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Summary

Molecular dynamics simulations are an effective tool to study the structure, dynamics, and 

thermodynamics of carbohydrates and proteins. However, the simulations of heterogeneous 

glycoprotein systems have been limited due to the lack of appropriate molecular force field 

parameters describing the linkage between the carbohydrate and the protein regions as well as the 

tools to prepare these systems for modeling studies. In this work we outline the recent 

developments in the CHARMM carbohydrate force field to treat glycoproteins and describe in 

detail the step-by-step procedures involved in building glycoprotein geometries using the recently 

developed CHARMM-GUI Glycan Reader.
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1. Introduction

Glycosylation is a common posttranslational modification of proteins that involves the 

covalent attachment of carbohydrates to the side chains of the amino acids asparagine (Asn) 

(N-linked) or serine (Ser)/threonine (Thr) (O-linked). [1] Glycans attached to proteins are 

shown to have a wide variety of roles in processes ranging from protein folding, immune 

recognition, and developmental regulation. [2,3] The N-glycosidic linkage generally occurs 

between a β-N-acetylglucosamine (GlcNAc) carbohydrate moiety and the side chain of Asn, 

wherein Asn is embedded in the consensus tripeptide sequence Asn-Xxx-Ser/Thr, Xxx being 

any amino acid but proline. [4,5] The O-glycosidic linkage on the other hand has been found 

to occur between different carbohydrate moieties (α-N-acetylgalactosamine (GalNAc), [6] 

β-N-acetylglucosamine (GlcNAc), [7] α-L-fucose (Fuc), [8] β-D-glucose (Glc), [9] and α-

mannose (Man)[10]) and the side chains of Ser/Thr. Contrary to Asn involved in the N-

linkages, Ser/Thr involved in O-linkages do not show any particular amino acid sequence 

preference. [11]
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Structural studies of glycoproteins are essential to understanding the carbohydrate-protein 

interactions that are responsible for their functional activity. However, structural studies of 

glycoproteins are complicated by the inherent flexibility of carbohydrates, which hinders 

their crystallization, [12,13] as well as by the heterogeneous nature of the glycans 

themselves. For example, nearly 70% of all proteins deposited in sequence databases show 

potential N-glycosylation sites; [14] however only 7% of PDB (Protein Data Bank)[15] 

entries contain carbohydrate residues. [16] Moreover, these PDB entries were found to 

contain a high rate of error, which lead to a remediation of the PDB database[17] and the 

development of tools to aid researchers in the validation of carbohydrate residues in PDB 

entries. [18,19]

To this end, molecular modeling and dynamics (MD) studies using accurate force fields 

(FFs) have the potential to provide insights into the structure, dynamics and functional 

properties of biomolecular systems. [20] Classical FF development efforts aimed at enabling 

accurate modeling of carbohydrates have been ongoing for over a decade. [21–26] While 

successful for carbohydrates, these FFs were found to be limited when attempting to model 

heterogeneous biomolecular systems containing proteins, lipids, and/or nucleic acids. This 

was due to the fact that much of the parameter development work was not done in the wider 

context of a comprehensive biomolecular FF. This issue has been addressed by recent efforts 

to revise and make the resulting carbohydrate parameters compatible with the related family 

of FFs, with two examples being the revised GROMOS and GLYCAM FFs. [23,24,27]

While the other FFs required reparameterization, the CHARMM carbohydrate FF was 

developed ground up to be consistent with the other components of the CHARMM additive 

all-atom biomolecular FF, which includes proteins, [28,29] nucleic acids, [30,31] lipids, 

[32–35] and drug-like small molecules, [36] thereby allowing for the modeling of 

heterogeneous biomolecular systems. To date parameters for the additive all-atom 

CHARMM carbohydrate FF have been optimized and validated for pyranose and furanose 

monosaccharides, [37,38] aldose and ketose linear carbohydrates, and their reduced 

counterparts, the sugar alcohols. [39] Towards studying heterogeneous systems parameters 

have been presented for glycosidic linkages involving both pyranoses and furanoses, [40,41] 

deoxy, oxidized, or N- methylamine monosaccharide derivatives as well as covalent N- and 

O- linkages to proteins. [42–44] These parameters are available for download at http://

mackerell.umaryland.edu.

