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Abstract

Glycosaminoglycans (GAGSs) represent a formidable frontier for chemists, biochemists, biologists,
medicinal chemists and drug delivery specialists because of massive structural complexity. GAGs
are arguably the most complex, natural linear biopolymers with theoretical diversity orders of
magnitude higher than proteins and nucleic acids. Yet, this diversity remains generally untapped.
Computational approaches offer major routes to understand GAG structure and dynamics so as to
enable novel applications of these biopolymers. In fact, computational algorithms, softwares,
online tools and techniques have reached a level of sophistication that help understand atomistic
details of conformational variation and protein recognition of individual GAG sequences. This
review describes current approaches and challenges in computational study of GAGs. It presents a
history of major findings since the earliest mention of GAGs (the 1960s), the development of
parameters and force fields specific for GAGs, and the application of these tools in understanding
GAG structure—function relationship. This review also presents a section on how to perform
simulation of GAGs, which is directed toward researchers interested in entering this promising
field with potential to impact therapy.
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Performing MD Simulations for Glycosaminoglycans
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INTRODUCTION

Despite decades of research, it appears that glycosaminoglycans (GAGS) still represent a
frontier that is just beginning to be appreciated by chemists, biochemists, biologists,
medicinal chemists and drug delivery specialists. From novice beginnings as ‘messy’
components of mucosal exudates that retain water and ensure lubricability of joints and
cartilage, GAGs are now being accepted as important components of cellular signal
transduction. Science is now advancing more in the direction of GAGs as informational
molecules with some key sequences exhibiting promising biological activity (Hu et al.,
2011; Xu et al., 2011; DeAngelis, Liu, & Linhardt, 2013; Griffin & Hsieh-Wilson, 2013;
Schworer, Zubkova, Turnbull, & Tyler, 2013; Patel et al., 2016; Sankaranarayanan et al.,
2017; Maza, Gandia-Aguado, de Paz, & Nieto, 2018; Lu et al., 2018; Sankaranaryanan,
Nagarajan, & Desai, 2018; Xu, Arnold, & Liu, 2018). The next frontier to be tackled is
converting this information into drugs. This frontier presents major opportunities for
computational chemist to make an impact, especially because GAGs are arguably the most
diverse, natural linear biopolymers made from very few foundational saccharide units.

Structurally, GAGs are linear polysaccharides consisting of repeating disaccharide units
made up of hexuronic acid and hexosamine linked by glycosidic bonds (Figure 1). The type
of foundational saccharide units and the nature of their inter-residue connectivity
differentiates different GAGs. For example, heparin (HP) and heparan sulfate (HS) consist of
alternating a(1—4)- and B(1—4)-linked glucosamine (GIcN) and uronic acid (UA)

residues, which can either be glucuronic acid (GlcA) or iduronic acid (IdoA), that carry
varying levels of sulfate and acetyl groups. On the other hand, chondroitin sulfate (CS) is an
alternate co-polymer of repeating A-acetylgalactosamine (GalNAc) and GICA units con-
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joined by p(1—4) and p(1—3) linkages, as shown in Figure 1. Dermatan sulfate (DS) is a
form of CS, in which the UA residues are more of the IdoA type. Finally, hyaluronic acid
(HA), or hyaluronan, is a non-sulfated GAG consisting of N-acetylglucosamine (GIcNACc)
and GIcA linked by alternating B(1—4) and p(1—3) inter-glycosidic bonds. Besides
HP/HS, CS, DS and HA, several other GAGs exist in nature, e.g., keratan sulfate, acharan
sulfate. These GAGs, although important in terms of biology, are not discussed in this
review and the reader is encouraged to refer to specialized reviews elsewhere (Funderburgh,
2000; Pomin, 2015; Vieira et al., 2004).

The theoretical diversity of GAGs is massive. A back-of-the-envelope comparison of the
number of unique, repeating 6-mers of GAGs with 6-mers of proteins and nucleic acids
reveals astounding possibilities. Whereas there can be 4.096x103 distinct hexa-nucleotides
(=4%) from the four common nucleic acid bases, a hexa-peptide made up of the 20 common
amino acids could any of the 6.4x106 sequences (=20). In contrast, a HP/HS repeating 6-
mer can be any of the 12.2x10° sequences originating from a theoretical possibility of 48
unique, repeating disaccharide units. Although not all of the 48 disaccharide units have been
identified in nature and such a possibility is also low considering the current knowledge
about substrate specificity of GAG biosynthetic enzymes (Esko & Selleck, 2002), the
projected chemical space is enticing to both the synthetic chemist as well as the
computational biologist interested in advancing the frontier of GAGs as drugs.

In nature, GAGs are found mostly as covalently bound to cell membrane proteins in the form
of proteoglycans (PGs), except for HA, which is extruded from cells into the extracellular
matrix. Work accomplished in the last decade has presented a large number of interesting
roles for GAGs. GAGs bind to various proteins and contribute to fundamental cellular
processes, such as growth, differentiation, morphogenesis, and adhesion (Xu & Esko, 2014),
while also modulating physiologic and pathologic processes, such as hemostasis,
inflammation, tumor growth, microbial infection, immune response, and others (Varki, 2017;
Xu & Esko, 2014). At a biochemical level, GAGs can serve as storehouses of proteins and
small molecules (Ricard-Blum & Lisacek, 2017; Varki, 2017), modulators of enzymatic
activity (Huntington, 2013; Li et al., 2008; Li & Huntington, 2012; O’Keeffe et al., 2004)
and protein folding (Hong et al., 2001; lannuzzi, Irace, & Sirangelo, 2015), and mediators of
cartilage biomechanics (Fox, Bedi, & Rodeo, 2009) among others.

Understanding structure and dynamics of GAGs is essential for gaining insight into their
myriad biological roles. Although highly sought, it has been difficult to study structure of
every GAG sequence through solution-based experiments because GAG synthesis and/or
preparation has been challenging (Mende et al., 2016; Pomin & Wang, 2018). Further,
conformational and dynamical properties of GAGs is sometimes not possible to elucidate
because appropriate high-resolution biophysical approaches are still to be developed. To
address these gaps, researchers have developed computational approaches to understand
GAG conformation, dynamics and structure—function relationships.

In fact, computational algorithms, software, online tools and techniques have reached a level
of sophistication to enables one to understand atomistic details of conformational variation
and protein recognition of individual GAG sequences. Although computational studies of
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GAGs, especially longer sequences, from the ab-initio perspective continues to be
challenging, approaches have been developed to simulate the behavior of GAGs in solution.
Computational algorithms, parameters and force fields have been developed to study nearly
all saccharide components of GAG as well as their conformation, configuration, and inter-
glycosidic linkages with and without solvation.

This review describes current approaches and challenges in computational study of GAGs. It
presents a history of major findings since the earliest mention of GAGs (the 1960s), the
development of parameters and force fields specific for GAGs, and the application of these
tools in understanding GAG structure—function relationship. This review also presents a
section on how to perform simulation of GAGs, which is directed toward researchers
interested in entering this promising field with potential to impact therapy. The authors do
not purport to convey that this review is exhaustive but special attempt has been made to
cover the large number of useful papers. Any misgivings are authors’ inadvertent mistakes
and should not be taken as referring to less important works.

History and Development

The development of computational methods for studying GAGs has relied on tools and
protocols developed earlier for neutral carbohydrates and glycans. In fact, the development
of the Ramachandran plot (Ramachandran, Ramakrishnan, & Sasisekharan, 1963) helped
inquiry into other biomolecules including carbohydrates. For example, preferred torsions in
seaweed polysaccharides and their allowed/disallowed regions were studied based on close
contacts (Rees, 1969). The study also identified left- or right-handed helical folds. In another
study, the conformations of an ionic polysaccharide were explored using the chain model,
which took into account dipole-dipole interactions in potential energy calculations (Cleland,
1971). Simultaneously, efforts to understand conformational preferences of individual
saccharides in solution, e.g., aldohexopyranose and aldopentofuranose, were also made by
using MO-LCAO methods (Del Re, Pullman, & Yonezawa, 1963). It was established that
these residues may take multiple conformational forms, also referred to as ring puckers, in
solution (Vijayalakshmi, Yathindra, & Rao, 1973).

By the early 1970s, simple computational investigations on structures related to GAGs were
being reported. In 1975, studies on charge distribution, torsional potential and a steric energy
mapping for 1—4-linked disaccharides of chondroitin were performed using CNDO/2
quantum mechanical treatment (Potenzone & Hopfinger, 1975). Likewise, conformational
analysis of hyaluronic acid (HA) in either charged, uncharged or neutral states was carried
out (Potenzone Jr & Hopfinger, 1978). This study enhanced the understanding of surface
energy and chain dimensions, which agreed fairly well with the crystal structure of HA
(Atkins & Sheehan, 1971). A year later, conformational analysis of heparin was performed
by taking into account close contacts (Nagarajan & Rao, 1979), which updated the model of
heparin from a stereo-chemical perspective.

While these studies were being put forward, Jeffrey and Taylor modeled 13 pyranose
structures using molecular mechanics programs in existence at that time (Allinger & Chung,
1976), which correlated with their crystalline states (Jeffrey & Taylor, 1980). They
developed MM1-CARB parameters that satisfactorily reproduced anomeric and exo-
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anomeric effects. Yet, challenges in modeling possibly coupled with sub-optimal parameters
led to a discrepancy between modeled p-maltose conformation in different solvents and the
crystal structure (Tvarodka, 1982).

Beginning 1980s, computational modeling of GAGs received much boost owing to the
development of molecular mechanics (MM) force fields, which advanced significant
understanding of saccharide conformations. Many groups utilized hard-sphere exo-anomeric
(HSEA) calculations by treating rings as rigid moieties and energy as a function of rotatable
torsion (Bock et al., 1984; Lemieux, Bock, Delbaere, Koto, & Rao, 1980) and compared
results to conformer populations derived from H NMR spectroscopy. For example, Ragazzi
et al. used MM methods to investigate uronic acid conformation and identified 1C, ,2So, and
4C, forms of nearly equivalent energies (Ragazzi, Ferro, & Provasoli, 1986). Using the same
technique, conformational analysis of seven different heparin mono- to penta- saccharides,
including the antithrombin (AT)-binding sequence, was studied (Ferro et al., 1986). The 3J
coupling constants simulated using molecular geometries obtained from a MM method
helped elucidate equilibrium between 1C, and 2Sg forms of sulfated iduronic acid (IdoA) in
heparin. These studies raised a key question whether the relative conformer populations, and
the corresponding sulfate group orientations, could be correlated with specific biological
activity. In 1987, a conformational model of a synthetic pentasaccharide, based on force-
field calculations and NMR studies, was put together, which showed four major overall
topologies of the high-affinity antithrombin-binding heparin pentasaccharide in solution.
Advanced MM further refined the proposed model and elucidated the role of IdoA
conformations (Ferro, Provasoli, & Ragazzi, 1992; Ferro et al., 1990; Ragazzi et al., 1990).

In 1993, Mulloy et al. studied the effect of different conformations of 1doA through
molecular dynamic simulations (Forster & Mulloy, 1993). AMBER4 MM parameters were
used; however, the studies did not involve sulfated sequences because parameters were not
available then. No explicit conformational transition was observed for 1C4 and #Cq puckers,
whereas the 2Sq form displayed chain-length dependent rate of transition from boat to twist-
boat. Correlation with solution experiments showed the presence of 1:1 mixture of chair and
boat forms in trisaccharides (Forster & Mulloy, 1993). This was used in the prediction of
solution conformation of heparin using molecular modeling, monomer crystal structure and
NMR. In this prediction a modified MM2 force field, developed earlier (Ragazzi et al.,
1986), was used to derive conformational energy map for IdoA. The work led to deposition
of the structure of heparin dodecasaccharide in two conformationally homogeneous forms
(1C4 and 2Sg) (PDB ID:1HPN) (Mulloy, Forster, Jones, & Davies, 1993), which correlates
fairly well with an earlier X-ray-diffraction structure (Nieduszynski & Atkins, 1973). Later,
various chemically modified HP/HS sequences were studied and found to possess small
variation in the inter-glycosidic conformations irrespective of substituent pattern (Barbara
Mulloy et al., 1994). Likewise, the flexibility of pyranose ring in dermatan sulfate (DS) was
also studied by imposing non-bonded contact and other restraints (Venkataraman,
Sasisekharan, Cooney, Langer, & Sasisekharan, 1994). CHARMM minimization was used to
fix the positions of endocyclic and exocyclic atoms belonging to different disaccharide
repeats containing IdoA in various forms (*Cy, 2T, OT,). Interestingly for CS, ©T, form of
IdoA was found to possess the same non-bonded energy as 4C; and 2T forms.
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Development of sulfate (—0S0O3") and sulfamate (—NHSO3™) parameters

The earliest work on studying sulfated species is by Kaliannan et al., who studied the A-
methyl sulfamate as a representative of the component of heparin through an ab-initio
method (Kaliannan, Vishveshwara, & Rao, 1983). This work identified that the energy
barrier around S—O bond was negligible, which implied nearly free rotation. Aside from
this work, computational modeling of GAGs or GAG residues through the mid-1990s was
performed without, or with inadequate, parameters for O-sulfonate and A-sulfamate groups.
The first group of parameters came from quantum mechanical (QM) ab /initio self-consistent
Hartree-Fock calculations performed by several groups. Huige and Altona derived the
potential energy function for the two key groups (O-sulfonate and A-sulfamate), located at
2-, 3-, and 6- positions of the glucosamine (GIcN) ring and incorporated them into AMBER
and CHARMM force field packages (Huige & Altona, 1995). Gaussian 80 and Gamess-UK
were used at 6-31G* basis set to optimize the structures of the two functional groups. The
results showed that the two force fields reasonably reproduced ab /nitio-derived conformers
and energy levels.

These studies further led to computations using advanced basis sets such as 6-31+G** on
N-methyl sulfamate in ionic and neutral forms. The atomic charges, computed by the Merz-
Kollman method for the NSO3™ and OSO3™ groups, were inserted in MM2-derived force-
field (Ferro, Pumilia, Cassinari, & Ragazzi, 1995; Ragazzi & Ferro, 1997). This eventually
led to the parameters for the two key groups for conformational analysis of sulfated
polysaccharides, which correlated closely with X-ray structure (deviation of 0.21 A). These
studies accounted for explicit solvation and counterions (Ragazzi & Ferro, 1997).

