trans region for 74% of the
total simulation time. Thus, for the majority of the simulations the experimentally observed
conformational space is being sampled.

From the distribution of ϕ/ψ (ϕ CNCαC, ψ NCαCN) dihedrals observed in protein
structures90 it is known that a ϕ value of -150° is generally observed in extended β sheet or
random coil δ geometries, a ϕ value of -60° corresponds to either an extended PPII geometry
or a right handed α helical geometry (αR) and a ϕ value of 60° generally corresponds to a left
handed α helix (αL). Thus, from the analysis of the 3J coupling data it is evident that Thr
linkages can sample β sheet, δ coil, PPII or αR geometries, while Ser can also adopt the αL
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geometries. The population distributions of the ϕ dihedral around the three favorable
conformational basins (-150°, -60° and 60°) are summarized in Table 1. Ser linkages
significantly adopt the ϕ ∼ 60° conformation while none of the Thr linkages adopt this
conformation. On comparison we observe that both MD and HREX simulations correctly
predict the conformational preference and dihedral distributions (Table 1). Better
conformational sampling is achieved in the HREX compared to the single MD simulations.
This is illustrated by comparing the time series for the C-N-Cα-C dihedral for 1 plotted in
Figure 3e for both HREX and MD simulations. 454 transitions occur between the αL and αR
conformational bins for the HREX simulation when compared to 15 transitions between the
same two bins in the standard MD simulation, indicative of the enhanced sampling in HREX
simulations. In the rest of the paper we primarily discuss the results from the HREX
simulations. Additional results from standard MD simulations are reported in the supporting
information file.

ϕ/ψ Distribution
While 3JHNHα provides partial insight into the conformational preference of the protein
backbone, the ϕ/ψ distributions gives direct insight into the backbone conformation. 2D
plots of the relative free energy as a function of ϕ and ψ for all the compounds from HREX
simulations are presented in Figure 4. Three major global minima are identified from the ϕ/ψ
plots at -75°/-45° (6, 8, 9, 10, 12), -75°/135° (3, 4, 5, 7, 13) and -105/0° (1,2). Compound 11
and 14 are found to be outliers with global minima located at -165/150° and -105/-15°.
Thus, the O-linkages prefer three well defined structural conformational basins
corresponding to the β-sheet (ϕ/ψ = -135/135°), PPII (ϕ/ψ = -75°/150°) and αR-helical (ϕ/ψ
= -60°/-45°) geometries. Ser O-linkages also sample the αL-helical (ϕ/ψ = 60°/45°)
geometry. In addition, the Thr linkages prefer the PPII geometry over the β-sheet geometry,
highlighting another structural difference between Ser and Thr linkages. In all cases the O-
linkages also populate the flexible random coil δ region of the Ramachandran surface. Thus,
the HREX simulations are able to identify various conformational regions sampled by the O-
linkages that are consistent with published tar-MD and NMR studies. 24-26,29,40-43. In Figure
S1 of the supporting information presents the relative probabilities of each region of the ϕ/ψ
space. It is of interest to note that in tar-MD studies, performed with the GLYCAM force
field, removal of targeted restraints resulted in conformations that did not agree with the
NMR data. This was due to oversampling of the αR-helical conformations and a complete
loss of the extended geometries (PPII and β-sheet conformations). In comparison our
simulations are able to capture conformations that agree with the NMR data in the absence
of restraint data, highlighting the ability of the force field to sample the experimentally
observed conformations.