Generation of inputs for the bio-molecular simulation program CHARMM [45] is now 

facilitated by the web-based graphical user interface CHARMM-GUI (http://www.charmm-

gui.org). [46] During a web session this interface allows users to build and validate a 

molecular system in an interactive fashion and provides users with input files that can be 

used to setup the equilibration and production MD simulations as well as a range of MD 

related calculations. In an attempt to simplify glycan modeling, the newly developed 

CHARMM carbohydrate FF parameters have been incorporated with the CHARMM-GUI 

resulting in the development of the Glycan Reader and its web-based interface (http://

www.charmm-gui.org/input/glycan). [47]
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The aim of this work is to provide the reader with an overview of the parameter 

development protocol and the subsequent use of these parameters in the context of 

glycoprotein modeling. In the Theory section, the parametrization protocol used to generate 

the patch residues for N- and O-linkages to proteins is briefly outlined, especially 

highlighting the selection of model compounds to treat these linkages. In the Methods 

section, the glycoprotein building procedures using scripts generated by Glycan Reader are 

described. In the Notes section, we discuss a number of issues that users should consider 

when performing simulations of glycoproteins.

2. Theory

The potential energy function that, along with the parameters described below, comprises 

the CHARMM additive FF and is described as

(1)

The first five sums in Eqn. 1 account for bonded interactions, which can be combined and 

termed as the internal potential energy. In these sums, Kb, Kθ, KS, Kχ and Kϕ are force 

constant parameters for bond, valence angle, Urey-Bradley angle, dihedral angle, and 

improper dihedral angle, respectively. b, θ, S, χ and ϕ are the bond distance, valence angle, 

Urey-Bradley 1,3-distance, dihedral angle, and improper dihedral angle values. The 

subscript 0 indicates an equilibrium value parameter. Additionally, for the dihedral term, n is 

the multiplicity and δ is the phase angle as in a cosine series. The next two terms in Eqn. 1 

sum over nonbonded pairs ij which includes a Lennard-Jones (LJ) 6–12 term to account for 

dispersion and Pauli exclusion and a Coulomb term to account for electrostatic interactions. 

These two sums combined together are termed as the external potential energy. εij is the LJ 

well depth, Rmin,ij is the interatomic distance at the LJ energy minimum, qi and qj are the 

partial atomic charges, and rij is the distance between atoms i and j. The energy function 

represented in Eqn. 1 is referred to as an additive FF, as the charges are static such that the 

total electrostatic energy of a system is simply the sum of all the atom pair-wise electrostatic 

interactions. Recently, non-additive or polarizable models have started to be developed in 

which the charge distribution responds to the surrounding electric field. [48–50] While such 

FFs represent the next generation of tools for simulations of biomolecular systems the 

present manuscript focuses on glycoprotein simulations using the additive CHARMM FF.

The aim of a parametrization effort is to optimize the above mentioned parameters to allow 

the resulting FF to reproduce a variety of target properties, like molecular geometries and 

vibrations, free energies of solvation and other condensed phase properties. There are a 

number of excellent reviews detailing the overall parameterization procedure used in the 
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CHARMM FF. [20,28,51,52] A general flow diagram of this procedure is presented in 