Limitations of earlier modeling work on GAGs

The early force fields such as MM1 to MM3 (Allinger, 1976; Allinger, 1977; Allinger, Yuh,
& Lii, 1989), modified MM (Jeffrey & Taylor, 1980), HSEA (Lemieux et al., 1980), and
TRIPOS (Clark, Cramer, & Van Opdenbosch, 1989) were developed to understand the
lowest energy conformers, for which parameters were derived from experimentally available
data. Later, QM approaches were implemented in developing force field parameters (Rees,
1969; Vijayalakshmi et al., 1973; Zhdanov, Minkin, Minjaev, Zacharov, & Alexeev, 1973). It
is instructive to note that pioneering work of several groups provided experimental data to
better predict and refine theoretical models (Chakrabarti, 1977; Chakrabarti, Park, &
Stevens, 1980; Cifonelli & King, 1973; Gatti, Casu, Hamer, & Perlin, 1979; Gatti, Casu, &
Perlin, 1978; Heatley, Scott, Jeanloz, & Walker-Nasir, 1982). Yet, the limitations of these
early approaches arose from a focus on certain types molecules and lack of computational
resources to perform all-atom, exhaustive orbital calculations. Also, the experimental data
available for appropriate treatment of explicit solvent and cations were still limited. Finally,
most of the theoretical studies were validated through experimental test cases involving
mono-, di- or tri-saccharides, and conformer populations of longer oligosaccharides was
generally beyond reach. Finally, computational resources for ab /nitio calculations on longer
GAG chains or sequences so as to study their interaction with proteins in the presence of
solvent was difficult, time consuming and expensive.

Wiley Interdiscip Rev Comput Mol Sci. Author manuscript; available in PMC 2020 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nagarajan et al. Page 7

Development of classical all-atom, force fields

For an efficient molecular dynamics (MD) simulation that surveys all possible
conformations experienced by GAGs in aqueous conditions, a comprehensive force field is
critically needed. Ideally, the force field should comprise of parameters for studying all
possible building blocks of GAGs such as HP, HS, CS, DS, HA and others. Availability of
such a force field would enable prediction of GAG sequences that have unique properties
such as an unusual fold, specific recognition of a protein binding site, or interesting
conformational dynamism with biological consequences.

Major classical force fields such as AMBER (Cornell et al., 1995; Weiner et al., 1984),
CHARMM (Brooks et al., 1983), GROMQOS (Schuler, Daura, & van Gunsteren, 2001) and
OPLS-AA (Jorgensen, Maxwell, & Tirado-Rives, 1996) have been available to simulate
proteins, DNA and small organic molecules for some time. Each of these force fields have
their own method, solvent characteristics, and parameters. Over time these force fields have
continued to refine parameters to more precisely reproduce experimental results (Monticelli
& Tieleman, 2013).

Figure 2 shows the timeline of key advances made in the direction of GAG force field/
parameter development and application. The earliest application of force fields for GAGs
focused on elucidating conformational preferences of unsulfated GAGs including HA and
unsulfated CS/DS in solution (Heatley, Brass, & Sheehan, 1998; Almond, Brass, & Sheehan,
1998; Furlan, La Penna, Perico, & Cesaro, 2005; Holmbeck, Petillo, & Lerner, 1994;
Letardi, La Penna, Chiessi, Perico, & Cesaro, 2002) followed by validation of results using
NMR or diffraction techniques. Since the parameters for sulfation were not developed, most
computational studies involved smaller oligosaccharides (mono, di or tri saccharides)
(Allinger et al., 1989; Brooks et al., 1983; Cornell et al., 1995). Following this ab initio
methods enhanced the parameterization of force fields, which afforded elucidation of
conformations of higher order oligosaccharides (Bayraktar, Akal, Sarper, & Varnali, 2004;
Verli & Guimares, 2004). As O-sulfonate and A-sulfamate parameters became available,
conformational preferences of GAGs of varying substitution pattern were studied (Guvench
etal., 2011; Kirschner et al., 2008; Pol-Fachin, Rusu, Verli, & Lins, 2012). These studies
enabled advanced understanding of the torsional space, inter- and intra- molecular
interactions that govern stability/flexibility of a GAG sequence, anomeric and exo- anomeric
effect of IdoA residues (Pol-Fachin & Verli, 2008; Verli & Guimaraes, 2004), while also
enabling description of the conformational impact on neighboring saccharide units (Mufioz-
Garcia et al., 2012). Further recent development of force fields has enabled microsecond
simulations of GAG sequences (Sattelle, Hansen, Gardiner, & Almond, 2010; Sattelle,
Shakeri, & Almond, 2013).

Three force fields are most often used in GAG studies today. These include GLYCAM,
CHARMM, and GROMOS (Guvench, Hatcher, Venable, Pastor, & MacKerell, 2009;
Kirschner et al., 2008; Lins & Hunenberger, 2005). Much information about these force field
parameters can be obtained from their webpages (see Supplementary Information). The
reader is also directed to a recent review on carbohydrate force field development for
additional information (Foley, Tessier, & Woods, 2012). Of the three, GLYCAM supports a
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vast library of saccharide sequences, which includes reducing-end unsaturated GAG chains
(Singh et al., 2016).

The GROMOS force field

GROMOS was proposed for hexopyranose-based carbohydrates in 2005 (Lins &
Hunenberger, 2005). This parameter set is referred to as 45A4 and it was developed based on
a new set of charge and torsions for hexopyranoses from QM calculations at 6-31G* level.
The atomic partial charges were derived using restrained electrostatic potential fit (RESP). A
series of MD simulations using GROMOS96 program for mono- and di- saccharides were
performed using the newly derived parameters with simple point charge (SPC) water model.
Restrained and unrestrained simulations showed #C; as the stable ring conformer, which was
known to be the dominant form in solution (Lins & Hunenberger, 2005).

Experiments with the early 45A4 parameters led to findings of limitations in conformational
puckering (Autieri, Sega, Pederiva, & Guella, 2010). In 2012, the 45A4 potentials of
GROMOS96 were revised with a new set of charges, atom types, torsional potentials, and
nonstandard van der Waals scaling to deduce GROMOS 53A6¢ vy (Pol-Fachin et al.,
2012), which was validated for 16 aldopyranose monomers and 8 disaccharides.
Metadynamics and unbiased MD for these test cases predicted 1C4 pucker for IdoA and 4C;
for all other aldohexopyranose monosaccharides. These metadynamics ensembles were
comparable with the NMR-based experimentally preferred conformations. Unrestrained MD
studies revealed that the 4C4 and 1C, puckers were stable, in appropriate equilibrium ratios,
and devoid of any other puckers. Recently GROMOS 56A6cargo Was developed (Plazinski,
Lonardi, & Hiinenberger, 2016).

The CHARMM force field

In 2009, CHARMM additive all-atom force field for glycosidic linkages between
hexopyranoses was proposed (Guvench et al., 2009). CHARMM incorporated all possible
combination of chiral centers for pyranoses, including both a and p anomers. The QM
calculations were performed using Gaussian 03 in MP2/6-31G(d) basis set (Guvench et al.,
2009). Using the calculated parameters, MM calculations were performed for test cases of
O-methyl-tetrahydropyran and inter-glycosidic—linked dimers of two tetrahydropyrans in
transferable intermolecular potential with 3 points (TIP3P) water box. The optimized
parameter sets gave results that were in good agreement with the experimental NMR
observations. In 2010, the CHARMM parameter set was extended to furanose residues using
a procedure similar to that used for hexopyranose parameter development (Raman, Guvench,
& MacKerell, 2010). Once again, all possible, natural inter-glycosidic linkages of furanose
residues were taken into account to optimize the parameter set. The CHARMM force field
derived conformational samplings for model compounds were found to be in good
agreement with the experimental results. In 2011, parameters to include deoxy, oxidized and
N-methylamine monosaccharides in CHARMM (Guvench et al., 2011) were derived using
Gaussian 03 QM calculations. For modeling carbohydrates in TIP3P water box, MM
calculations utilized a potential energy function that was identical to the one used for other
biomolecular applications including proteins, nucleic acid, lipids and small molecules.
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Interestingly, the simulations showed a good overall agreement with J-coupling and NOE
solution data.

Although A-methyamine monosaccharides were addressable by CHARMM, parameters for
N-sulfamate group were not available. This parameter set has been recently been
incorporated in CHARMMS36 parameter files (Sarkar, Yu, Desai, MacKerell, & Mosier,
2016). The model compound with the A-sulfamate group was simulated through QM
calculations using Gaussian 03 with geometry optimization. Vibrational calculations were
carried out at MP2/6-31+G(d) level and followed by single point energy calculations. These
force field parameters were successfully tested with heparin bound to antithrombin.

The GLYCAM force field/parameters

The first GLYCAM force field parameter set, named GLYCAM_93, was developed to
perform wider biomolecular simulations, e.g., studying protein—glycan complexes (Woods,
Dwek, Edge, & Fraser-Reid, 1995). A consistent carbohydrate parameter set, derived using
geometry optimization by Gaussian 90 and 92 at Hartree-Fock (RHF) with 6-31 G* basis
set, was made compatible to AMBER all-atom force field to enable simultaneous MM
calculations on proteins and glycans. The results generated from conformational sampling of
hexopyranoses predicted rotational properties of inter-glycosidic linkages belonging to
residues carrying normal and epimerized C2 substituents. Additionally, GLYCAM_93
offered a platform to create and study new monosaccharides from the existing parameter set
(Woods et al., 1995). Later, validation of w-angle preferences in 1—6 D-gluco- and D-
galactopyranosyl linkages were performed using QM and the new parameters, called
GLYCAMZ2000, were deployed in AMBER MM force field (Kirschner & Woods, 2001).
This paremeter set reproduced both rotamer population of conformers in solution and QM-
based gas phase conformers.

It is important to note that GLYCAM2000 identified an important role of intermolecular
water interactions in equilibrium population of different rotamers. Yet, the earlier parameters
did not reproduce diffusion rates and radial pair distribution between hydroxyl group and
TIP3P water in MD. The first and second hydration shells were not appropriately reproduced
when compared with crystal structures (Jeffrey, 1994). To address this, GLYCAMO06 was
developed, which enabled transfer of parameters to all possible saccharide rings and glycan
size (Kirschner et al., 2008). Additionally, no specific atom-types for alpha- or beta-
anomers were necessary and the parameters could be extended to other biomolecules.
GLYCAMO6, derived using QM calculations on B3LYP/6-3111G(2d, 2p)//HF/6-31G*,
were compatible to AMBER protein parameters (Kirschner et al., 2008). The partial charge
derivations were similar to earlier versions but did not involve aliphatic hydrogen atoms.
GLYCAMO6’s MM calculations utilized AMBER7/8 set with TIP3P water box. The results
were better than that achieved earlier with conformational preferences and primary/
secondary hydration shells similar to experimental observations. Further, the GLYCAMO06
parameter set had well-established parameters for GAGs, except for inability to address
unsaturated uronic acid monosaccharides (AUA). Recently, GLY CAMO06 was updated with a
more generalized parameter set to model A- and O-sulfation, AUA residues, neutral and
protonated GIcN, IdoA and GIcA residues (Singh et al., 2016). MM calculations were
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carried out using AMBERZ11 and TIP3P water box, and simulation predictions were
comparable with experimental NMR scalar coupling and NOE measurements. Interestingly,
conformer populations of AUA rings changed with sulfation. Likewise, sulfation of a
tetrasaccharide sequence appeared to favor certain conformations with respect to A~ and
non-N- sulfated GIcN residues. These parameters are given in Table 1, while useful links are
listed in Supplementary Information.

Applications of the three major force fields

Simulations

Although the three carbohydrate force fields/parameter sets continue to be developed,
several research groups have performed simulations using the current versions to address
some important questions. These simulations have addressed varying lengths of glycans
from the monosaccharides to the polysaccharides as well as helped design new sequences.
Table 2 describes these studies in brief. Below we describe some key studies utilizing all-
atom force field parameters to generate initial input structures. A comprehensive
presentation of results follows this section.

involving GROMOS force field in GROMACS

In early 1998, Kaufmann and co-workers simulated HA dimer and trimer in water using
GROMOS to understand the effect of hydration. A cubic solvation box with SPC water
molecules was used. The initial coordinates for the GAG were taken from crystal structures
and optimized in GROMOS to generate input parameter/topology and coordinates for MD
simulation (Kaufmann, Méhle, Hofmann, & Arnold, 1998; Winter, Smith, & Arnott, 1975).
Dynamic reorientation of water molecules around polar groups of HA and their average
lifetimes were reported.

While it was easier to study HA because of lack of sulfate groups, sulfated GAGs presented
challenges for a long time because of absence of direct parameters in GROMOS. Verli and
co-workers first attempted to simulate heparin decasaccharide using this force field in a
rather inexpensive manner (Verli & Guimardes, 2004). They derived the crude GAG
topology with the PRODRG server using solution 1H NMR structure (PDB 1D: 1HPN) as
input (Mulloy et al., 1993; Schuttelkopf & van Aalten, 2004). The crude topology was then
modified to reference values of the S—N bond present in the sulfonamide group of GIcN
residues. The atomic charges were then calculated using ab /nitio QM calculations using
GAMESS at 3-21G level to derive partial charges including those for the inter-glycosidic
linkage. Once the geometries were optimized, single point energy calculations at 6-31G**
were performed to derive Lowdin atomic charges (Schmidt et al., 1993). The optimized
parameters for heparin sequences gave average torsions of inter-glycosidic linkages in good
agreement with experimental observations. In following years, the group studied the effect
of different atomic charge calculations (e.g., Mulliken, Lowdin or electrostatic potential
derived charges) and forces dictating 1doA2S conformational preferences (2So/1Cy) in
heparin (Becker, Guimardes, & Verli, 2005; Pol-Fachin & Verli, 2008).

Gandhi and Mancera carried out a study to reproduce ring puckering of 1doA2S residue
(Gandhi & Mancera, 2010). They compared GLYCAM and GROMOS parameters. To
perform MD using GROMOS, they derived the 2S conformation from the NMR structure,
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generated an initial topology using the PRODRG server, and then optimized its geometry
using HF/6-31G* basis set to compute partial charges. These parameters helped to perform
MD in explicit water molecule (SPC/E) using GROMACS simulation software. The
combination of these parameters showed transition from skew boat to chair in presence of
water with no observation of chair to boat transition.