NOE distances
In addition to the 3JHNHα coupling data, tar-MD simulations and NMR refinement protocols
use NOE derived distance restraints to refine an ensemble of structures. A key experimental
observation from NMR studies of O-linkages is the presence of strong d(Hα,HNT) NOE in
comparison to the weak d(HNT,HN) NOE (hydrogen atoms naming scheme illustrated in
Figure 1).40-43 The longer distance between the consecutive amide hydrogens is indicative
of extended conformations of the peptide backbone. 91 In Table 2 the mean distances
d(HN,HNT), d(Hα,HNT) and d(Hα,HN) calculated as a <r-6>-1/6 average from HREX
simulations are summarized. The CHARMM carbohydrate parameters capture the correct
conformational preference of the backbone with d(HN,HNT) > d(Hα,HNT) in most cases.
Since experimental NOE signal strengths are dependent on the proximity of the spin centers,
to better compare the experimental results with the computational studies the distance
distributions of d(HN,HNT), d(Hα,HNT) and d(Hα,HN) were analyzed and are plotted in
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Figure S2 of the supporting information. Both the d(HN,HNT) and d(Hα,HNT) distributions
exhibit a bimodal distribution while d(Hα,HN) predominantly exhibits a single mode.

The two modes for d(HN,HNT) are centered about ∼2.50 Å and ∼4.25 Å representative of
compact and extended conformations. Population analyses for these two distributions are
summarized in Table 2. From the population analysis we find that the glycopeptides
linkages sample the compact and extended regions about 59% and 41%, respectively.
However the compact behavior is due to the overpopulation of the δ random coil regions in
the flexible di-amide model compounds. Thus, the newly developed parameters capture the
balance between the compact and extended conformations. In Table T1 of the supporting
information file we summarize the mean distances d(HN,HNT), d(Hα,HNT) and d(Hα,HN)
calculated as a <r-6>-1/6 average from standard MD simulations. Results of the population
analysis for d(HN,HNT) and d(Hα,HNT) from standard MD simulations are also summarized
in Table T1. We observe that even the standard MD simulations capture the correct
conformational preference of the backbone with d(HN,HNT) > d(Hα,HNT) in most cases.
However, from the population analysis we find that glycopeptides linkages sample the
compact and extended regions for about 63% and 37% in standard MD simulations. This
indicates a slight shift toward compact regions, which may be due to the fewer transitions
between these conformational regions in standard MD simulations when compared to HREX
simulations.

ϕs/ψs Distribution
Distributions of the sugar ϕs(O5C1O1Cβ) and ψs(C1O1CβCα) dihedrals for all the model
compounds from HREX are presented in Figure 5a and 5b, respectively. The ϕs (O5C1O1Cβ)
dihedral is generally very rigid and samples values close to 65° and 70° for the Ser and Thr
linkages of the α anomers, and close to -65° and -70° for Ser and Thr linkages of the β
anomers. This distribution is in good agreement with the exo-anomeric effect.92 This
behavior is also consistent with results from tar-MD simulations.40-43 On the other hand the
sugar ψs dihedral is more flexible and populates different conformational basins for different
linkages. For the Ser linkages three major conformational basins are sampled centered at
-120° (Glc, GlcNAc, Fuc) -100° (β-GalNAc, α/β-Man) and 110° (Glc, GlcNAc, α-Man, Fuc)
while for α-GalNAc and α-Man the peaks are shifted to 120° and 100° respectively. Note
that the ψs dihedral distributions for the Ser-linkages (1, 3, 5, and 7) are slightly shifted
when compared to the results from the previously reported tar-MD simulations which find
the distribution to be centered on ψs∼180°.24-26,29,40-43 In both the tar-MD and our
simulations the linkages sample the anti conformation. These slight differences in the
distribution are suggested to arise from the use of the dihedral restraint on the Cα-Cβ
dihedral in the tar-MD simulations which in turn affects the Cβ-O1 dihedral distribution. For
the Thr linkages three well-defined conformational basins are sampled with peak maximums
at 120° for the α linkages (α-GalNAc, α-Man), 130° for the β linkages (GalNac, Glc,
GlcNac, Man) and 160° for the α-Fuc linkage.

We also observe that the CH3-Cβ-O1-C1 dihedral is always close to 60°, ie the methyl group
is always in a staggered conformation with respect to the C1 carbon of the sugar (Figure 5c).
It should be noted that the ϕs and ψs distributions differ between α/β-GalNAc and β-
GlcNAc, indicating different secondary interaction in these N-acetlyamino sugars.