Figure 1. The strategy involves the selection of small model compounds, which may 

ultimately be combined to describe the larger biomolecular systems of interest. The model 

compounds are generally chosen in accordance with the availability of experimental data, 

like geometries (high resolution X-ray structures), vibrations (IR data), and conformational 

information (NMR data), which is used for the validation of the parameters. In the absence 

of experimental data, small model compounds may be subjected to ab initio quantum 

mechanical (QM) calculations to generate additional target data, like optimized geometries, 

vibrational information, and conformational energies, which is also used to drive the 

parametrization process. Here it is important to note that sole reliance on QM methods is 

inappropriate. This is particularly important when optimizing nonbonded parameters 

relevant to the external potential energy (i.e., LJ and electrostatic terms in Eqn. 1), where 

dispersion interactions are important. It is also important to highlight that a lot of the 

parametrization procedure relies on the assumption that parameters from the smaller model 

compounds are transferable to macromolecules. Importantly, for the development of a 

comprehensive additive biomolecular FF it is essential that all new parameters are 

developed to be consistent with the pre-existing components of the FF. This caveat was 

followed in the development of the CHARMM carbohydrate FF, making it compatible with 

the remainder of the CHARMM additive all-atom biomolecular FF. [28–36] While 

necessary for development of a consistent heterogeneous FF, this approach allows for the 

transfer of parameters, both internal and external, from the existing FF to the new entities to 

initiate the parameter optimization process.

2.1 Model Compounds

The model compound selection strategy for the O- and N-linkages is presented in Figure 2. 

For the O-linkages, the initial transfer of bonded and non-bonded parameters from the 

existing FFs left only those parameters associated with the glycosidic torsions about the 

C1O1 bond (O5C1O1Cβ and C2C1O1Cβ), O1Cβ bond (C1O1CβCα and additionally 

C1O1CβCγ in the Thr-linked analogs) and the CβCα bond (O1CβCαN and O1CβCαC), as 

targets for parametrization. Since these dihedrals span both the carbohydrate and the protein 

regions, the complete dipeptides were chosen as the model compounds as depicted in Figure 

2a. In contrast, in the N-linkages the presence of an additional –CH2– spacer between the 

carbohydrate and protein regions allowed the selection of smaller model compounds. The 

presence of available parameters in the CHARMM carbohydrate FF for the N-acetylamine 

substitution at the C2 position, as developed for N-acetylglucosamine (GlcNAc) and N-

acetylgalactosamine (GalNAc), allowed for the transfer of parameter for the N-acetylamine 

substitution at the C1 position, which formed the first set of model compounds. Since N-

glycosylation commonly involves the linkage of GlcNAc to the side chain of Asn, 

parameters were required for the dihedral angle between the nitrogens of the N-acetlyamine 

groups at positions C1 (anomeric carbon) and C2 of GlcNAc involved in such a linkage. To 

parametrize this dihedral, tetrahydropyrans with N-acetlyamine substitutions at both the C1 

and C2 positions were chosen as the second set of model compounds as depicted in Figure 

2b. The target data for parameter optimization included full two-dimensional energy 

surfaces defined by the glycosidic dihedral angle pairs for the O-linkages and one-

dimensional energy surfaces for the N-linkages, and these energy surfaces were determined 
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by QM MP2/cc-pVTZ single point energies on MP2/6-31+G(d) optimized structures. 

Parameters were validated in the context of crystals of relevant monosaccharides, as well as 

NMR and/or X-ray crystallographic data on larger systems including O- and N-linked 

glycopeptides. For complete details of the parametrization procedure and the accompanying 

validations the readers are referred to the relevant publications. [42,43]

2.2 Patch Residues

Patch residues are an easy way of manipulating and connecting generated segments within 

CHARMM. [45] The patch command allows, for instance, the addition of disulfide bridges, 

changing the protonation state of a titratible residue or to make a histidine to heme crosslink. 

The development of parameters for the model compounds resulted in the creation of patches 

that can be used to setup the glycosidic linkages between carbohydrates and proteins. Two 

patches were created for the O-linkages to Ser (SGPA and SGPB) and Thr (TGPA and 

TGPB), wherein the SGPA and TGPA patches link Ser and Thr to the carbohydrate with an 

α conformation at the anomeric center, while SGPB and TGPB link Ser and Thr to the 

carbohydrate with a β conformation at the anomeric center. Similarly NGLA and NGLB link 

Asn to the carbohydrate in the α and β conformations at the anomeric center, respectively. 