Cipla and co-workers used Accelrys Discovery studio 2.1 (Accelrys Discovery Studio 2.1.
Accelrys: San Diego & http://www.accelrys.com.) to build the initial configuration of
chondroitin sulfate C (CS-C, chondroitin-6-sulfate) dodecasaccharide. They adopted the
methodology discussed above including initial generation of glycan topology on the
PRODRG server using the all-atom GROMOS96 force field for two disaccharide building
blocks (GIcA1—3GalNACc6S, GaINAc6S1—4GIcA) from which the polysaccharide
topology was built manually. The resulting total charge was a non-integer value, which was
set to the expected integer value. Preliminary simulations with these parameters resulted in a
nonphysical behavior of sulfate groups including deformation of geometry and
disorientation of sulfate groups. Following refinement of charges using QM, the electrostatic
potentials improved and enabled simulation of the CS-C chain in SPC water using
GROMOS96 (Cilpa, Hyvonen, Koivuniemi, & Riekkola, 2010; Schuler & Van Gunsteren,
2000).

involving the CHARMM force field in CHARMM

The CHARMM force field was extensively used in understanding the conformational
preference of GAGs. In the early 1990s, Scoot et al., used CHARMM along with QUANTA
template charges to perform MD simulations in vacuum and in water for HA and CS,
respectively, to deduce secondary and tertiary structural characteristics (Brooks et al., 1983;
John E. Scott, Chen, & Brass, 1992; Scott, Cummings, Brass, & Chen, 1991). Almond et al.
have reported conformational preferences of HA using an advanced version 22 of
CHARMM (Almond et al., 1998; Almond et al., 1998; Almond, Sheehan, & Brass, 1997).
They compared conformational sampling of 150 ns for two CHARMM force fields and
performed MD studies in TIP3P water box. The same methodology was also utilized to
understand conformational preferences of two alternate HA tetrasaccharides, which carried
the carboxyl groups in un-protonated states during the explicit water simulation. In a
separate study, the group compared simulation of the HA tetrasaccharide to x-ray fiber
diffraction data (Almond et al., 1998).

The x-ray fiber diffraction structure of CS-C led Weigel and Arnold to perform a MD study
to understand interaction with water molecules. The initial coordinates of CS-C
tetrasaccharide, taken from the structure reported earlier (Winter, Arnott, Isaac, & Atkins,
1978), were optimized using the CHARMM force field. QUANTA/CHARMM charges were
assigned to atoms and input topologies were generated to perform a 4 ns MD in TIP3P water
box (Wiegel, Kaufmann, & Arnold, 1999). Kaufmann et al. have also performed a 4 ns MD
simulation of a CS-A tetrasaccharide (chondroitin-4-sulfate, (Kaufmann, Méhle, Hofmann,
& Arnold, 1999), which included initial structure re-optimization using the sulfate group
charges from Lamba et al. (Lamba et al., 1994).
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To understand the solvent conformational preferences of CS and DS unsulfated
tetrasaccharides, an explicit water MD study has been performed (Almond & Sheehan,
2000). This study analyzed long-lived intra-molecular hydrogen bonds (H-bonds) as well as
handedness of the helical arrangement. Initial structures were derived from the PDB and
CHARMMZ25 force field parameters with extension to carbohydrates, including explicit
consideration of the exo-anomeric effect, were used to generate the input topology files.
Partial charges were assigned in Gaussian 98 using the HF/6-31G* basis set for A~
acetylated sugars and HF/6-31G** for carboxylated sugars. For DS simulations, all possible
IdoA ring puckers were considered with a specific set of partial charges.

In recent years, the CHARMM36 carbohydrate force field has incorporated patches for
sulfate groups at varying positions on the sugar backbone (see Supporting Information)
(Guvench et al., 2009; Guvench et al., 2011; Mallajosyula, Guvench, Hatcher, & MacKerell,
2012; Raman et al., 2010). Based on these parameters, an adaptive biasing force (ABF)
sampling of CS disaccharides was carried out using nanoscale molecular dynamics (NAMD)
(Faller & Guvench, 2015). Since the earlier CHARMM force fields did not carry A-
sulfamate parameters, this enhancement is expected to enable more effective applications of
the recent versions of CHARMM (Sarkar et al., 2016). In fact, a recent application attempts
to understand the flexibility of the core tetrasaccharide linker sequence connecting the GAG
to the protein of the proteoglycan using CHARMM C36 force field in CHARMM (Ng,
Nandha Premnath, & Guvench, 2017).

GLYCAM force field/parameter set using AMBER

More computational studies on sulfated GAGs have been carried out using the GLYCAM
parameters in AMBER than any other force field. One of the reasons for this is the earlier
widespread use of AMBER in MD simulations of peptides, proteins and small molecules
(Salomon-Ferrer, Case, & Walker, 2013). For example, the AMBER biomolecular force field
was used for non-sulfated versions of heparin to understand IdoA puckering (Forster &
Mulloy, 1993). Recently, this was expanded to study conformational free energies of methyl
a-L-1doA and methyl p-D-GIcA using AMBER10 and GLYCAMO06. The AMBER software
modules link, edit and parm (LEaP) program was used to prepare the initial structure with
the appropriate topology and parameters of GLYCAMO06 and solvated in TIP3P water
molecules (Babin & Sagui, 2010). As of now, structures of GAGs can be built using the
GLYCAM web tool (http://glycam.org).

To understand the conformational influence of different water models (TIP3P, TIP4P,
TIP4PEW and TIP5P) on chondroitin 4-sulfate (CS-A) octasaccharide, Nematu et al. used
GLYCAM parameter set. They included new torsional parameters and partial charge for the
—SO03™ group using Restricted Electrostatic Potential (RESP) method and CHELPG
algorithm up on monosaccharide 1- O-Me-B-GalNAc4S, as described in GLYCAM
parameterization toolkit. The results showed that conformational preferences of p(1—3)
linkage were different for different water models (A. Neamtu, B. Tamba, & X. Patras, 2013).

GLYCAM has been used to simulate the MD behavior of a library of heparin
hexasaccharides by Munoz and co-workers. The topology and coordinates files were built
with LEaP module of AMBER11, while GLYCAM_06h parameters were used to model the
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heparin molecule including C-sulfonate and A-sulfamate groups. Here, the partial charge re-
modification of O- and A~ atoms bound to the —SO3™ group was performed using the
GLYCAM procedure so as to ensure an appropriate integral charge for the oligosaccharide,
while parameters for TIP3P water and counter ions were used from AMBERff 12SB
parameters (Mufioz-Garcia, Corzana, de Paz, Angulo, & Nieto, 2013; Munoz-Garcia et al.,
2013)

Another study has investigated the effect of ring conformational equilibrium of IdoA in a
library of heparin-like trisaccharides carrying variation in sulfation positions (a O-GIcNS-
(1—4)-a L-1doA2S-(1—4)-a D-GIcN). The starting geometries of these sequences were
developed from the 1HPN structure and the topologies were built using AMBERS by
employing a residual set of partial charges from a published work (Rodriguez-Carvajal,
Imberty, & Pérez, 2003). AMBER 91 and GLYCAM 93 were used to generate the
trisaccharides and Altona parameters of sulfates were appended for sulfate atoms (Huige &
Altona, 1995). They performed independent simulations for 1doA2S both in 1C4 and 2Sq
conformations in TIP3P water molecule (Mufioz-Garcia et al., 2012).

Samsonov et al. (2014) analyzed GAG monosaccharides using three different techniques,
namely QM, NMR and MD, to compare and contrast results. For MD simulations, they
generated initial configurations using the (Molecular Operating Environment (MOE))
(https://www.chemcomp.com) and GLYCAMO6 parameters implemented in AMBER11
package. The atomic charges for sulfate groups were derived using RESP calculations at
631(d)G levels for methylsulfate. Simulations for a hexasaccharide sequence were also
performed and compared with monosaccharide results (Samsonov, Theisgen, Riemer,
Huster, & Pisabarro, 2014; Vanquelef et al., 2011). Finally, the validation of new
GLYCAMO6 parameter set (discussed above) included variably sulfated GAG di- and tri-
saccharides containing terminal AUA residue, in which the initial structures were built using
the LEaP module of AMBER12 and TIP3P water molecule for solvation (Singh et al.,
2016). These newly developed parameters have been employed for conformational study of
eight HS hexasaccharides containing variable sulfated GIcN residues (2-O-, 3-O- and 6-O-
substitution) to elucidate influence on neighboring IdoA and 1doA2S residues (Hsieh,
Thieker, Guerrini, Woods, & Liu, 2016).

Simulations performed in other ways

A variety of open source MD software tools available for academic users such as NAMD,
GROMACS and ACEMD (Harvey, Giupponi, & Fabritiis, 2009; B. Hess, Kutzner, van der
Spoel, & Lindahl, 2008; Phillips et al., 2005) could also be used to perform simulations of
GAGs. For example, GLYCAMO6-generated topology of a-L-1doA2S-OMe, provided by
the Sattelle group, was converted into the GROMOS format using amb2gmx.pl script for
simulations in GROMACS 4.0.7 (Oborsky, Tvaroska, Kralova, & Spiwok, 2013; Sattelle et
al., 2010; Sorin & Pande, 2005). Similarly, parameters of B-D-GIcN, obtained from the
GLYCAM website, were converted to the GROMOS format using the above approach
(Spiwok, Krélové et al. 2010). Here we highlight some studies that employed similar
approaches.
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Settelle and Almond (Sattelle & Almond, 2011) describe the preparation of unsulfated and
sulfated variants of GIcN residue (with and without A-acetylation) using LEaP tool in
AMBER followed by use of in-house developed coordinates for 4C4/1C,4 puckers in
GLYCAMO6g force field (Kirschner et al., 2008), which was implemented in ACEMD
software to perform MD simulations (Harvey et al., 2009). It is important to note that at the
time of this study, parameters for the O—S—O angle as well as C2—02—S—O0 torsional
angle of the sulfated residues were not available. These parameters were adopted from the
general AMBER force field (GAFF, see http://ambermd.org/tutorials/basic/tutorial4b/),
whereas partial charges for the sulfonated residues were computed using Gaussian 03 with
consistent basis set (Frisch MJ; Wang, Wolf, Caldwell, Kollman, & Case, 2004). The same
group used similar protocol to study the free energy landscape of IdoA and related
monosaccharides in explicit water (Sattelle et al., 2010).

Murphy et al. (2008) generated initial parameter and topology files for IdoA and IdoA2S in
the 1C, forms based on the geometries reported in the PDB using the antechamber module
of AMBER tools. AM1-BCC charges and GAFF atom types were assigned and coordinates
for the 2Sg and 4C4 forms were derived from a short 5 ns Generalized Born (GB) implicit
solvent simulation of 1C, conformation in water (Murphy, McLay, & Pye, 2008).

Simulations of interactions between oligosaccharides and water molecules were performed
by Almond (2005). These simulations used the GLY CAM?93 parameters in CHARMM MD
module on multiple HA and CS di- and oligo- saccharides. Likewise, Arixtra, a clinically
used heparin pentasaccharide, was simulated using structure from the PDB (2GD4), initial
coordinates from xLEaP module of AMBER Tools 1.5 and GLYCAMO06g parameters. The
GIcNS residue was derived from the standard GIcNAc residue of GLYCAM by removing
the acetyl group and adjusting the partial charge on the nitrogen atom to give a formal
charge of —1 to the A-sulfamate group. Following addition of Na* ions using
AMBERTf99SB force field and solvation using TIP3P box (Hornak et al., 2006; Kirschner et
al., 2008), MD simulation was performed using NAMD 2.8 software (Phillips et al., 2005).
In this study, the van der Waals and electrostatic 1-4 scaling factors (SCNB and SCEE,
respectively) were set to 1 to be consistent with GLYCAMO06 parameterization (Langeslay et
al., 2012). Similar protocol was also utilized by Beecher et al. (2014) in the study of this
heparin pentasaccharide(Beecher, Young, Langeslay, Mueller, & Larive, 2014). Finally, the
Boltzmann jump method derived input CS tetrasaccharides to perform MD in Cerius 2
package using the Dreiding force field for sulfate groups, which were optimized using the
Jaguar QM treatment (Bochevarov et al., 2013; Gama et al., 2006; Greeley et al., 1994;
Kian-Tat Lim et al., 1997).

How to Simulate a GAG — An overview

The tools developed so far for simulating GAGs enable beginners and non-computational
experts to perform all-atom MD simulations with relative ease. A generic flow of an
effective simulation protocol is depicted in Figure 3. Once a desired GAG of defined chain
length is selected, steps A) to D) can be undertaken to elucidate its structural and dynamical
characteristics. These steps are not restricted to a particular force field or MD program,
although a few suggestions are included.
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A) Generation of the initial GAG structure—A three-dimensional (3D) structure of
the chosen GAG sequence is needed to perform an MD simulation (Figure 3A). Several
coordinates are available in the structural databases such as the Protein Data Bank (https:/
www.rcsh.org), the Cambridge Structural Database (https://www.ccdc.cam.ac.uk) and others
(Table 3). If the GAG sequence is not available in a database, structure-building tools are
available (see Table 3), which can help build a sequence from scratch. Some of the tools,
e.g., GLYCAMWeb, CHARMMGUI, and PRODRG server, also provide the initial structure
in a form compatible to commonly used force fields. Finally, the Desai laboratory has
developed an extensive library of GAG sequences (HP, HS, and CS) ranging in length from
disaccharide to hexasaccharide using SYBYL scripts for studying their interaction with
target proteins using a dual-filter screening algorithm (Sankaranarayanan Nehru et al., 2017;
Sankaranarayanan & Desai, 2014). These GAG sequences are also available upon request.

A few checks and balances have to be performed to ensure that the initial structures are
appropriate for further studies. The initial 3D structure should be checked for missing atoms,
ring conformation, sulfate position, hydrogens, charges and energy minimized to remove
steric hindrances. It is important to note here that the GLYCAM web server includes all
possible combinations of sulfation and puckering for monomers for each GAG type. A user
can generate the desired heterogeneity and output the structural coordinates following
minimization performed in presence of counter ions and water (e.g., TIP3P model) using the
AMBER-GLYCAMOG6 force field, which offers special advantages for studying GAGs.