3JHNH2 Coupling Constants
The 3J coupling data for the H-N-C2-H2 dihedral, which is unique to the GalNAc (1 to 4)
and GlcNAc (7 and 8) glycopeptides, was analyzed. Calculated 3JHNH2 coupling constants
from the HREX simulations using equation 7 are summarized in Table 3. The 3J coupling
constant values for the β substitutions (3, 4, 7 and 8) are in better agreement with the
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experimental values when compared to the α substitutions (1 and 2). From the population
analysis also presented in Table 3, it is observed that the β substitutions prefer either the
eclipsed or anti conformations with no sampling of the intermediate conformations. To gain
insight into the origins of these trends the distribution of the H-N-C2-H2 dihedral versus the
calculated 3J coupling constant associated with it are presented for compounds 1, 2, 3, 4, 7
and 8 in Figure 6a to 6f It is again evident that intermediate conformations cause the
significant decrease in the overall 3J coupling value for 1 and 2. The mean 3J coupling
values excluding the intermediate region were evaluated to be 8.5 Hz and 9.0 Hz, which are
in better agreement with the experimental values of 9.2 Hz and 9.5 Hz for 1 and 2,
respectively. From the population distributions tabulated in Table 3 it may be seen that the
intermediate conformations are sampled for only 11% and 8% of the overall simulation time
for 1 and 2, respectively. Thus, the systems are predominately sampling conformations that
are in agreement with experimental data. From an analysis of the trajectories it is evident
that sampling of the intermediate conformations is due to the formation of a weak intra-
molecular hydrogen bond or water mediated hydrogen bond (water bridge) between the
amide hydrogen (HN) of the acetlyamino (-NHCOCH3) side chain and the O3-HO3
hydroxyl. The 3JHNH2 coupling constants from standard MD simulations using equation 7
and the associated population distributions are summarized in Table T2 of the supporting
information. The standard MD simulations are also in close agreement with the
experimental 3JHNH2 coupling constants with an average RMS difference of 0.9. For 1 and 2
the intermediate conformations are sampled for 14% and 7%, respectively, from standard
MD simulations compared to 11% and 8% from HREX simulations. This indicates that even
the standard MD simulations predominantly sample conformations that are in agreement
with experimental data.

3JHαHβ Coupling Constants
3JHαHβ coupling constants calculated from the HREX simulations based on equation 8 are
summarized in Table 4. The coupling constants for the Thr derivatives are smaller than those
observed for Ser derivatives, which is consistent with experimental
observations 24-26,29,40-43. Also the overall agreement between the experimentally observed
and theoretically calculated 3JHαHβ values is better for the Thr systems when compared to
the Ser systems.

To gain insights into these trends the 3JHαHβ coupling constant vs the N-Cα-Cβ-O1 (χs)
dihedral for 1 and 2 are presented in Figure 7a (upper panel). Also plotted is the N-Cα-Cβ-O1
(χs) dihedral probability distribution in Figure 7a (lower panel). Results show that the χs
dihedral populates three conformational basins corresponding to g+(60°), g-(-60°) and
anti(±180°) conformations. The evaluated 3JHαHβ value for these three dihedrals using
equation 8 is found to be 3.4 Hz, 3.4 Hz and 12.9 Hz, respectively. Thus, two distinct ranges
of 3JHαHβ values can be sampled. The low range around 3.4 Hz corresponds to the g+(60°),
g-(-60°) conformations and the high range around 12.9 Hz corresponds to the anti(±180°)
conformation.

The N-Cα-Cβ-O1 (χs) dihedral for all the Thr derivatives (even-numbered systems) remains
rigid and samples the g+(60°) conformational space (Table 4 and Figure 7b). This
conformational preference is clearly reflected in the observed and evaluated average 3JHαHβ
values, which are found to be 3.1 Hz from experimental studies and 3.2 (1.2) Hz from
HREX simulations. The standard deviations for the evaluated 3JHαHβ values are low, around
1.2 Hz, which agrees well with the limited range being sampled by that dihedral associated
with the conformational bin around g+(60°) in Figure 7a.