These patches and the related parameters are available as “toppar_all36_glycopeptide.str” in 

the CHARMM carbohydrate FF distribution for download at http://

mackerell.umaryland.edu. For all the patch residues the syntax, as shown in Scheme 1, 

requires the protein information first followed by the carbohydrate information.

Below in Scheme 2 the topology information for the α conformation patch residues for each 

of the amino acids Ser, Thr and Asn, is presented highlighting the changes that are made to 

each residue upon applying the respective patches.

These patches are also included in the automated CHARMM-GUI Glycan Reader (http://

www.charmm-gui.org/input/glycan), which can be used to interactively setup the 

glycoprotein system.

3. Methods

The crystal structure of glucoamylase from Aspergillus awamori var. X100 (PDB id: 3GLY) 

[53] is used as an example in this study to describe the procedure of setting up a 

glycoprotein system using CHARMM-GUI. This system was selected as it contains all three 

types of linkages, O-linkages to Ser and Thr and N-linkages to Asn. A complete example 

file including scripts from CHARMM-GUI used to setup this system is available for 

download at http://mackerell.umaryland.edu. The example file contains inputs for each step 

of the system setup and the subsequent MD process. In Scheme 3 below we present an 

overview of the example files describing the entire process;

3.1 Generation of the glycoprotein system (Step 1)

The first step involves setting up the glycoprotein systems and the generation of the PSF 

(Protein Structure File) in the Glycan Reader in preparation for the subsequent steps. Since 

most of the PDB files do not have hydrogen positions the Reduce software was used to place 

the missing hydrogens and choose optimal Asn and Gln side chain amide and His side chain 
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ring orientations. [54] Based on the positions of the hydrogen, HIS residue is renamed to 

HSD or HSE for neutral His and HSP for protonated His. The PDB files generated after this 

initial assignment were used as inputs to the Glycan Reader interface. Each segment of the 

whole system is generated independently and patch residues in CHARMM are subsequently 

used to link them together, as shown in Scheme 4. To do this various regions of the structure 

(e.g. protein, glycan, or water) are identified and separated based on the “ATOM” and 

“HETATM” records present in the PDB file.

The generation step is shown in detail in Scheme 4 to highlight the intricacies involved in 

the glycoprotein setup procedure. It is to be noted that while Glycan Reader identifies the 

linkages and assigns the patches involved, errors due to incorrect assignment of bonds in 

glycan chains could interfere with glycosidic linkage detection. Thus, users of Glycan 

Reader and CHARMM-GUI must make sure that the input is correct, with regard to the 

patches being applied, and the output is as intended. [47] In case of polysaccharides one 

needs to make sure that the correct sugar units are identified and the appropriate patches are 

used to generate the polysaccharides. While a lot of monosaccharide derivatives have been 

parameterized for the CHARMM carbohydrate FF, [42–44] there still may be instances 

wherein parameters for monosaccharide derivatives may be missing in the FF. In such cases 

the Glycan Reader would fail to identify the carbohydrate and ignore it completely. [47] In 

many cases the coordinates of alcoholic side chains are missing in the PDB file and these 

need to be built before the simulation. To do this we use the internal coordinates (IC) 

information in the topology file of the CHARMM FF as described in Scheme 5.