B) Generating input parameters and coordinates—The next step is to generate the
parameter/topology and coordinate files to perform an MD simulation using a force field.
The minimized structure file of a GAG sequence from step A) should consist of atom name
and type matching that of the force field to be used for MD simulation. The format of this
information required by the force field can be reviewed from its documentation pages (See
‘Understanding Parameter Topology Files’ section in Table 3). An example of non-sulfated
residues of IdoA and GIcNAc from the GLYCAMOG library is shown in Supporting
Information (see Figure S1). Following steps 3 and 4 in Figure 3B, the input initial
structures are called upon by the respective programs (either Leap, X-leap, tleap, VMD,
PRODRG, ATB, ACPYPE, CGenFF, Topolbuild, TopolGen, or pdb2gmx). An example of
heparin disaccharide (GIcNS6S(*C1)-1—4-1doA2S(2Sp)) built using X-leap with
GLYCAMOG library parameters is shown in step 5 of Figure 3B.

The next step 6 is to check the total charge of the sequence, which should be an integer and
balanced by a counter ion (e.g., Na*) (Figure 3B). This is then followed by solvation of the
GAG sequence in water of desired shape (e.g., cubic, rectangle, truncated octahedral, etc.)
The solvation water models used in the literature are listed in Table 3. An example of a
TIP3P water box solvating a heparin disaccharide sequence generated using GLY CAMO06—
AMBER14 is shown in step 7 of Figure 3B. The 3D water box is made to fully immerse the
GAG sequence and counter ions in water by imposing the periodic boundary condition. It is
important to note that the concentration of Na* in the water box could be made to reach any
desired value, e.g., 0 to 145 mM, by adjusting the size of the water box or the humber of
water molecules. Literature reports that counter ions could be added manually, closest to the
negatively charged groups, by removing water molecules in their vicinity (Verli &
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Guimaraes, 2004). Save the initial coordinate and parameter file to perform further steps as
shown in step 8 of Figure3B.

C) Minimization, equilibration and MD simulation—The initial structure generated
above is further minimized to remove close contacts (step 9 in Figure 3C), which performed
in minimally two steps. The solute molecules, i.e., the GAG and counter ions, are fully
constrained first and the water molecules relaxed to the desired number of iterations (e.g.,
2000), followed by relaxation of the entire system without constraints to reach a minimum
energy state. Literature reports a three-step minimization protocol too, which includes a step
of restraining sugar ring atoms (Hsieh et al., 2016).

The minimization and equilibration steps are fraught with inconsistencies if performed in an
inappropriate manner. Equilibration is performed while weakly restraining the solute to
avoid unwanted fluctuations in the system. The system is heated in small steps from 0 K to
the desired temperature using a thermostat (e.g., Berendsen/Langevin) at constant volume
(NVT) over several picoseconds (e.g., 60 ps) (step 10 of Figure 3C), which is followed by
equilibration at a constant pressure (usually 1 atm (or NPT)) using a barostat for ~1 ns (step
11 of Figure 3C). The literature reports several algorithms, e.g., SHAKE, LINCS, SETTLE,
or RATTLE, have been used to constrain the hydrogen-containing bonds (Andersen, 1983;
Berk Hess, Bekker, Berendsen, & Fraaije, 1997; Miyamoto & Kollman, 1992; van
Gunsteren & Berendsen, 1977). Periodic boundary conditions have been employed
throughout these simulations. Long-range electrostatic interactions have been treated using
the Particle-Mesh Ewald algorithm (Darden, York, & Pedersen, 1993), whereas cutoffs for
non-bonded interaction have been varied from 8 to 12 A.

Following completion of equilibration, the system is taken up for a MD “production” run,
which implies data generation at a desired step size (e.g., 1 to 4 fs/step) for the desired
length of time (e.g., few ns to ~ps, step 12 of Figure 3C). The evolution trajectories (i.e.,
data) are collected at a constant step length (e.g., every 1 to 10 ps) for further analysis (step
13 -16 of Figure 3D). It is important to note that during the MD simulation it may be
necessary to constrain a ring to a specific pucker, e.g., 1doA to either 1C, or 2Sg, s0 as to
avoid a non-sampled pucker, e.g., “C1 for IdoA. Such restraints are imposed using a flat-well
parabolic energy potential (Hsieh et al., 2016; B. Nagarajan, Sankaranarayanan, Patel, &
Desai, 2017; Verli & Guimardes, 2004). Links to the procedures described above are
included in the Supporting Information file. In addition, the best practices to perform MD
simulations are also included in Supporting Information.

Analysis and Results of MD trajectories
Deductions on inter-glycosidic torsions, torsional space and flexibility

General—: The primary focus of studying GAGs in MD is to understand the overall
solution conformational behavior including local structure and dynamical properties. The
overall conformational behavior is a sum of the forces acting upon individual residues/
groups, constraints imposed by the saccharide ring (or lack thereof), and the torsions
sampled by each inter-glycosidic bond present in the sequence. The overall conformational
motions of a GAG arise from dynamism of the inter-glycosidic torsional angles, as shown in
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Figures 4 and 5. Therefore, the easiest parameters that can be followed in an MD simulation
are the inter-glycosidic torsion angles and their correlation with experimentally derived
values from X-ray or NMR techniques. An advantage with MD is that it offers all torsions,
i.e., ® & Y for each inter-glycosidic bond, from an equilibrated simulation.

It is important to note that authors have used two definitions of ® & ¥ in the literature,
either an TUPAC or a non-IUPAC definition. The IUPAC definition relies on using heavy
atoms, i.e., #=05—C1—01—C3 and ¥=C1—01—C3—C4, while the non-IUPAC
definition is NMR-user friendly and describes ® as HI—C1—01—C3 and ¥ as C1—O1—
C3—H3 (see Supplementary Figure S2). The literature has presented many ways to display
this torsional space. For example, linear plots of time-dependent fluctuations in ® & ¥
(\Verli & Guimardes, 2004), or 2D contour plots (Almond & Sheehan, 2000; Almond et al.,
1997; Cros, Petitou, Sizun, Pérez, & Imberty, 1997), probability distributions (Mufioz-
Garcia et al., 2013; Mufioz-Garcia et al., 2012), free energy plots (Neamtu et al., 2013),
adiabatic maps (Blanchard et al., 2007; Rodriguez-Carvajal et al., 2003), or heat maps
(Hsieh et al., 2016).

In general, the ® & ¥ values are extracted from each frame of the recorded trajectory, using
the above definitions. The occurrence of @ & ¥ pairs is calculated based on specific
intervals, say by dividing them in 6° interval bins. Once the simulations have enough
equilibrium conformers, the probability of the conformers in particular ® & ¥ bins is
calculated using the total number of frames. If represented in this format, it is called
probability distribution. The energy of each (®, V) geometry is calculated by relating its
probability to Boltzmann energy (Mandal, 1988). Using such energy values, a contour map
of @,V is reconstructed to locate the different energy regions.

Application to HA sequences—: Analysis of @ & ¥ have offered insight into many
aspects of GAG structure and biophysical properties. One of the earliest applications of MD
in this direction related to studying HA and torsional space of its ® & ¥ angles (Almond et
al., 1997; Holmbeck et al., 1994). Following MD, @ & ¥ (non-IUPAC definition) were
extracted from each frame, binned every 6°, and converted into bin probabilities using the
total population of torsional angles, which were then used to calculate Boltzmann energies
of each bins. These energies were plotted as contour maps for the ensample of conformers
across the MD run. Figure S3 shows one such map for the p1—4 linkage of HA in vacuum
and in water. The map reveals much lower conformational spreading in vacuum as compared
to that in water, which highlights the role of solvent in narrowing the energy funnel.
Analysis of longer sequences showed that an internal disaccharide exhibits reduced
flexibility with @ & ¥ of 50° & 0°, respectively, which compared favorably to values of 60°
and 0° from another study (Almond et al., 1998; Almond et al., 1998). In fact, the terminal
residues showed multiple allowed regions in the contour map. These results also compared
favorably with @, ¥ data from an x-ray fiber diffraction study (Figures 4A & 4B).

Application to CS sequences—: A conformational analysis study for CS showed a
behavior similar to HA, especially for the p1—4-linked disaccharide (©=50°; '¥'=0°)
(Almond & Sheehan, 2000). It is important to note that CS possesses two types of inter-
glycosidic linkages as compared to HA, which is uniformly p1—4-linked. Thus, the 1—3
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linkage of CS was expected to deviate from that of HA and displayed ® & ¥ of 50° and
-30°, respectively (Figures 4C & 4D). In comparison, DS displayed conformational spread
of torsions similar to HA and CS but positioned at entirely different regions for both p1—4
(P=50°, ¥=45°) and p1—3 (P=45°, ¥'=—-45°). This arises from the presence of IdoA as
well as GIcA in DS, while HA and CS predominantly carry the GIcA residue in the 4Cq
form. Studies have also explored the conformational space with different forms (1Ca, 2So,
etc.) of 1doA in solution and shown the 2Sq form DS displays properties similar to HA,
except for a deviation in p1—4 ¥ of 30° (Almond & Sheehan, 2000).

Another earlier study on conformational sampling of CS-A explored the torsional map based
on IUPAC definition of torsions (Kaufmann et al., 1999). Interestingly, this study captured
two energy minima for p1—3 linkage (®,¥ = -10°,-85° and ®,'¥ =80°,90°) in water;
however, the latter minima was found to be short lived (200 ps) and rapidly switched to the
more stable former minima. In contrast, the p1—4 linkage was stable with a broad
minimum centered around ®,'¥ = -10°,-70°. The torsional flexibility observed in this study
did not correlate with the X-ray results (Winter et al., 1978) but matched with earlier
computational study (ZsiSka & Meyer, 1993). A recent study has shown that conformational
preferences of the 1—4 linkage of CS-A does not depend on the types of water models
using in simulation, which is an interesting conclusion different from studies on other
GAGs. In this study, p1—4 linkage exhibited a unique basin with mean values of ® and ¥
at 289+2.5° and 242+5.5°, respectively. These observations were in agreement with NMR-
based data (Blanchard et al., 2007; Sattelle & Almond, 2010; Yu, Wolff, Amster, &
Prestegard, 2007) but deviated from X-ray fiber diffraction data (J. J. Cael, Winter, & Arnott,
1978; Winter et al., 1978), perhaps due to crystal packing forces. In contrast, the f1—3
linkage also showed a major, specific preference for ® and ¥ (288+1.5° and 137+4°). Here,
® is comparable with that derived from NMR while ¥ showed a deviation of 30°, but also
displayed two minor conformational basins at ® and ¥ of 209° and 92°, and 56° and 116°,
respectively, with TIP3P water model.

In 2010, a comparative study on multiple CS saccharides using MD and semi-empirical
methods showed that GLY CAMO6 simulations showed better correlation with experimental
results in predicting backbone torsional space (Sattelle & Almond, 2010). Use of an
improved electrostatic potential function on CS-C resulted in a torsional probability density
profile resembling a single uniform Gaussian distribution for the 1—4 linkage with ® and
¥ centered at —71° and —109°, respectively. For the B1—3 linkage, the distribution was
much broader with @ and ¥ center around —85° and 110°, respectively (Cilpa et al., 2010).
These results were in agreement with the earlier experimental observations (J. J. Cael et al.,
1978; Michel et al., 2004; Yu et al., 2007). Researchers have also showed similar
observations using GRID search method using MM3 FF and obtained adiabatic maps
(Blanchard et al., 2007; Rodriguez-Carvajal et al., 2003).

Application to HP/HS sequences—: MD simulations of a heparin decasaccharide
([1doA2S-GIcNS6S]s), which represents the most common heparin sequence, have shown
time dependent torsional angles to be relatively stable around their average values
(P,'¥=96.6+14.1, -125.0+15.1 (B1—4) and -75.0+10.7, -116+10.6 (a1—4), respectively
(Verli & Guimaraes, 2004). Comparison of the dynamical behavior of the IdoA-GIcN
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torsional angles with those of the GIcN-IdoA showed reduced flexibility of the former. The
mean torsions observed in MD runs were comparable to NMR-derived values (Mulloy et al.,
1993).

Another report studied two heparin trisaccharides carrying variation in internal IdoA2S
residue, so as to impact their 1C, and 2Sg populations, which suggested considerable
flexibility around 2Sg energy minimum in comparison to that for the 1C,4 dominant
conformer (Figures 4F & 4E)(Pol-Fachin & Verli, 2008). It is possible that this inherent
broad minima in the ®, ¥ space affords the 2Sq form to fit into many protein binding
pockets and induce biological activity. The observation also showed that the 1doA2S (2Sp)-
GIcNS6S torsional space occupied more space when compared to 1doA2S in 1C, and also
possessed four distinct representative conformers (Figure 4H). On evaluation of different
combination of disaccharide pairs with the trisaccharide showed that there was an inter-
conversion path of torsion angle pairs. The disaccharide pair GIcNAc-1doA2S in 1C, showed
a much narrower region of torsional space (Figure 4G).

Mufioz-Garcia et al. carried out an analysis of global conformations for a library of
trisaccharides and plotted the distribution frequencies of their inter-glycosidic torsions ( ®
and '¥) using a bin size of 10° (Mufioz-Garcia et al., 2013; Mufioz-Garcia et al., 2012).
Figures 5A & 5B shows their distribution with respect to GIcN-1doA2S and 1doA2S-GIcN
linkages for all eight sequences. For the GIcN-1doA2S linkages ® and ¥ were centered at
-45° and —30°, respectively, which ¥ distribution being wider in comparison to ®. For
IdoA2S-GIcN linkages, a sharp narrow region was observed for & centered at 40°. A broad
distribution with two peaks of maximum value at —30° and 15° was observed for ¥ (Figure
6B). These observations were similar to an earlier unrestrained MD with some small
variations.

Validation studies performed with new GLYCAMO06 parameter set, with three AUA-
containing disaccharides carrying variation in sulfation, showed a high density of structures
for @ and ¥ at 50° and 0°, respectively, irrespective of sulfation of GIcN residue (Figures
5C & 5D). The work also showed an anti ¥ state near @ = 50° and " = 180°. The same
report presented analysis of two synthetic sequences of tetrasaccharides using heat maps
based on the MD trajectories of each disaccharide pair containing 1doA2S (Figures 5H and
51). The results indicated that inter-glycosidic torsions were not significantly dependent on
IdoA puckers. Likewise, there was only a small effect of Asulfation on the inter-glycosidic
preferences irrespective of puckering (Singh et al., 2016).