In contract, the N-Cα-Cβ-O1 (χs) dihedral samples all the three conformations for the Ser
derivatives (odd-numbered systems). This causes a significant shift in the 3JHαHβ values as
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now the average 3JHαHβ is evaluated over two different ranges around 3.4 Hz and 12.9 Hz.
This is reflected in the experimental 3JHαHβ values, which are found to vary in the range 4.5
Hz-6.8 Hz for the systems studied. Also it should be noted that in few cases (3 and 5)
the 3JHαHβ values could not be experimentally resolved, which is indirect evidence of the
flexibility of this dihedral in these systems41,43. Good agreement between the
average 3JHαHβ values from experimental data (5.9 Hz, 4.9 Hz) and HREX simulations
(7.9(4.0) Hz, 5.6(4.2) Hz) is obtained. Note that the standard deviations for the average
values are large (4.0 Hz and 4.2 Hz) due to the two ranges that are being sampled by the
linkages.

3JHαHβ coupling constants calculated from the standard MD simulations based on equation 8
and the associated population distribution for the N-Cα-Cβ-O1 (χs) dihedral are summarized
in Table T3 of the supporting information file. The evaluated average 3JHαHβ value for the
Thr derivatives 3.1 (0.9) Hz agrees well with the average experimental 3JHαHβ value of 3.1
Hz. This is again due to the rigidity of the N-Cα-Cβ-O1 (χs) dihedral sampling exclusively
the g+(60°) conformational space for all the Thr derivatives. However, for the Ser
derivatives the agreement of the average 3JHαHβ values from standard MD simulations
(8.7(3.7) Hz, 5.8(3.9) Hz) to the experimental data (5.9 Hz, 4.9 Hz) is somewhat poorer
when compared to the HREX simulations (7.9(4.0) Hz, 5.6(4.2) Hz). This discrepancy is due
to the oversampling of the anti (±180°) conformations in standard MD simulations (54%)
compared to the HREX simulations (44%) which causes the significant shift in the
evaluated 3JHαHβ values.

Intramolecular Hydrogen Bonds
To gain insights into the various hydrogen bonding (H-bonds) interactions in the studied
glycopeptides, the H-bond occupancy from HREX simulations is summarized in Table 5.
The intramolecular H-bonds in glycopeptides can be classified as intra-peptide, intra-sugar
and sugar-peptide H-bonds. The only possible intra-protein H-bond is between the carbonyl
oxygen (O) and the amide hydrogen (HN) and only occurs in the Ser derivatives (odd-
numbered systems). This H-bond only forms when the peptide adopts the β-sheet geometry.
The H-bond occupancy corresponds with the presence and absence of relative free energy
minima at the β-sheet regions of the ϕS/ψS surfaces (Figure 4) for the Ser and Thr
derivatives, respectively.

Three intra-sugar H-bonds, O4…HO3, O5…HO6 and O2…HO3 are observed for the
glycopeptides. Of these, O4…HO3 and O2…HO3 are characteristic to the sugar moieties
involved, while O5…HO6 reflects secondary interactions with the peptide moiety. The O4…
HO3 H-bond is found in both GalNAc (1, 2, 3, 4) and Fuc (13, 14) derivatives where the
hydroxyls at position 3 and 4 are in equatorial and axial orientations, respectively. The O2…
HO3 H-bond is found only in the Man (9, 10, 11, 12) derivatives where the hydroxyls at
position 2 and 3 are in axial and equatorial orientations, respectively. For the O5…HO6 H-
bond we find that even though the O5…HO6 moiety has the same conformational geometry
for all the systems, with the -CH2-OH side group at position 5 (1 to 12), the H-bonding
pattern is not the same. The H-bond is found to be very weak for the GalNAc derivatives (1
to 4), while for all the other systems the H-bond showed significant occupancies. For the β
derivatives (5 to 8, 11, 12) the H-bond occupancies for the Thr derivatives (even-numbered)
are significantly higher when compared to the Ser derivatives (odd-numbered). This
difference arises due to the concerted formation of both the O5…HO6 H-bond and the sugar-
peptide HO6…O H-bond for the Thr β derivatives (6, 8, 12).