3.2 Solvation and equilibration (Step 2)

Once the glycoprotein is properly generated (Figure 3) it is immersed in a pre-equilibrated 

water box that extends at least 10 Å beyond the non-hydrogen atoms of the protein structure, 

resulting in a simulation box of size 90 × 90 × 90 Å3 in the case of PDB:3GLY. Water 

molecules with the oxygen overlapping with the non-hydrogen solute atoms within a 

distance of 2.8 Å are deleted. Based on the overall charge of the system the appropriate 

number of ions, 29 potassium ions for 3GLY, are added to neutralize the system. For all of 

the subsequent minimization and MD simulation steps, periodic boundary conditions are 

employed using the CRYSTAL module implemented in the CHARMM program. Before 

performing an equilibration, the water molecules are allowed to rearrange around the fixed 

solute atoms by a short minimization cycle of 50 steepest descent (SD) steps followed by 50 

adopted-basis Newton-Raphson (ABNR) steps. Next, with a mass-weighted harmonic 

restraint of 1.0 kcal/mol/Å on the non-hydrogen atoms of the glycopeptides, the system is 

subjected to a 50-step SD minimization followed by a 50-step ABNR minimization cycle. 

This is followed by a 100 ps simulation in the constant-volume, constant-temperature (NVT) 

ensemble with the same harmonic restraints to equilibrate the solvent molecules around the 

glycoprotein. A 200 ps constant-pressure, constant-temperature NPT simulation at 1 atm and 

298 K follows the NVT simulation, wherein all the previous restraints are removed. In the 

NPT simulation the center of mass of the glycoprotein is restrained near the origin by using 

the MMFP module[55] in CHARMM using a harmonic restraint of 1.0 kcal/mol/Å applied 

to the center of mass of the glycoprotein. This is done to keep the glycoprotein from drifting 

out of the simulation box. The electrostatic interactions are treated via the particle mesh 
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Ewald method with a real-space cutoff of 12 Å, a kappa value of 0.34 Å−1, and a sixth-order 

spline. [56] Nonbond interaction lists are updated heuristically out to 16 Å with a force 

switch smoothing function from 10 to 12 Å used for the Lennard-Jones interactions. [57] An 

integration time step of 2 fs is used with the Leapfrog integrator, while the SHAKE 

algorithm was used to constrain all covalent bonds involving hydrogen atoms. [58] The 

temperature was maintained at 298 K by a Nose-Hoover heat bath with a thermal piston 

parameter of 2000 kcal mol−1 ps2. [59] Constant pressure of 1 atm was controlled using the 

Langevin piston with a mass of 8767 amu (i.e., Pmass = integer(system mass/50.0)). [60]

3.3 Production (Step 3)

Production simulations may be performed with CHARMM, NAMD, or any other simulation 

package. Glycan Reader and the CHARMM-GUI currently produce both standard 

CHARMM and XPLOR[61] format PSFs, with the later allowing for MD simulations with 

the program NAMD, [62] which was used for the production simulation in the present study. 

The CHARMM commands used to generate the XPLOR format PSF, along with the PDB 

format coordinate file to initiate the simulation in NAMD are shown in Scheme 6.

The equilibrated structure obtained from the calculations in CHARMM described above is 

used to initiate the production simulations, which presently involved a 16-ns simulation 

performed using NAMD version 2.7b1. [62] The CHARMM FF is supported within NAMD 

using the following keywords shown in Scheme 7.

A Langevin coupling coefficient of 1 ps−1 with a temperature bath of 298 K is applied to all 

atoms to achieve constant pressure. A piston oscillation period of 200 fs and a barostat 

damping time scale of 100 fs are used to maintain a piston pressure of 1 atm.

3.4 Analysis

Proper analysis of the MD simulation is necessary to assure that the simulation itself was 

performed correctly as well as to extract the relevant structural and dynamic information 

required to understand the properties of the system and relate them to the relevant chemistry 

or biology. Confirmation of the quality of the simulation includes monitoring the potential 

energy of the system versus time as well as other properties such at the volume of the 

simulation cell or the change in the structure of the glycoprotein via root-mean-square 

difference (RMSD) analysis. While validating the quality of the simulation such analysis is 

important to judge the convergence of the simulation as typically there is an initial 

relaxation of the glycoprotein and surrounding environment followed by fluctuations around 

the equilibrium structure. Such equilibration often takes a nanosecond or more, which is 

typically discarded from subsequent analysis. Details of the analysis of the 3GLY simulation 

are described in the remainder of this section.