Deductions on the intra-molecular hydrogen bond interactions

General—: Hydrogen bonding occurs between and within GAG residues generating
secondary structures such as two-fold and three-fold helices as well as chiral handedness of
chains (Almond & Sheehan, 2000). Deduction of a H-bond is typically carried out by
measuring the distance between the donor (Dn) and acceptor (Ac) atoms, which should be
less than 3.5 A, and the angle between Dn—HeesAc atoms, which should be 180+60°
(Supplementary Figure S4). The presence of such a bond is deduced in an automated manner
for every structural frame of a trajectory. Generally, the lifetime and/or overall occupancy
percentage (frames with H-bond/total number of MD frames) of a hydrogen bond is
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calculated for comparative analysis. An overall occupancy of >50% is referred to as a
persistent H-bond. At the same time, it is important to recognize a H-bond may be
cooperative (one donor, multiple simultaneous acceptors) or mutually exclusive (one donor,
one acceptor). Tools and links for such an analysis are given in the Supplementary
Information section. Also Supplementary Table S1 lists the observed H-bond in MD studies
of HA, CS and DS sequences.

Application to HA structures—: The Almond group has analyzed intra-molecular H-bond
formation for a range of HA di- and tetra- saccharides (Almond et al., 1998a; Almond et al.,
1998b; Almond & Sheehan, 2000; Almond et al., 1997). In tetrasaccharides, >30 distinct H-
bonds were identified in a short MD simulation (500 ps), of which about 10 intra-molecular
H-bonds persisted more 50% of the total time (Almond et al., 1998). The authors noted that
H-bond formation was more favored in solvent than in vacuum (Figures 6A & 6B). For HA,
the strongest H-bonds were formed between oxygen atoms of adjacent residues, e.g., O5 of

GIcNACc to O3 of GIcA or O5 of GIcA to O4 of GalNAc (Figure 6C).

Application to CS structures—: Almond and co-workers also studied unsulfated
chondroitin tetrasaccharides, which showed results similar to HA oligosaccharides as far as
B(1—4) linkage is concerned, while differences were noted for H-bond interactions for the
B(1—3)-linked residues (Figures 6D through 6F). As expected, the variation in H-bonding
impacted flexibility or rigidity of torsional angles. Further, the persistence of H-bonds, or
lack thereof, impacts the formation of secondary helical folds, which supports the multiple
helical folds and secondary structures observed in crystals (Almond et al., 1998; Almond &
Sheehan, 2000).

An earlier study on CS-A identified a very strong intra-molecular H-bond (>80%
occupancy) between acetamido hydrogen (NHAc) and oxygen atom (O6) of the carboxylate
group (Figure 6G), (Kaufmann et al., 1999). A later study of H-bonding has shown that the
conformation of B(1—4) linkage is stabilized by two intra-molecular H-bonds (E.D. Atkins,
Meader, & Scott, 1980; J. J. Cael et al., 1978). A H-bond of particular interest — between
HO3 of GIcA and the ring oxygen O5 of GalNAc4S - because of its high lifetime was found
to exhibit dependence on the model of water used in simulations (e.g., TIP4P, TIP4P-EW or
TIP5P). Yet, the authors conclude that the choice of different water models influence the
B(1—4) linkage much less than the B(1—3) linkage (Andrei Neamtu, Bogdan Tamba, &
Xenia Patras, 2013).

The two types of inter-glycosidic linkages present in CS offer an interesting opportunity to
compare local dynamics and inter-molecular forces. In the minimum energy conformation,
B(1—3) linkage of CS-A displays a H-bond between the HO2 group of GIcA to carbonyl
oxygen (0O2) of the GalNAc4S residue (Figure 6H), which when absent reduces the energy
contour basin. To be specific, the other direct H-bond between HO2 of GIcA and SO3~
group of GalNAc is the wholly responsible for the structures to fall in the least energy basin.

Application to DS structures—: MD results for DS sequences carrying IdoA residues in
three conformations (1C, 2So, and 4C4) have also been analyzed for H-bond patterns
(Almond & Sheehan, 2000). Unlike HA and CS structures in B(1-4), the #C; form of IdoA
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prevented establishment of simultaneous H-bonds between NHAc and COO™ group and
between OH3 of IdoA to ring oxygen of GalNAc residue at the same time. The only strong
interaction observed was from the carboxyl group to acetamido group of the neighboring
residues. When the IdoA switches to 2Sq conformer for the B(1—4) linkage, three H-bonds
are invoked including i) IdoA OH3 and GIcNAc O5 (ring oxygen), ii) GIcNHAc acetamido
to IdoA carboxyl (O6) and iii) CH,OH of GalNAc and OH3 of IdoA. Of these, however the
H-bond iii) is preferred over ii) (Figures 6K and 6L, (Almond & Sheehan, 2000).

A comparative study of HA, chondroitin and CS-A disaccharides using GLYCAMO6 and
other two semi-empirical methods showed similar intra-molecular H-bond interactions, as
discussed above (Sattelle & Almond, 2010). A study by Cilpa et al. in understanding the
atomistic insights of CS-C showed the persistence of intra-molecular H-bonds as a function
of time during the simulation. These results were comparable to earlier results with each
B(1—4) and B(1—3) having two main intra-molecular H-bonds (Figures 61 and 6J). This
study identified the variation in strengths of H-bonds across different GAGs. In fact, the H-
bond between HO6 of GalNAc and O3 of GIcA was found to be disfavored owing to the
epimerization in HA, while it is favored for chondroitin (Almond & Sheehan, 2000; Almond
etal., 1997). An interesting observation from this study was the identification of an
additional H-bond between sulfate of 6SO3 — GalNAc and O3 of GIcA, which not identified
in earlier QM studies but arises from side chain flexibility (Cilpa et al., 2010).

Application to HP/HS structures—: A distinctive feature of the HP/HS structures is the
complexity arising from the presence of IdoA, which exhibits considerable flexibility. Pol-
Fachin and Verli carried out a 0.2 ps simulation to identify the interactions responsible for
IdoA2S conformational equilibrium in solution (Pol-Fachin & Verli, 2008). They selected
two trisaccharide sequences including GIcNS6S-1doA2S-GICNS6S and GICNAC6S-1doA2S-
GIcNS carrying the 1doAS residue in both 1C4 and 2Sg forms. The analysis revealed a range
of two to four H-bonds with varying strengths, of which the H-bond involving the inter-
glycosidic oxygen of the a and p(1-4) linkage was common for both forms. For the
GIcNS6S-1doA2S linkage, the 2Sg or 1C4 geometry of IdoA residue determined H-bond
formation (Figures 7A & 7B). Between the two forms of IdoA, a reduction of ~8% in intra-
molecular H-bond interactions was observed for the 2Sq form. Interestingly, a H-bond
common to both forms was observed for the 1doA2S-GIcNS6S linkage between HO3 of
GIcN and ring oxygen (O5) of IdoA. Yet, MD studies revealed that the strength of even
consistent H-bonds may be different for as judged by distributions of angle and distance
(Pol-Fachin & Verli, 2008). A comparison of H-bond interactions for sequence GICNAC6S-
IdoA2S-GIcNS to its fully sulfated counterpart showed that acetylation did not affect the H-
bond interaction between 02 of 1doA2S and HN2 of GIcNAc for the 1C4 form. But
acetylation impacted the 2Sq form by forming H-bond between HO3 and HH2 of GIcNAc
(Figures 7C & 7D, (Pol-Fachin & Verli, 2008).

The first simulation on a heparin decasaccharide by Verli and group showed variations in @
and ¥, which were well correlated with the intra-molecular distances (Figures 7E & 7F).
For 1doA2S in 2Sg conformation, but not in 1C4 conformation, the distance between OH of
GIcN and COO™ of IdoA correlated well with results from NMR (Verli & Guimaré&es, 2004).
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The intra-molecular H-bonding pattern of Arixtra, the heparin pentasaccharide that binds to
antithrombin with high affinity, is of particular interest because its therapeutic value. Two
explicit MD studies have been performed on this pentasaccharide (Beecher et al., 2014;
Langeslay et al., 2012). Figures 7G and 7H show representative structures from these
simulations with 1doA2S in 2Sg and 1Cy, respectively. The results showed an interesting
intra-residue H-bond for the central GIcN residue between NH and 3- G-sulfonate groups.
The occupancy of this intra-residue H-bond was 89% when 1doA2S residue was in the 2Sq
conformation but only 64% for the 1C4 conformer (Remko & von der Lieth, 2006). In fact,
this characteristic H-bond in 2Sg conformer significantly stabilized the overall Arixtra
conformation so as to better fit into its site of binding on AT (HricoviNi et al., 2001; M et
al., 2008). In addition to this H-bond, analysis of the MD runs also showed other stabilizing
inter-residue H-bonds between residues D and E, residues F and G, and residues G and H
(see Figures 7G and 7H).

Studies on a library of 16 heparin trisaccharides reveal similar insights (Mufioz-Garcia et al.,
2013; Mufioz-Garcia et al., 2012). For these sequences, a H-bond between 1doA2S’s ring
oxygen with HO3 group of adjacent GIcN occurred approximately 57% of the time and
possessed an average life time of 2.6 ps. Further, this particular H-bond is not altered by
conformational variation of IdoA2S residues as well as by variation in sulfation patterns
between the interacting residues. These results are in line with the general conclusions of
several studies that H-bonds are formed between adjacent residues and these interactions
help stabilize the overall 3D geometry of GAGs. A recent study also derived conclusions
similar to these (Hsieh et al., 2016). This study relied on MD studies with eight
hexasaccharides variation in sulfation of GIcN and IdoA residue. Interestingly, an intra-
residue H-bond between 2- O-sulfonate and HO3 of 1doA2S, which stabilizes the skew boat
form, was identified in this study. The 1C, form did not display this intra-residue H-bond
(see Figures 71 — 7K; https://www.youtube.com/watch?v=aQY LXtKSIvs).

Understanding GAG and solvent interactions—The hydrophilic and charged nature
of GAGs encourages extensive interactions with water molecules. GAG-water interactions
are closely associated with viscoelastic properties of these natural polymers, which play
important role in human biology (Lujan, Underwood, Jacobs, & Weiss, 2009). These arise
from the conformational flexibility of GAG sequences and the caging of GAG’s polar atoms
(e.g., acetamido, carboxyl, hydroxyl and sulfate groups) with water molecules (Isaac &
Atkins, 1973). In fact, the inter-molecular GAG—water interactions help stabilize certain
secondary structures (e.g., two-fold helices), especially when bridging neighboring
monomers (Yuan, & Andy, 2005; Millane, Mitra, & Arnott, 1983). Studies using X-ray,
NMR and other techniques have shown a strong influence of water on their GAG structure
(Atkins, Phelps, & Sheehan, 1972; Cael et al., 1976; F. Heatley & Scott, 1988; Isaac &
Atkins, 1973; Joshi & Topp, 1992; Scott et al., 1991).

Recent computational simulations have shown that bridging waters may alter H-bonding
network between neighboring residues (Sattelle, Shakeri, Cliff, & Almond, 2015). Solvent
interaction appears to be different for different sequences and this may play a role in protein
recognition (Mufioz-Garcia et al., 2012; Verli & Guimaraes, 2004). In fact, a number of
computational studies have predicted the importance of water molecules in GAG recognition
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of basic binding sites on proteins, which have been supported by experimental results (Jana
& Bandyopadhyay, 2012; Samsonov, Teyra, & Pisabarro, 2011; Sepuru, Nagarajan, Desai, &
Rajarathnam, 2016). These and other studies suggest that inter-molecular GAG—water
interactions are important to gain insight into GAG recognition of proteins.

Pair distribution function—: For a GAG sequence at thermodynamic equilibrium, the
average distribution of water molecules around its constituent atoms is called a pair
distribution function. Figure 8A shows a distribution of water molecules around a heparin
disaccharide. The distribution shows some water molecules closest (within 5A) to GAG
sequence (black dotted circles enclosing blue spheres), which are often called “structured’
water molecules. Water molecules not close to sequence form the bulk water (>5A). Figures
8B and 8C show distribution of water molecules around three groups of atoms (—OH, —
COO™ and —SO037) in IdoA. Quantitative information on the nature of hydration around any
atom can be derived using the pair distribution parameter g,y4 (Equation 1). In this equation,
Nwal(r) is the average number of water oxygen atoms within a sphere of radius raround the
atom of interest and p,y is the density of water in the system. This can be calculated using
different tools (Refer to Supporting Information).

1 dNy,(r)
rN=———7—"7 (1
Swa 471'/1Wr2 dr @

Pair distribution function and CS studies—: Wiegel et al. analyzed the pair distribution
function for —OH, —OSO3;~ and —CHsg atoms towards the oxygen atom of water
molecules in MD simulations of CS-C (Figures 8D-8H, Wiegel et al., 1999). The results
showed a characteristic sharp peak at 2.7 A for oxygens of water around the OH group of
CS-C corresponding to the inter-molecular O-HOy, H-bond (Figure 8F). In contrast, the
repulsive Lennard-Jones potential presented a broad distribution for water molecules around
the —CHs group at 3.8 A suggesting an a-polar interaction (Figure 8G). At the same time,
the pair distribution function of water molecules around the —OSQO3™ group was similar to
water—water or water—OH distribution (Figure 8H).

The number of water molecules surrounding a solute group, e.g., OH, is determined by
integrating the pair distribution function, while the strength of inter-molecular interactions is
calculated from the H-bond energy and/or geometry features. For energy, —12 kcal/mol or
lower is regarded as a strong H-bond (Rossky & Karplus, 1979). For CS-C, the interaction
energy showed an asymmetry in distribution of solute water interaction energies, which
implies presence of structured as well as bulk water. Likewise, a distance in the range of 2.5
A and 3.9 A between the donor and acceptor atoms was also used for CS-C (Figure 8l,
(McDonald & Thornton, 1994). Both calculations showed ~20 water molecules for a
disaccharide unit of CS-C with most structured H-bonds formed by —OH and —OSO3™
groups. Interestingly, the orientation of CH group(s) may be the reason for forming a
hydrophobic sub-domain for C6S chain, which helps form helical secondary structures
(Scott, 1995; Wiegel et al., 1999).
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MD simulations of CS-A also showed similar results using the pair distribution function and
interaction energies (Kaufmann et al., 1999). The average number and lifetimes of resident
water molecules around the polar atoms of CS-A were measured (Figures 8J-L). The
measured lifetimes of bulk water H-bonds were observed to be in the range of 0.1 — 1.4 ps,
which indicated a high dynamical behavior involving rapid bond formation and break down
(Cavatorta, Deriu, Cola, & Middendorf, 1994). In contrast, the lifetimes were larger for
sulfate groups than bulk water (~1.4 ps, Figure 9L). On an average, 19.7 H-bonds per
disaccharide unit of CS-A were formed in hydrated environment. Although no direct
comparison with experimental studies was possible, non-structured water molecules
estimated using differential scanning calorimetry were in agreement with MD studied (~20/
disaccharide unit, (Joshi & Topp, 1992; Jouon, Rinaudo, Milas, & Desbriéres, 1995).
Interestingly, this count was higher than that measured for other carbohydrates, which
ranged from 6 to 8 (Kawai, Sakurai, Inoue, Ch{jd, & Kobayashi, 1992).