NMR studies have attributed the conformational behavior of O-glycosylation to the
formation of specific H-bonds between the peptide moiety and the sugar unit, which in turn
“lock” the orientation of the sugar with respect to the backbone.24,30,93-95 Two significant
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H-bonds between the sugar units and the peptide units occur, which are present in multiple
systems. The first one is between the ether oxygen (O1) of the glycosidic linkage and the
amide hydrogen of the corresponding amino acid (Ser/Thr). This H-bond (O1…HN) is
significantly populated in the Thr derivatives when compared to the Ser derivatives. The
significant occupancy of the O1…HN H-bond for the Thr-derivatives is a result of the
conformational rigidity of the N-Cα-Cβ-O1 (χs) dihedral for all the Thr derivatives. Among
the Ser derivatives we find that both 1(0.178) and 5(0.120) show significant occupancies for
this H-bond due to the significant population of the +60° (g+) conformation, 71% and 32%,
for these systems, respectively (Table 4). The next significant H-bond is between the
hydroxyl at position 6 (HO6) and the carbonyl oxygen (O). As discussed earlier this H-bond
is formed in tandem with the O5…HO6 H-bond for the Thr β derivatives (6, 8 and 12),

Other than the above H-bonds a few system specific H-bonds are present. One is between
the ether oxygen (O1) of the glycosidic linkage and the amide hydrogen of the adjacent
amino acid (HNT), found in Ser β-Man (11). This proximity of O1 and HNT leads to the
formation of another H-bond between the O5 oxygen and amide hydrogen of the adjacent
amino acid (HNT) in 11. The absence of H-bonds between the N-acetyl moiety and the
peptide backbone is consistent with the absence of significant NOE's in NMR experiments
and tar-MD simulations for these systems 40,41,42,43.

Solvent Influence
The structure of carbohydrates in aqueous solution is intimately related to the interactions
with the surrounding water molecules. The presence of bridging water molecules in
carbohydrate structures is known to govern the conformational stability and properties of the
carbohydrate structure.88,89 In particular, the solvent structure of O-linkages has attracted
special attention due to the antifreeze behavior exhibited by mucin type linkages in Ala-Ala-
Thr tripeptide repeats, where each Thr carries a Gal(β1-3)GalNAc(α1-O) moiety. A
complete loss of antifreeze activity was observed on attaching GalNAc as a β-anomer or
changing Thr to Ser, which have been indicated to be associated with changes in interactions
with the solvent including the loss of carbohydrate-peptide bridging waters.94,96 Tar-MD
simulations by Corzana and co-workers identified key bridging water interactions in α/β-
GalNAc41-43 Here, it is shown that the unrestrained HREX simulations are able to capture
the bridging water interactions between the carbohydrate and peptide units, thus enabling the
study of O-linked glycopeptides without restraint data.

Significant bridge waters between the carbohydrate and peptide moieties were found in α-
GalNAc (1, 2) and α-Fuc (13, 14). The bridge waters in α-GalNAc were present between the
amide hydrogen (HN) atom of the carbohydrate side chain and the amide hydrogen (HN) of
the corresponding amino acid (HN…H2O…HN; we use the following naming convention to
describe the bridge: carbohydrate atom - H2O - peptide atom; see Figure 1 for atom
naming). The occupancies were found to be 0.117 for Ser α-GalNAc (1) and 0.194 for Thr
α-GalNAc (2). For this bridge water site the normalized 2D radial pair distribution function
g(r1,r2) (2D-RDF) was calculated using equation 10 and is presented in Figure 8 for both 1
and 2. The bridge water density is highly localized and shows no elongated behavior, with a
maximum density of 2.7 and 4.1 corresponding to (2.0 Å, 2.1 Å) for 1 and 2, respectively,
indicative of a water residence time longer than that of bulk water. Thus, while both Thr and
Ser α-GalNAc O-linkages are capable of forming structured water, the extent of the
structured water formation is higher for Thr α-GalNAc when compared to Ser α-GalNAc.
This feature is completely lost in β-GalNAc linkages, a result consistent with the reported
experimental trends.94,96