Analysis of the 3GLY trajectory revealed that the glycan portions of the glycoprotein 

exhibited greater conformational variability than the protein portions. The overall RMSD of 

the complete glycoprotein remained lower than 3 Å for the entire simulation length (Figure 

4a). On decomposing the overall RMSD into carbohydrate and protein components, the 

carbohydrate regions were found to be more flexible with the RMSD as large as 3.5 Å, 
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while the underlying protein remains more stable, with the RMSD lower than 2 Å. The high 

RMSD for the carbohydrate regions is consistent with the high flexibility of carbohydrates, 

as observed in both NMR and crystallographic studies (B-factors). [12,13]

Pooled data from the last 10 ns of the simulation trajectory was used to assess the flexibility 

of the N- and O-linkages. In Figure 4b the probability distributions associated with the 

O5C1NδCγ, C1NδCγCβ, NδCγCβCα and CγCβCαN dihedrals involved in the N-linkages are 

presented. It was found that O5C1NδCγ and C1NδCγCβ exhibited unimodal distributions 

around −75º and ±180º, while NδCγCβCα and CγCβCαN exhibited bimodal distributions 

around (+30º, ±180º) and (+60º, −160º). These distributions are in agreement with the 

survey of over 500 N-linked glycans in the PDB. [63] Consistent with the experimental 

observation it was found that there was greater flexibility associated with the dihedral atoms 

exclusively in the Asn side chain (NδCγCβCα and CγCβCαN) as compared to the dihedral 

atoms involved in the glycosidic linkage (O5C1NδCγ and C1NδCγCβ). Presented in Figure 4c 

are the probability distributions associated with the O5C1O1Cβ, C1O1CβCα and O1CβCαN 

dihedrals in the O-linkages. It was found that O5C1O1Cβ dihedral samples in the region of 

+60º consistent with the exoanomeric effect observed in sugars. [64] The C1O1CβCα 

dihedral was found to be more flexible in the Ser O-linkages when compared to the Thr O-

linkages consistent with previous results, [42,43] while the O1CβCαN dihedral was found to 

adopt conformations with values around −60º, ±180º, and +60º, which correspond to the g+, 

anti, and g+ conformational states, again consistent with previous studies. [42,43] It is to be 

noted that these dihedral distributions are important when setting up glycosidic linkages in 

the absence of experimental geometry information.

In Table 1 we summarize the bridge water occupancies for water bridges between 

carbohydrates and proteins (carbohydrate-H2O-protein) from the MD simulation for both the 

O- and N-linkages. We use a sequential numbering scheme to describe the O-linkages; thus 

1-Man describes the α-O-Man linkage at protein residue 443 and subsequent linkages from 

2-Man to 10-Man describe O-Man linkages at protein reisudes 444, 452, 453, 455, 457, 459, 

460, 462, and 464, respectively. Results show that the carbohydrates closer to the terminal, 

4-Man to 8-Man, are involved in various bridging interactions with the protein residues. 8-

Man (0.710), 4-Man (0.608), and 6-Man (0.431) form strong bridges with protein residues 

Val-461, Tyr-458, and Ser-455, respectively. Four of the five water bridges detected by the 

MD simulation were present in the crystallographic structure, suggesting that these bridging 

water molecules stabilize the relative orientation of the carbohydrate with respect to the 

protein.

This effect was even more pronounced for the N-linkages at Asn-171 and Asn-395. The 

sequential numbering used to describe the polysaccharide at Asn-171 is presented below,

while that for the branched polysaccharide at Asn-395 is as follows.
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Analysis shows the polysaccharides to be involved in a higher number of multiple water 

bridges, which span the entire length of the polysaccharide. These water bridges were also 

observed in the crystal structure as summarized by the distances also presented in Table 1. 

These results suggest that the solvent mediated interactions between the carbohydrate and 

protein may be involved in the overall stabilization of the glycoprotein systems and they 

need to be described accurately by the FF.