To understand the impact of different solvent models (e.g., TIP3P, TIP4P, TIP4P-EW and
TIP5P) independent MD simulations were performed on CS-A sequences (Neamtu et al.,
2013). The radial distribution function (RDF, which is essentially pair distribution function)
of hydroxyl O2 of GIcUA and O6 of GalNAc4S to water oxygen showed significant
participation in inter-molecular hydrogen bond interactions (Zhong, Bauer, & Patel, 2011).
A major first peak for structured water was observed at 2.8 A for the OH group, which was
organized in all water models, except for TIP5P. In contrast, the second layer of hydration
was better represented by the TIP5P water model. RDF for sulfate groups showed a well-
defined first layer of hydration for both three-point and four-point water models. Also, the
results showed that conformational preferences of the f(1—4) linkage are not affected by
differences in hydration water when compared to the B(1—3) linkage conformations.
Overall, computational performance was good when TIP3P water model was used, which
conveys the idea that proper selection of water model is needed to conduct good and
efficient MD simulations.

Pair distribution function and HP/HS studies—: Pol-Fachin and Verli have performed
two MD studies on trisaccharides of HP/HS containing variations in sulfation level around a
central 1doA residue, which was simulated in 2Sq and 1C, forms (Pol-Fachin & Verli, 2008).
The water molecules tend to position the inter-glycosidic bonds to maintain higher flexibility
when conformational switching occurs, which can be observed from the deviations in H-
bond angles and distances as the MD run progresses. No differences were observed in H-
bond groups of GIcN upon solvation but changes in hydration shell for IdoA2S was apparent
upon transition between 2Sq and 1C, conformations for both sequences. Here, the 2Sg form
appeared to be more solvated and was carrying more tightly bound water molecules in both
sequences.

Studies of a library of HP-like trisaccharides carrying a central IdoA2S residue showed more
generalized solvation effect around the IdoA2S-GIcN linkage (Mufioz-Garcia et al., 2013;
Mufoz-Garcia et al., 2012). These studies identified two solvation shells around 1doA2S in
25, conformation 2 and 3 A around the inter-glycosidic oxygen, which were not apparent
for 1doA2S in 1C4 form (Figure 8M).
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Pair distribution function and HA studies—: One fairly old simulation of HA in water
has shown a rather similar pair distribution function for the polar (OH) as well as a-polar
(CH,) groups with the first minimum within 3.4 A, an average of 3.2 water molecules and an
average of 10-15 H-bonds per disaccharide unit (Kaufmann et al., 1998).

Bridging water molecules—: In late 1990s, Almond et al. carried out a study to understand
the nature of water interactions (Almond et al., 1997), which led to identification of water
molecules that bridge two contiguous residues in GAGs. This study was on HA (GIcA-
GIcNAc-GIcA-GIcNAC) and unsulfated CS (GlcA-GalNAc-GIcA-GalNACc) sequences
(Almond, 2005). Two types of water-mediated interactions were found — a) a single water
molecule and b) two water molecules — that form a bridge between residues of the same
sequence (Figures 8N and 80). For the B(1—3) linkage of HA, bridged water was found
between the O7 of GIcNAc and O2 of GIcA and between the O4 of GIcNAc and the 06 of
GlcA. Of which, the latter displayed high probability of a dimeric water bridge. Likewise,
the B(1—4) linkage showed water bridges between the N2 of GIcNAc and O6 of GIcA and
between the O3 of GIcA and O5 of GIcNAc, of which the former was identified as the most
consistent across all MD frames.

Epimerization at the 2-position in HA to give GalNAc in chondroitin alters the orientation of
water molecule around the B(1—3) linkages such that a bridging water between GIcNAc O4
and 06 of GIcA in HA is found to be lacking in chondroitin (Figure 80). Meanwhile the
B(1—4) linkage of chondroitin possessed water bridges similar to that present in HA. Such
precise information is very useful in understanding the overall shape of a GAG sequence in
biological recognition. Finally, one of the earliest MD study on sulfated CS-A sequences has
shown that a water molecule bridges non-contiguous residues almost 50% of the time
(Kaufmann et al., 1999).

Understanding ring conformations in GAGs

Introduction to Cremer-Pople analysis and vicinal scalar coupling constants: To
understand ring puckering, Cremer-Pople established three generic parameters Q, ¢ and 6,
which correspond to the radius, meridian angle and azimuthal, respectively (Cremer &
Pople, 1975). For a hexapyranose ring, the Cremer-Pople parameters can help uniquely
define any ring pucker. Q is the puckering magnitude, which reflects the deviation from a
flat ring. ¢ and © are puckering parameters and uniquely correspond individual forms such
as a 1C, chair (9,6 = 0°,180°), #Cy chair (¢,6 = 0°,0°), 2Sg sofa (9,0 = 150°,90°), 2B boat
(9,6 =120°,90°), etc. (Supplementary Figure S5). Automated tools have been developed to
capture these ring parameters to understand the ring flexibility and dynamics throughout an
MD run e.g., g-puckering in GROMACS, pucker in cpptraj, getpucker in VMD, etc. Figure
9A shows the schematic representation of these puckers from a 20 ns test simulation starting
with IdoA in an arbitrary conformation with ring puckers on the right. Apart from the
conformations shown, the ring could also scan intermediate conformers (Supplementary
Figure S5). Even a small deviation in ¢ and 6 can be deduced using automated tools (an
example and links provided in Supporting Information) (Makeneni, Foley, & Woods, 2014).
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Vicinal coupling constant (3JH,H) arises from interaction between scalar (through-bond)
coupling of nuclear spins separated three bonds apart. 3JH,H is sensitive to ring
conformational flexibility and changes as a function of orientation of scalar spins. 1H NMR
is the experimental technique that reports on this parameter. Yet, the observations from
NMR are too fast and only provide an average information, while leaving out fine details on
the flexibility of the sequences. MD computational simulations are the means to capture
these details. Equation 2, called Karplus equation, is used for this purpose(Haasnoot, de
Leeuw, & Altona, 1980). In this equation, a three-bond dihedral angle (8) is related to the
corresponding scalar vicinal coupling (3JH,H). Parameter  reflects a phase shift between the
cosine expansion and the measured torsion angle, while the coefficients A, B and C are
empirical constants derived from experimental results on related systems. Analysis of the
above two descriptors using MD simulations have offered significant insight into GAG
conformational dynamics and structure.

3JH,H =cos’(0+y )+Bcos(d+y)+C Equation 2

Conformational properties of HP/HS—: The conformational behavior of 1doA residues in
a HP/HS chain has been considerably debated in the literature (Casu, 1985; Linhardt, 2003).
C5 epimerization in L-1doA induces significant ring flexibility in comparison to D-GIcA,
which exhibits a stable #C4 ring conformer in solution. In fact as described above, IdoA and
its analogs can adopt many conformations (1C4, 4C1, 2S, etc.) and experimentally two
forms have been the major ones found to exist at equilibrium. Importantly, the
conformational equilibrium of the IdoA analogs could be modulated either by sulfation of
the neighboring residues or by its location at the chain termini (reducing or non-reducing
end). This conformational plasticity has been proposed as a key factor responsible for its
various biological functions, which arise from binding to proteins.

Puckering parameters and vicinal coupling constants, discussed above, have been used in
many studies to follow ring dynamics and stability in MD runs. The parameters also help
compare results of MD simulations to NMR-based experimental results. One of the earliest
results using this approach stated that IdoA tends to be in equilibrium between the two
chairs, namely 1C, or 4C;. Later, the discovery of an oversulfated pentasaccharide, which
bound better to antithrombin and displayed skew boat 2Sq form as a key conformer (Casu et
al., 1986; Das Sanjoy et al., 2001; Rees, Morris, Stoddart, & Stevens, 1985), kindled
theoreticians to explore conformational sampling of GAG residues in more detail. These
then shed light on other canonical puckers and helped identify transition intermediates such
as half-chair and envelop forms.

The prediction of conformational behavior of a heparin-like structure in water using Particle
Mesh Ewald (PME) (Darden et al., 1993)), electrostatic treatment has shown that explicit
solvent environment clarifies IdoA behavior better (Angulo, Nieto, & Martin-Lomas, 2003).
This method increased the accuracy of IdoA equilibria and their equivalence with
experimental coupling constants. These predictions were the first to suggest that sulfated
IdoA exhibits an equilibrium of 2Sqg and 1C, forms. Later, microsecond simulation of 1doA
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analogs showed that equilibrium was reached at about 3 ps (Sattelle et al., 2010), which is a
fairly long time on an MD timescale. Analysis of the MD runs using Cremer-Pople
parameters showed 7:1:2 population of 1C4:4C1:2Sq forms for unsulfated IdoA at
equilibrium. Upon sulfation at 2-position, the ring was found to be biased towards the 1C,4
chair form with only 10% of the 2Sg form (Sattelle et al., 2010). In contrast, irrespective of
the starting conformation, GIcA was found to be always stable in the 4Cq chair form.
Interestingly, further detailed analysis of MD results has shown that two quasi-stable states —
254 and 3S; — for IdoA are populated, irrespective of sulfation (Sattelle et al., 2010).

Puckering analysis of MD runs with both anomers of methyl idopyranosides has shown
significant variation as a function of the solvent environment (Sattelle et al., 2012). Two
chair conformations were populated for both anomers with 1C, being the most favored (84%
a- and 99% B-anomer). Theoretically, the transition between the two chair forms (1C4 and
4C1) occurs through half-chair, boat, skew boat and/or envelop forms; yet the p-anomer of
methyl idopyranoside did not exhibit half chair and envelops forms (Sattelle et al., 2012). In
these studies, the 3JH,H vicinal coupling constants were in agreement with the NMR-derived
values. Likewise, a report on a library of heparin-like trisaccharides showed that the
presence of 6-O-sulfation at the reducing end enhances the proportion of 2Sg form of central
IdoA2S (45%) (Mufioz-Garcia et al., 2012). In contrast, when this 6- O sulfation is absent,
there was a significant drop in 2Sg population. A later study by the group using tar-MD
method showed that there was an increase of population of equatorial conformers (6=90) of
IdoA2S, including 2Sp, 2B, B3 o, 3Sy, etc., when 6-O-sulfation is present at the reducing
end GIcN (Mufioz-Garcia et al., 2013).

A systematic investigation of the role of sulfation of the neighboring residues on the nature
of conformational preferences of I1doA and IdoA2S residues has been recently carried out
(Hsieh et al., 2016). The study focused on understanding effects of 2-O- and 3- O-sulfations.
Eight hexasaccharides were synthesized containing four each of IdoA and 1doA2S residues
located in the middle disaccharide of the chain. MD simulations showed that both IdoA and
IdoA2S interconvert between different conformations including 1C,, 2Sg, and 4C4 with a
distinct set of vicinal coupling constant 3JH’H. Figure 9G shows the population analysis of
ring conformation as a function of hexasaccharide sequence. The lower sulfated sequences
preferred 1doA2S in 1C4 conformation, whereas higher sulfation in the neighboring residues
shifted the ring towards the 2Sq to a maximum of 75% (Hsieh et al., 2016). This correlated
with reports on the heparin pentasaccharide (Hricovini, 2015). When the 1doA is not sulfated
at position 2, there was re-adjustment of ring puckering. In lower sulfated sequences, IdoA
preferred the skew boat conformers (~47%), whereas higher adjacent sulfation lowered this
population (29 to 19%). The GLYCAMO6 analysis of MD simulations performed on
variably sulfated tetrasaccharides containing AUA residue confirmed the effect of
neighboring sulfation (GIcNS/GIcNAc) on 1doA2S conformer population. Sequences
carrying neighboring GIcNAc favored 1C, for 1doA2S, while two adjacent GIcNS increased
the population of 2Sg by 37% (Singh et al., 2016).

The use of MD simulations and conformational analysis to develop insight into protein
recognition was presented in a study with a group of heparin hexasaccharide sequences,
which were not active towards FGF-1 (Munoz-Garcia et al., 2013). MD-based theoretical
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inter-proton distances were in good agreement with results from ROESY experiments, which
supported conformational analysis showing IdoA populations changing along the heparin
chain. The inactive sequence, Id0A2S-GIcNS6S-1doA-GIcNAC6S-1doA2S-GIcNAC6ES,
showed that the 1doA2S at the non-reducing end is depleted in 2Sg form, while internal
IdoA residues displayed substantial 2Sg. In contrast, the active sequence with higher
sulfation (IdoA2S-GIcNS6S-1doA2S-GIcNS6S-1doA2S-GIcNS6S) exhibits altered
orientation of sulfate groups on account of appropriate conformational preferences, which
induce binding to FGF-1 (Munoz-Garcia et al., 2013).

Although majority of long MD simulations (us) on ring conformations sampled by GAGs
have been with mono- or di- saccharide sequences, a couple of studies have attempted to
elucidate the effect of chain length. The IdoA residues in oligosaccharides with different
chain lengths and variable sulfation levels were especially investigated. It is known that HS
carries sulfated and unsulfated domains, called NS and NA domains, respectively (Sattelle et
al., 2013), which may range in size from 6 to 10 residues long. Analysis of MD simulations
for 1doA2S belonging to the AT-binding heparin pentasaccharide showed back and forth
transitions from 1C,4 to #C4. The overall pucker occupancy favored 4Cq (79%) with the
presence of half-chair, boat and skew-boat conformers with varying percentages from 1 to
5%. Similar observations were also made for internal 1doA2S residues present in
oligosaccharides of the NS-type (Sattelle et al., 2013). It is important to note that
observations are different from the earlier monosaccharide simulations in which 1doA2S was
found to mostly favor 1C, form. A possible explanation is the lower free energy barrier for
internal 1doA2S to undergo transitions in water, aided by chain length-specific interactions.
Interestingly for longer NS domains, 1doA2S at even numbered positions exhibited a higher
population of 2Sg ranging from 6 to 13%. Overall, IdoA2S located in the middle of a long
chain favored 4Cy, whereas that at the terminus tended to prefer 1C4 form. This is extremely
important if identifying protein binding sequences have to be deduced. For GIcA residue,
4C4 form was nearly uniformly populated irrespective of chain length, position and sulfation
level of adjacent residues (Sattelle et al., 2013).