For Ser α-Fuc (13) there is a weak bridge water site between the HO2 hydroxyl and the
amide hydrogen of the adjacent amino acid (HNT) (HO2…H2O…HNT). The occupancy of
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this bridge site was found to be 0.074. While for the Thr derivative (14) a relatively strong
bridge site is present between HO2 and the amide hydrogen of the same amino acid (HN)
(HO2…H2O…HN), the occupancy of which was found to be 0.132. The 2D-RDFs for these
sites are presented in Figure S3 of the supporting information. Very weak densities are
present for both the systems in the bridging region. However, for Thr α-Fuc (14) we find an
additional density at (3.5 Å, 2.0 Å), which implies that the water molecule was in close
proximity to the amide hydrogen as compared to the hydroxyl hydrogen (HO2). This could
also lead to an alternative bridging mode involving the O2 oxygen and the amide hydrogen,
which would satisfy the 3.5 Å distance between HO2 and the water oxygen.

Glycoprotein study
The crystal structure of glucoamylase from Aspergillus awamori var. X100 (PDB id: 3GLY)
contains ten α-O-Man glycosylation sites clustered at the N-terminal domain of the crystal
structure. The high density of α-O-Man groups in close proximity enables the study of both
carbohydrate-peptide and carbohydrate-carbohydrate interactions. Out of the 10 O-linkages
6 are Ser-α-O-Man and 4 are Thr-α-O-Man linkages, which allows for differences between
the Ser and Thr O-Man linkages to be investigated. A sequential numbering of the Man
residues is used to describe each linkage; thus 1-Man describes the α-O-Man linkage at
position 443 and subsequent linkages from 2-Man to 10-Man describe α-O-Man linkages at
positions 444, 452, 453, 455, 457, 459, 460, 462 and 464, respectively.

Figure 9a shows the RMSD analysis of the simulation. The overall RMSD for the protein
and carbohydrate remains lower than 2Å for the entire simulation length. On decomposing
the overall RMSD into carbohydrate and protein components, it is evident that the
carbohydrate regions are highly flexible showing deviations up to 3.5 Å, while the
underlying protein regions remain stable with the RMSD always lower than 2 Å. The high
RMSD for the carbohydrate regions is consistent with the flexibility of carbohydrates,
something that has been observed in NMR studies. 40,41,42,43

In Figure 9b the ϕ/ψ distributions of the underlying peptide backbone for the Ser and Thr O-
linkages are presented from the last 10ns of the MD simulation. Other than the starting
(Ser-443) and ending (Thr-464) linkages the underlying peptide backbone of all the O-
linkages sample extended conformations. The Thr O-linkages favor β-sheet conformations
while the other Ser O-linkages show preference for both β-sheet (Ser-453, Ser-459) and PPII
(Ser-444, Ser-455, Ser 460) geometries. The results from the simulation are in good
agreement with the crystallographic study where an average ϕ/ψ value of (-125°, 144°) is
present, characteristic of an extended conformation while excluding residues 443 and 464
from the average.77