4. Notes

Following are a number of items users should consider when performing MD simulations of 

glycoproteins and several of the items are appropriate for simulations of any system.

1. It is preferable to use high-resolution structures where available.

2. NMR J-coupling information can be used to determine the conformational state of 

the O1CβCαN dihedral, which can adopt the g+, anti, and g+ conformational states 

(−60 º, ±180º, and +60º). The initial geometry of these dihedrals can be set to the 

particular conformational state using the IC edit command in CHARMM.

ic edit

 dihe PEPT 1 N PEPT 1 CA PEPT 1 CB PEPT 1 OG -60/180/60

end

In this case PEPT is the {segment name} and 1 is the {residue number}.

3. O- and N-linkages are known to be involved in the formation of water mediated 

hydrogen bonds. [65,66] Thus it is important to allow for additional equilibration 

with restraints on the glycoprotein structure allowing waters in the vicinity of the 

carbohydrate-protein interface to relax.

4. The length of the simulation has to be decided depending on the questions being 

addressed by the simulation. Convergence is a major issue when working with 

carbohydrate structures and needs to be addressed accordingly. For example, ring 

puckering of carbohydrates has been shown to require microsecond length 

simulations and cannot be addressed by nanoscecond length simulations. [67]

5. Conformational sampling of glycosidic linkages can be improved by using 

sampling techniques like temperature or Hamiltonian replica exchange method. 

[68] An example of the application of such methods to glycopeptides has recently 

been reported. [43]

6. The residue names in the CHARMM carbohydrate FF in some cases can be up to 

six characters long eg; BGLCNA (β-N-acetylglucosamine). In such cases the 

coordinate information must be read in from a CHARMM formatted coordinate file 
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(.crd) and not a PDB (.pdb) file as the PDB format allows only up to three 

characters for the residue name. The Glycan Reader by default converts the PDB 

coordinates information into a CHARMM formatted coordinate information for all 

the HETATM records in the PDB file. In the example described above the protein 

coordinates are read from a PDB file while the carbohydrate coordinates are read 

from a CHARMM formatted coordinate file.

! Read PROA

open read card unit 10 name 3gly_proa.pdb   ! Reading the protein 

coordinates

!Read CARA

open read card unit 10 name 3gly_cara.crd    !Reading the 

carbohydrate coordinates

read coor card unit 10 append

7. In case of missing parameters and topology information the Glycan Reader allows 

the user to upload a user defined topology and parameter file. In the above example 

we encountered this with the sulfate ions present in the crystal structure for which 

the topology information was not present in the CHARMM FF, while the 

parameters were already present. A user defined topology file (so4.rtf) was 

uploaded to treat the sulfate ions in the system.

8. The user needs to remove the ATOMS record in the CHARMM parameter files to 

be able to use the CHARMM FF parameters files with NAMD. Samples of such 

modified parameters files have been included in the toppar_namd directory in the 

example file.

9. One consistent trend in the parametrization of the carbohydrate FF was the 

overestimation of crystal volumes for neutral compounds.28–36 One possible 

explanation is the highly directional hydrogen bonding in the crystal environment 

that is not accounted for in the parametrization protocol for hydroxyl groups, which 

targeted the molecular volumes and heats of vaporization of neat alcohols. Current 

work on introducing electronic polarizability into the molecular mechanics 

framework may help to alleviate this limitation. We refer the reader to the 

parametrization manuscripts for in-depth details and limitation of the FF.28–36
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Figure 1. 
Parametrization flow chart.
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Figure 2. 
Model compound selection strategy for (a) O-linkages and (b) N-linkages.
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Figure 3. 
Structure of glucoamylase from Aspergillus awamori var. X100 (PDB id: 3GLY). The 

protein is shown as a cartoon drawing in cyan. The Ser-O-linked monosaccharides are 

shown as licorice drawing in red, while the Thr-O-linked monosaccharides are shown in 

green. The N-linked polysaccharides are shown as licorice drawing in yellow. The figure 

was prepared using VMD. [69]
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Figure 4. 
(a) RMSD analysis for the protein 3GLY. RMSD values are for all non-hydrogen atoms 

following RMS alignment with the crystallographic structure. Color code: black (RMSD for 

all carbohydrate-protein heavy atoms), red (RMSD for carbohydrate heavy atoms only), blue 