Researchers have also queried whether D-GIcNAc is a rigid chair. Extended microsecond
MD studies on A- and O-sulfonated variant monosaccharides (GIcNAc, GIcNS, GICNS6S,
GIcNS6S3S and GIcNS3S) free a-anomeric and methylglycoside forms have helped drive
variation in equilibrium populations as a function of substituents (Sattelle & Almond, 2011).
For GIcNAc, equilibrium was achieved following 3-5 ps of experimentation. The 4C form
was found to be the dominant conformer (99.6%), which has been experimentally validated
(3JH,H)- Yet, a small proportion of 1C4 was possible to detect during simulations, especially
at a transient level. The pathways between these two chairs, 4C4 and 1C,, were achieved
through canonical non-chair and skew boat puckers (Figure 9B). 1-O-methylation in
GIcNACc also showed transitions between two chair forms, albeit with a lower frequency
(Supplementary Figures S6 A and B).

Increasing sulfation level of GIcN, as in GIcNS, resulted in 100% of 4C4 form. It is
important to note that although the simulation was started with 1C4 pucker, it switched to the
4C4 chair almost instantly and stayed stable throughout the MD run (Sattelle & Almond,
2011). Up on 6-sulfation, GIcNS6S showed a single change from 4C; to 1C4 with slower

Wiley Interdiscip Rev Comput Mol Sci. Author manuscript; available in PMC 2020 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nagarajan et al.

Page 29

exchange rate (Supplementary Figure S6 C). Further increase in sulfation at the 3-position,
as in GIcNS3S and GIcNS3S6S, did not impact much change to the stability of its 4C;
conformer. In fact, the miniscule proportions of other forms became even more inaccessible.
The MD results were in good agreement with the crystallographic data on GIcN structures
(lkemizu et al., 1999; Maveyraud et al., 2009; Xu, McBride, Paulson, Basler, & Wilson,
2010). Also, the MD simulations agreed with QM and NMR vicinal coupling constant
results (Sattelle & Almond, 2011).

Long microsecond MD simulations of HP/HS chains that are 2 to 10 residues in length and
carrying NS and NA type domains haven given insight into the nature of GIcNAc and
GIcNS6S too. GlcN residues irrespective of sulfation/acetylation state, i.e., GICNACc,
GIcNS6S and GICNS6S3S, at the reducing termini showed transitions between the two chair
forms. The rate of transition was higher for NA-containing species than for NS-containing
oligosaccharides (Sattelle et al., 2013). Interestingly, this was slower for disaccharides in
comparison to tetra- to deca- saccharides.

Conformational properties of other GAGs—: In the manner of MD studies on HP/HS
sequences, conformational preferences of unsulfated chondroitin, CS-A and HA
disaccharides have also been studied (Sattelle & Almond, 2010). MD studies were
performed using GLYCAMO06 and analyzed for monosaccharide geometries. The results
showed that the structures deviated least from the #C; form for hexosamine in all test cases
with only a 1% proportion of the 2Sg form. Likewise, GIcA exhibited minimal deviation
from the 4C; geometry but displayed a significantly higher 2Sg population of 9, 4 and 11%
for chondroitin, CS-A and HA, respectively. It is important to note that 1C, chair form was
not identified at all in this analysis. The MD results were supported by experimental
measurements of average vicinal coupling constants 3]y y for each hexopyranose ring.

Overall, very few MD studies on CS and DS sequences have been performed perhaps arising
from the results obtained at disaccharide levels showing an overwhelming abundance of 4C;
form. Yet, longer sequences may exhibit differences, which should be studied in detail.

Deducing changes in free energy—As discussed above, the Cremer-Pople parameters
derived from MD simulations can be transformed into populations of different conformers at
equilibrium, which in turn can be converted into population probabilities (p) for the
occurrence of a conformer. This affords deduction of difference in free energy (AG) between
two conformers (e.g., 1 and 2) at equilibrium using equation 3. In this equation, Ag is the
Boltzmann constant and T is the absolute temperature, whereas p; and p,are the
probabilities of occurrence of two conformers 1 and 2. For the simulations of IdoA
described above, the #C chair and 2Sq skew-boat forms displayed higher energies than the
1, chair form by 0.9 and 2.6 kcal/mol, respectively. Using the same equation, 1C4 and 2Sg
energies were calculated to be equivalent irrespective of sulfation of IdoA; while the energy
of the 4C conformer was significantly higher, which ensured a slow conformational
exchange between the two chair forms (Sattelle et al., 2010).
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AG = —kgTln—  Equation 3
Py

A later extended MD study (microseconds) on a. and p methyl idopyranosides using
different models of water showed a free energy difference of 1.7 kcal/mol between the two
chair forms for the former anomer (Sattelle et al., 2012). The key driving factor impacting
these differences were the distribution of water molecules around the anomeric
configurations. These solvent geometries impacted stability of puckers and their
conformational kinetics. Likewise, microsecond simulations of GIcN analogs (acetyl and
sulfonated variants) showed that the #C; form was more stable than the 1C4 form by about
3.5 kcal/mol (Sattelle & Almond, 2011).

An identical free energy analysis can also be performed for the bi-dimensional inter-
glycosidic torsional space involving @ and . The densities of different identifiable states
(e.g., 4/ with probability A j) in the torsional space with maximal probability £y
(corresponding to the entire torsional space for a given inter-glycosidic bond) can be
transformed using the Boltzmann formulation 3 described above. Application of such as
calculation in CS-A did not show noticeable differences in the p1—4 linkage as a function
of different water models, as expected; however, three distinct minima were observed for the
B1—3 linkage (Neamtu et al., 2013). A major basin of high probability corresponding to a
free energy of —3.8 kcal/mol arose from a unique H-bond between the —OH group at
position 2 of GIcA and oxygen of GalNAc’s acetamido group. Two minor basins observed in
the bi-dimensional space had energies of —0.93 kcal/mol and —1.3 kcal/mol and could be
rationalized by the presence of some specific H-bonds (Neamtu et al., 2013). It is important
to note that minor basins were not observed when higher-order water models (TIP4P, TIP5P)
were used in simulations.

Finally, some groups have used advanced sampling techniques and more in-depth
calculations to map the free energy landscape such as metadynamics, replica exchange
dynamics, and adaptively biased molecular dynamics (Babin & Sagui, 2010; Oborsky et al.,
2013; Spiwok, Kralova, & Tvaroska, 2010; Faller & Guvench, 2015). Generally, these
studies have been performed on mono- or di- saccharides belonging to HP/HS and CS.
Overall, the results were in good agreement with unbiased MD simulations as well as
experimental observations.

Coarse grain simulations—Experimental and computational structural analysis of
GAGs has given much insights into their free and protein-bound states in solution (Casu,
Naggi, & Torri, 2015; Kjellén & Lindahl, 2018; Pomin & Mulloy, 2018; Sankaranarayanan,
Nagarajan, & Desai, 2018). Generally, computational studies have been performed for
sequences that are mono- to dodeca- saccharide long. Yet, GAGs are much longer. A typical
GAG chain may carry 50 to 200 residues. Considering the configurational and
conformational complexity of constituent saccharides, study of a GAG chain’s
conformational properties is extremely difficult. Even though the approach involving all-
atom computational classical MD simulations (discussed above) laid a path to understanding
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GAG solution behavior, it is more likely a time and resource consuming on increasing chain
length.

For longer HP/HS sequences carrying multiple NA and NS domains, which may or may not
bind a protein in a specific manner, it is difficult to extract detailed structural information
within relevant time using all-atom simulations is computationally challenging. An
alternative approach that is gaining strength is the coarse grain (CG) simulation. This
approaches reduces the number of degrees of freedom involved in computational
calculations by assigning pseudo-atoms (Ing6lfsson et al., 2014). Many CG models,
including MB3, Martini, Srinivas, Markutsya, etc. have been proposed to perform
carbohydrate simulations (Lopez et al., 2009; Molinero & Goddard, 2004; Srinivas, Cheng,
& Smith, 2011).

Bathe et al. performed the first successful CG approach specific to GAGs and analyzed
chondroitin and HA characteristics as a function of ionic strength and pH (Bathe, Rutledge,
Grodzinsky, & Tidor, 2005). Their CG topology was built using the standard degrees of
freedom (DOF) and included inter-glycosidic linkage torsion angles. The DOFs were
reduced by considering three CG atoms for each monosaccharide and two additional virtual
pseudo-CG atoms including the center of charge (V) and the center of geometry (V).
During simulations all bonds were treated as rigid and only flexible inter-glycosidic torsions
were allowed to move. Since the internal motions (DOFs) of each residue reflects a constant
Cremer-Pople ring puckering, CG parameters were fine-tuned using results from the
classical all-atom disaccharide simulations. Non-bonded interactions (electrostatic and
steric) between the adjacent residues were taken into consideration using appropriate
potentials. Predictions based on the CG model were comparable to experimental
observations; however, it is important to note that these experiments were much more
efficient.

As discussed above, ring conformations of UA are important, which implies that it is not
enough to take only inter-glycosidic torsions and CG beads, which simulate residues. To
gain insight into conformational dynamics, it is essential to include pyranose ring motions in
CG model(s). Satelle et al. included ring puckering in their CG model in addition to inter-
glycosidic torsions by using the Cremer—Pople parameters as DOFs. They employed two
separate energy functions for inter-glycosidic linkage and puckering motions. The overall
hydrodynamic motions not only reproduced orientations at individual residue level but also
explored conformational energy landscape of sugar puckering conformers (Sattelle et al.,
2013; Sattelle et al., 2015).

Samsonov et al. have developed an alternating approach of coining 28 pseudo-atoms
corresponding to functional groups of 17 different GAG residues and a CG parameter set
that is compatible to the AMBER force field (Salomon-Ferrer et al., 2013). An analysis of
PDB-deposited protein-GAG complexes was performed using three key interactions of
functional groups to proteins. CG parameters such as bonds, virtual bonds, bond and
torsional angles of pseudo-atoms were extracted from all-atom force fields and restraints
were used to maintain equilibrium values. The non-bonded interactions were taken into
account by assigning integer charges to sulfate (—1) and carboxyl group (=1), zero charges to
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all other atoms, and implementing Lenard-Jones parameters using potential of mean force
approach (PMF). Overall, a good agreement on global (RMSD, length and R gyration) and
local characteristics (bond, angle and dihedrals) of GAGs was derived between CG and all-
atom approaches (Samsonov, Bichmann, & Pisabarro, 2015).

Recently, Kolesnikov et al. developed a field-theoretic approach in CG modeling to describe
the solution properties of GAGs in presence of added salt concentrations (Kolesnikov,
Budkov, & Nogovitsyn, 2014). This work was based on the data from experimental osmotic
pressure in calculating the static structure factor, degree of dissociation, persistence length
and radius gyration for semi flexible polyelectrolyte chains in presence of salt. This
simplistic theoretical approach by means of adjustable parameters showed the agreement
between experimental and theoretical approach.

Conclusions and Future Directions

This review was directed toward beginners and experimental GAG biologists to help
understand development and application of computational techniques for GAG.
Understanding free solution behavior of GAGs and sequences of interest is key to
performing complex simulations for answering biological questions. Rather than
synthesizing or isolating GAG sequences, computational simulation are relatively
inexpensive. In fact, the technology has developed to a level that meets experimental results
in many cases.

The all-atom computational conformational studies of GAGs have reached a state of
maturity that enables an interested non-computational specialist with some basic
understanding to perform MD simulations and derive meaningful conclusions. Many tools
are available and parameters for many atoms and groups have been deduced. Insight on
many different aspects of GAG structure can be derived including overall shape(s) of GAGs
in solution, flexibility of chains of different lengths, populations of different conformers
likely to exist in solution, rate of conversion of different conformer populations, dynamical
variations in surface electrostatics, strength and persistence of H-bonds, impact of GAG
sequence on ground state conformations, and role of water molecules in preservation of
GAG structure and conformation. These insights are extremely useful for identifying and
explaining protein recognition by certain GAG sequences.

Unfortunately, most biology-based researchers have not availed of these advances to
pinpoint GAG sequences of interest. The traditional discovery of promising GAG sequences
has sought to use solution-based experimental techniques as the first step; although
computational methods of identifying GAG sequences of interest may save much time and
resources. Here it is important to reiterate that computational methods of simulation have
been able to put forward predictions for GAG—protein systems in solution (Samsonov,
Gehrcke, & Pisabarro, 2014; Sapay, Cabannes, Petitou, & Imberty, 2011; Sepuru et al.,
2016; Verli & Guimaraes, 2005) and computational study of GAGs is no longer an esoteric
technique.

The subject of computational studies of GAGs is poised for major leaps in many directions.
Considering that simulation of behavior of oligosaccharides is now feasible, the next step is
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going to be designing GAG sequences that bind to a specific site on target proteins. Efforts
in this direction have already yielded fruits suggesting that most GAG-binding proteins
should be targetable. A key aspect of this effort will be to predict the exact overall fold and
electrostatics of sequences with high level of accuracy, especially for longer chains. Also it
would be important to elucidate elements of GAG sequences that engineer specificity of
interaction with proteins. In this connection, a key direction may be to rely on residues that
are not present in nature, e.g., IdoA2S3S and GIcA2S3S, which could offer a route to
engineering specificity. Finally, another important direction would be to design GAG-like
chains that carry non-natural, synthetic variations of saccharide substituents.

A primary goal of enabling computational technology for understanding GAG structure and
recognition is to realize more clinically useful GAGs. The current state of DruGAGome
(drugs that are GAGS) is poor. The sole member of DruGAGome is heparin pentasaccharide,
in its various forms including fondaparinux, enoxaparin and heparin. ldentification of few
other sequences that bind to proteins, e.g., heparin cofactor 11 and glycoprotein D, suggests
that membership of DruGAGome may increase in the future. But major efforts are needed to
enhance the probability of realizing this possibility.