In Table 6 the H-bond occupancies for carbohydrate-protein and carbohydrate-carbohydrate
intermolecular H-bonds from the MD simulation are summarized. From the MD simulation
5 significant carbohydrate-protein H-bond interactions were observed. Of these two strong
H-bond interactions (ie. H-bond distance < 3.5 Å) were found in the initial crystal structure.
Most of the long-lived carbohydrate-protein H-bonds were formed between Ser-O-linkages
and peptide residues. Even though the carbohydrate moieties are closely spaced strong
carbohydrate-carbohydrate H-bonds do not occur in the crystal structure, where the closest
carbohydrate-carbohydrate contact distance is 3.86 Å. This was reproduced in the MD
simulations. The bridge water occupancies for both carbohydrate-H2O-protein and
carbohydrate-H2O-carbohydrate bridges from the MD simulation are also summarized in
Table 6. The carbohydrates closer to the terminal, 4-Man to 8-Man, are involved in various
bridging interactions with the protein residues. 8-Man (0.551), 4-Man (0.489) and 6-Man
(0.402) form strong bridges with protein residues Val 461 and Tyr 458 and Ser 455,
respectively. Four of the five water bridges detected by the MD simulation were present in
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the crystallographic structure, suggesting that these bridging water molecules stabilize the
relative orientation of the carbohydrate with respect to the protein. In contrast, only 3
significant bridging interactions occurred amongst the carbohydrate moieties, one of which
was also detected in the crystal structure. These results suggest that the interactions between
the carbohydrate and protein, as well as competition with solvent are properly balanced in
the force field. This is an outcome of the consistent approach used for the optimization of
the nonbond parameters in the comprehensive CHARMM additive force field for
biomolecules.

Conclusions
A conformational analysis of all the biologically relevant O-glycosidic linkages has been
performed using the HREX simulation methodology and the recently developed CHARMM
carbohydrate force field parameters. Comparison with NMR 3J coupling and NOE data
shows that the simulations are able to satisfactorily reproduce the experimental results and
trends. The agreement with the experimental data was excellent for the β-linkages while
being less good for the α-linkages. Specifically, for the α-GalNAc O-linkages it was found
that the sampling of the conformers that did not adhere to the trans relationship between the
HN and Hα protons resulted in partial disagreement with the experimental results. However,
even for these cases the simulations sampled the correct dihedral distribution for ∼74% of
the total simulation time. Notably, the newly developed parameters lead to the correct
description of the underlying peptide backbone conformations. From the HREX it was found
that the peptide backbone favored the extended ϕ/ψ conformations (β-sheet and PPII) over
the compact ϕ/ψ conformations (αR-helix), which is consistent with experimental NMR data.
To the best of our knowledge this is the first study in which the extended peptide
conformations were sampled in the absence of NMR restraints.