(RMSD for protein heavy atoms only). (b) Dihedral probability distributions for all the 

dihedrals involved in the N-linkages from the last 10 ns of the simulation trajectory. Color 

code: black (O5C1NδCγ), red (C1NδCγCβ), blue (NδCγCβCα), green (CγCβCαN). (c) Dihedral 

probability distributions for all the dihedrals involved in the O-linkages from the last 10 ns 

of the simulation trajectory. The distributions from the Ser-O-linkages are presented as solid 

lines, while the distributions from Thr-O-linkages are presented as broken lines. Color code: 

black (O5C1O1Cβ), red (C1O1CβCα), blue (O1CβCαN).
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Scheme 1. 
Description of the CHARMM commands for use of the carbohydrate-protein glycosidic 

patches. The first {segment name} and {residue number} information corresponds to the 

protein segment, and the subsequent information {segment name} and {residue number} 

corresponds to the carbohydrate segment.
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Scheme 2. 
Details of the CHARMM patches to create the carbohydrate-protein glycosidic linkages.
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Scheme 3. 
Description of the example file and the system setup procedure.
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Scheme 4. 
Description of the CHARMM commands to generate and link the carbohydrate-protein 

system.
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Scheme 5. 
Description of the CHARMM IC commands to build missing coordinates.
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Scheme 6. 
CHARMM commands to generate a PDB format coordinate file and a XPLOR format PSF.
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Scheme 7. 
NAMD commands required to access the CHARMM parameter files.
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Table 1

Significant Carbohydrate-H2O-Protein bridge water occupancies occurring in the 3GLY MD simulation. Also 

presented are the distances between the heavy atoms involved in the bridge-water interactions from the crystal 

structure.

O-linkages

Carbohydrate-H2O-Protein

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

N-linkages

Carbohydrate-H2O-Protein

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

Asn-171

β-GlcNAc-1 (O6/HO6) Gln-219 (O) 0.803 2.48, 2.97

β-GlcNAc-1 (O) Ser-184 (O/OH) 0.776 2.58, 2.65

β-GlcNAc-1 (O6/HO6) Ser-226 (O) 0.775 2.85, 3.75

β-GlcNAc-1 (O6/HO6) Ala-450 (O) 0.655 2.48, 2.96

β-GlcNAc-1 (O3/HO3) Tyr-223 (O/OH) 0.565 2.87, 2.89

β-GlcNAc-1 (O) Trp-170 (O) 0.525 2.58, 2.81

β-GlcNAc-2 (O6/HO6) Asp-238 (Oδ1/Oδ2) 0.513 3.08, 4.16

Man-5 (O2/HO2) Arg-241 (O) 0.354 4.17, 2.63

Man-5 (O3/HO3) Arg-241 (O) 0.216 3.51, 2.63

Asn-395

Man-7 (O3/HO3) Ser-399 (O/OH) 0.876 2.63,2.81

Man-7 (O3/HO3) Ser-411 (O) 0.805 2.63,2.79

β-GlcNAc-1 (O6/HO6) Asn-395 (O) 0.629 ---

β-GlcNAc-1 (O) Asp-414 (Oδ1/Oδ2) 0.922 ---

Man-7 (O4/HO4) Arg-413 (NH2) 0.500 3.11,3.22

Man-7 (O4/HO4) Thr-43 (O/OH) 0.493 3.11,2.89

Man-3 (O6/HO6) Trp-28 (O) 0.494 2.66,2.52

Man-2 (O6/HO6) Trp-28 (O) 0.454 2.84,2.52

a
all distances are in Å.
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