A detailed analysis of the intra-molecular H-bonds and bridging waters reveal that there is a
synergistic interplay between these two phenomena, which contributes to the conformational
stability of the O-linkages. This study also establishes that an H-bond only description
cannot account for the conformational characteristics of the O-linkages. The analysis
revealed that both the sugar moiety and the anomeric configuration control the
conformational characteristics of the O-linkage. The newly developed parameters were also
used to describe the O-linkage behavior in a protein crystal structure. The new parameters
were able to identify the H-bonding and water mediated interactions in the presence of a
protein environment. The current study highlights the quality of the carbohydrate force field
in describing the O-linkage geometry, indicating its potential utility in computational studies
of glycoproteins in the absence of NMR targeted restraint data.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Molecular structures of the O-linked model glycopeptides showing the atom names and
atom numbering.
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Figure 2.
Definitions of the dihedrals investigated in this work. (a) (Ala)3 ϕ/ψ MM energy surfaces.
ϕs/ψs MM energy surfaces for (b) Ser α-GalNAc and (c) Ser β-GalNAc. In all figures the left
panel depicts the un-scaled energy surface while the right panel depicts the scaled energy
surface using a 60% scaled bpCMAP.
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Figure 3.
C-N-Cα-C (ϕ) vs associated 3JHNHα from HREX simulations for (a) 1, (b) 2, (c) 3 and (d) 4.
The 3J values from experimental studies (solid line) and average 3J values from HREX
(dashed line) are included in each panel. (e) Time series of the C-N-Cα-C dihedral for comp
1 from HREX (upper panel) and MD (lower panel) simulations.
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Figure 4.
Two-dimensional relative free energy surfaces for ϕ(CNCαC) versus ψ(NCαCN) dihedrals,
given in degrees, calculated from HREX simulations for all the model glycopeptide systems.
The various significant regions of the ϕ/ψ plot have been labeled. Relative free energies are
calculated from the natural logarithm of the relative probability and are given in kcal/mol.
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Figure 5.
(a) O5C1O1Cβ(ϕs) and (b) C1O1CβCα (ψs) dihedral probability distributions from HREX
simulations. For both dihedrals the distributions from Ser linkages (odd-numbered systems)
are depicted in the upper panel and the distributions from Thr linkages (even-numbered
systems) in the lower panel. (c) Newmann projections illustrating the major ψs
conformations for both Ser and Thr linkages.
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Figure 6.
H-N-C2-H2 dihedral vs associated 3JHNH2 from HREX simulations for (a) 1, (b) 2, (c) 3, (d)
4, (e) 7 and (f) 8. In each panel the 3J values from experimental studies (solid line) and
average 3J values from HREX (dashed line) are plotted. For 1 and 2 the intermediate region
responsible for the disagreement with the experimental 3JHNH2 value are highlighted by red
lines. (g) Newmann projections illustrating the three major conformations adopted by the H-
N-C2-H2 dihedral.
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Figure 7.
(a) N-Cα-Cβ-O1 dihedral vs associated 3JHαHβ (upper panel) from HREX simulations for 1
(black circles) and 2 (red circles). The theoretical 3JHαHβ for the range -180 to +180 has also
been presented in dashed lines (upper panel). The N-Cα-Cβ-O1 dihedral probability
distribution for 1 (black line) and 2 (red line) is presented in the lower panel. (b) Population
distributions of the N-Cα-Cβ-O1 (χs) dihedral in the three conformational regions g+(60°), g-
(-60°) and anti (±180°) from HREX simulations for all the model glycopeptides.
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Figure 8.
2D radial pair distribution plots to identify significant HN-H2O-HN water bridges from
HREX simulations for (a) comp 1 and (b) comp 2. Arrows highlight the bridge water
density. All the distances are given in angstroms (Å).
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Figure 9.
(a) RMSD analysis for the protein 3GLY. RMSD values are for all non-hydrogen atoms
following RMS alignment with the crystallographic structure. (b) ϕ(CNCαC) versus
ψ(NCαCN) dihedral distribution for the Ser-α-O-Man (upper panel) and Thr-α-O-Man
(lower panel) linkages from the last 10 ns of the MD trajectory. Triangles indicate the ϕ/ψ
values observed in the crystal structure. Dihedral angles given in degrees.
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Table 6

Significant Carbohydrate-Protein hydrogen bond occupancies and Carbohydrate-H2O-Protein, Carbohydrate-
H2O-Carbohydrate bridge water occupancies detected from MD simulation of the 3GLY crystal structure.
Also presented are the distances between the heavy atoms involved in the hydrogen bond and bridge-water
interactions from the crystal structure.

Carbohydrate-Protein

Carbohydrate Protein Occupancy dA-B (crys)a

Man-8 (HO2) Ala-86 (O) 0.826 2.62

Man-4 (HO4) Gly-456 (O) 0.513 4.34

Man-9 (HO2) Ser-460 (O) 0.473 2.88

Man-3 (HO2) Gln-168 (O) 0.231 5.05

Man-2 (HO4) Val-445 (O) 0.195 4.77

Carbohydrate-H2O-Proetin

Carbohydrate Protein Occupancy dA-H2O,dB-H2O (crys) a

Man-8 (O3/HO3) Val-461 (O) 0.710 2.84,2.66

Man-4 (O3/HO3) Tyr-458 (HN) 0.608 2.71,3.09

Man-6 (O2/HO2) Ser-455 (O) 0.431 ---

Man-4 (O2/HO2) Ser-99 (O) 0.378 3.34,2.50

Man-8 (O2/HO2) Ile-87 (O) 0.279 2.81,3.15

Carbohydrate-H2O-Carbohydrate

Carbohydrate Carbohydrate Occupancy dA-H2O,dB-H2O (crys) a

Man-9 (O3/HO3) Man-8 (O4/HO4) 0.323 2.82,2.73

Man-9 (O2/HO2) Man-7 (O3/HO3) 0.261 3.11,4.00

Man-6 (O2/HO2) Man-4 (O6/HO6) 0.169 ---

a
all distances are in Å.
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