Yet, there are challenges. In addition to the fundamental scientific question whether highly
specific GAG sequences are possible at the level of proteins and nucleic acid, technological
challenges abound. Understanding all possible topologies for a given chain length is not easy
and needs massive computational power. There is a chain-length dependent proportional
increase in computational complexity and resource needs. Method such as united atom
model and coarse grain have started to make some inroads but at the cost of fine information
at atomistic level. However, it is likely that models of binary and ternary complexes of
GAGs with proteins may be realized through these approaches.

Overall, advances in simulation of GAGs made over the past decade or so have positioned
interested researchers, especially the experimental biologist, to undertake fairly sophisticated
experiments on how a given GAG sequence may behave in solution and interact with desired
targets as well as un-intended targets. The level of sophistication has reached to the point of
being able to designing GAG sequences with beneficial properties. Computational
approaches should continue to gain strength and help expand the DruGAGome in future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Structures of common glycosaminoglycans (GAGS).
Red - D-glucosamine (GIcN); Green - A-acetyl-D-galactosamine (GalNAc); Purple - D-

glucuronic acid (GlcA); Brown — L-iduronic acid (IdoA). X = -H or -SO3™ ; R =-Ac or —
SO3™ groups. HA has GIcNAc linked to GIcA by B(1—4) inter-glycosidic linkages and
GIcA linked to GIcNAc through p(1—3) inter-glycosidic linkages. CS has GalNAc linked to
GlcA by B(1—4) linkages and GIcA linked to GalNAc by p(1—3) inter-glycosidic bonds.
DS’s GalNAc is linked to IdoA by B(1-4) linkages, whereas 1doA is a(1—3) linked to
GalNAc. In HP/HS, GIcN is a(1—4) linked to either GIcA or IdoA. In contrast, GICA
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residues are B(1—4) linked to GIcN residues, whereas 1doA is a(1—4) linked to GIcN
residues.
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b Electronic distribution in
maonosaccharides by CNDOI2 method
(Zhdanav, Minkin, Miniaev, Zacharov, &
Alexeev, 1973)

P Conformational exploration of methyl

glycopyranosides (Vijayalakshmi,

Yathindra, & Rao, 1973)

P Hindered rotations and unperturbed

dimensions of un-solvated

polysacthandes (Cleland, 1971)

P Hard sphere maps: Conformational

analysis of polysaccharides and

calcuiation of helical parameters using

steric restrichions (Rees, 1969)

[ MM3 force fields (Alinger, Yuh, & Li,
1

289)

K+ REFINEU and MMZ2 - monopole
approximation (Ragazzi, Ferro, &
Provasol, 1986)

P Hard spheres exc-anomeric effect
{HSEA){Bock et al., 1984)

P+ SCF- MO study of N-methyl suifamate
(Kaliannan, Vishveshwara, & Rap,
1083)

(¥ Continuum reaction field method
(TvaroSka, 1982)

K Modified MM1 (MM1CARB),
conformational analysis of
monosaccharaides (Jeffrey & Taylor,
1380)

i CS letrasacchanide  dynamics studies
(Kaufmann, Mhie, Hofmann, & Amold,
1999)

% Pyranose ring Rexibility mapping physical
data in continuous conformationa! space
(Emstetal. 1938)

% MD of HA disaccharides in aqueous
solution (Almond, Brass, & Sheehan,
1928)

% Improved force field for sulfated
polysacchandes (MM2, CHAMF) (Femo,
Pumiia, & Ragazzi, 1997)

% Force field for treating ionic sugars
(REFINEICHAMP/Gaussiand2) (Ragazzi
& Ferro, 1697)

" Parameters for sufates and sulfamates:
{Huige & Altona, 1995)

[ Interactions in IdoA2S
conformational eguilibrium in
heparin (Po-Fachin & Ve, 2008)

% Effect of different charge calculation
methods on conformational
reproduction ol heparin (Becker,
Guimaraes, & Verli, 2005)

» Polar interactions{Almond, 2005)

% Coarse grain simuations (Bathe,
Rutledge, Grodzinsky, & Tidor,
2005}

[t Algorithm 1o design structural
mimetic of GAGS (Nagarajen,
Sankaranarayanan, Palel, &
Desai, 2017)
[ Extended force field parameters
(Giycam 0B} (Singh et al, 2016;
Hsieh, Thieker, Guemini, Woods, &
Liu, 2016)
P N-sulfamate parameters for
CHARMM (Sarkar, Yu, Desai,
MacKerel, & Mosier, 2016)
Microsecond simulations (Sattelle,
E Shakeri, Cliff, & Almond, 2015)
Coarse grain simulations
(Samsonoy, Bichmann, &
Pisabarro, 2015)

1969 - 1974 19?5—19?!> 1930—1989>> 1990—1994> 1995—1999> 2000 - 2004

>zuo5-zm> m1n-zm> 2015 - >

* Conformational analysis of (1-)4Minked
disaccharides using CNDO/2 and

(Potenzone & Hopfinger, 1975)

% Ring puckening sludies (Crener & Puple,
1975)

F* MM2 force fields (Alinger, 1977) and
conformational anafysis of HA using
CAMSEQ software (Polenzone Jr &
Hopfinger, 1878)

K Conformalional studies on heparin using
a slereochemical approach, contact
distance and polential energy calculation
{Nagarzian & Ra, 1979)

"+ Consistent force field (CFF) (Meberg &
Rasmussen, 19793, 1979b)

-

Picosecand dynamics of monosaccharides
{Hajduk, Horita, & Lemer, 1983)
Conformational preference of koA (NMR
soivation of dodecasaccharide structure of
Trepreaim inn vy cliffeereent b vonfonations
PDB:HPN) (Mulloy, Forster, Jones, &
Davies, 1933)

MD simulabion of non-sulfaled heparin
{Forster & Mulloy, 1993)

ChemX, NOEMOL, QCPE (Mulloy et &l
1994)

Stereochemical approach using CHARMM
minimization in QUANTA simulation
(Venkataraman, Sasisekharan, Cooney,
Langer, & Sasisekharan, 1934)

MD of HA GBISA solvalion model
{Holmbeck, Petillo, & Lemer, 1984)

% Agreement of aqueous molecular
dynamics with x<ay fber difraction
(Almond & Sheehan, 2000)

% Conformational dynamics of HA
(Lelendi, La Pernra, Cliiessi, Periu, &
Cesdro, 2002)

¢ Adiabatic maps of chondroitin
disaccharides (Rodriguez-Carvajel,
Imberty, & Phrez, 2003)

1% Conformational fexibility of IdoA ring
using PME melhodalogy (Angulo,
Nieto, & Martin-Lomas, 2003)

% MD of decasaccharide fragment of
heparin (Verll & Guimaraes, 2004)

% PM3 method semi-empirical
calculations (Bayraktar, Akal, Samper, &

Vamali, 2004)

b Abilty of force fiekd to reproduce IdoA2S ring puckering
(Gandhi & Mancera, 2010)

b+ OM and MD simulations (Cipa, Hyvanen, Koivuniemi, &
Riekkola, 2010, Samsonav, Theisgen, Riemer, Huster, &
Pisslaario, 2014)

b Free energy fing conformations (Babin & Sagui, 2010)

b Comparison of force fields in conformational analyss
{Sattele & Almond, 2010)

k% Forces acting on IdoA eonformalions up on neighboring
residues (Mufioz-Garcla el al., 2012)

% Comparison of MD in waler models (Neamly, Tamba, &
Patras, 2013}

b Conformational modeling of IdoA (Oborsky, Tvaroska,
Kralova, & Sphwok, 2013)

b Time averaged distance resirained simulations (Mufioz-
Garcia, Corzana, de Paz, Angulo, & Nieto, 2013)

"+ BFMP: Visualizing pyrancse conformations (Makeneni,

Foley, & Woods, 2014)

Figure 2: Time line of advances in computational studies of GAGs.
Key findings are listed in chronological order from left to right.
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A) Initial 3D Structure B) Input Parameters and Coordinates
3 Select force field & program to perform MD
1 Download Structurs —p»  (GLYCAMDG - AMBER, CHARMM - NAMD, = -
v X-ray solved PDB, CSD A GROMOS - GROMACS) | N 4 Call the force field library; Load
v NMR solved structures [ | GAG structure(s) from (A)
v Other glycan-based
databases (see Table 3)
A
A 5 / 6 ‘u_f T s e
2 Buldthe GAG ’J\\_\ ™ S
Y GLYCAMWeb Sy 0 ) oy —
v PRODRG — %_ i {L Nl | 8 Sa\fe initial
7 CHARMM GUI -~ f\/ O~ ¢ \< coordinates and
v Other tools (see Table 3) A - parameters
Load Structure Add Counter ions Solvent box
D) MD Trajectory Analysis C) Minimization, Equilibration & Simulation

14 Intra-molecular H-bonds
v' Average number

13 ®, W Analysis
v" Fluctuation with time

12 Perform MD
v' Apply periodic boundary

9  Minimize the System
v Minimize solvent w/ fixed

v Lifetime ¢ v 0&Y2Dcontourplot  [€— v Apply Particle-Mesh Ewald solute
v Occupancy (probability distributions, v Record trajectory (every 1 ¥ Minimize the entire
v Distancefangle adiabatic mapping, efc.) or 2 ps) system
—_distribufion l ]
y

15 Inter-molecular H-bonds

v' Pair distribution
v Radial distribution
v' Average number, life time

16 Conformational Analysis
v Cremer - Pople puckering
» v 3, vicinal coupling

v Inter-proton distances

v Bridging water molecules

v' Free energy surface

11  Equilibrate Pressure

v Bring system to 1 atm

v Select ensemble (NPT,
NVT, ...)

v' Record trajectory

10 Equilibrate Temperature

v Slowly heat the system
v' Bring to desired
temperature
(e.g., 300K, 310K, etc.)

4

Figure 3: Schematic flow chart for performing MD simulations.
1) The atomic coordinates of GAG should be extracted from the Protein Data Bank

(www.rcsh.org) or Cambridge Structural Data base (https://www.ccdc.cam.ac.uk) or from
other structural data bases (details are provided in Table3). 2) If the structure is not available
in any of these databases, it can be built using 3-D model building tools (Table3). Once the
3-D structure is built, check for missing atoms and add hydrogens at appropriate places.
Appropriate sugar puckering (1Ca, C1, 2Sp) should be included, e.g. IdoA. 3) After
successfully building GAG structure, select the force field and relevant MD program to
perform dynamic simulation (GLY CAMO06-AMBER, CHARMM-NAMD/CHARMM, or
GROMOS/GROMACS). 4) Using the respective program, call the force field and load the
structure obtained from 1 or 2. The loaded structure should be checked for any error and
rectified. 5) An example of a loaded structure is shown (e.g. 1d0A2S(2Sp)-GIcNSES). 6)
Check the charge of the GAG sequence and add required number of counter ions (using
respective programs like addion, genion and autoionize). 7) Solvate the molecule in a pre-
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equilibrated solvent box with defined box size such as cubic 12 A (e.g., water model: TIP3P,
SPC/SPCE). 8) Once the GAG and ions are solvated save the initial parameter/topology and
coordinates to perform further steps. Steps 9-12: A typical way of conducting molecular
dynamics (MD) simulations. 9) Energy minimize the system to remove steric clashes, if any,
with defined protocols. 10) After minimization slowly bring the system to desired
temperature using thermostat by restraining the GAG. 11) Apply constant pressure by
coupling the system to a barostat; bring the system to NPT ensemble (different ensembles
could be used NVT, NVE) and record outputs at constant time intervals. 12) Once the
system is well equilibrated, perform the final MD production run ranging from nano-seconds
(ns) to micro-seconds (us) of choice; record system trajectory at constant interval of time
(e.g., for every 1, 2 or 10 ps). Apply periodic boundary condition and Particle -Meash —
Ewald for long range interactions. Steps 13-16: Analyzing the recorded trajectory to extract
information. 13) Extract the inter-glycosidic torsional space and understanding their density/
probability/distribution in 2D contour plot by binning the ® & ¥. 14) Trace H-bond
interactions within and in-between GAG residues by calculating their occupancy, average
number and lifetimes. 15) Evaluate caging of GAGs in water molecules with respect to time
during the simulation using pair distribution function, average number, lifetimes and
bridging water molecules. 16) Analyze the individual puckering states using ring
conformational analysis, Cremer-Pople parameters, theoretical and experimental vicinal
coupling constants 3Jy and inter-proton distance using NOE and MD for adjacent residues.
Free energy of conformational transition from one ring to other ring form can also be
calculated.
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Figure 4: Representation of glycosidic torsion angles (®, ¥).
A) and B) Energy contour exploration of glycosidic angles ®,'¥ from alternate

tetrasaccharide of hyaluronan (HA) shown for middle linkage, extracted from molecular
dynamics simulation. The filled diamond boxes represent values of ®, ¥ extracted from X-
ray fiber diffraction refinements (Almond, Brass, & Sheehan, 1998). C) and D) Energy
contour exploration of glycosidic angles ®,'¥ from alternate tetrasaccharide of chondroitin
shown for middle linkage, extracted from molecular dynamics simulation. The filled circle
represents the value of @,V with different helical folds from x-ray-fiber diffraction data
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(Almond & Sheehan, 2000). E-H) Contour plots of heparin glycosidic linkages as a function
on IdoA conformation. E) GIcNS6S(1—4)1doA2S linkage shown with 1doA2S in 1Cy4, F)
with 1doA2S in 2Sg. G) GIcNAC6S(1—4)1doA2S linkage shown with 1doA2S in 1C4. H)
IdoA2S(1—4)GIcNS6S linkage with 1doA in 1Cy4, # represents the final conformation after
200ns and * represents the input minimum-energy conformation for MD refinement (Pol-
Fachin & Verli, 2008). Figuresto be reproduced after permission from respective
publishers.
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Library of Heparin Trisaccharide Heparin Disaccharide
A) B) C) D)
. GIcN-1doA2S linkage . |doA2S-GleN linkage
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Figure 5: Representation of glycosidic torsion angles ®,¥.
A and B) Glycosidic torsional angle @, ¥ distribution with respect to GIcN-1doA2S and

Ido2A-GlIcN linkages for a library of 8 sequences (Mufioz-Garcia, Corzana, de Paz, Angulo,
& Nieto, 2013). C) Schematic structure of GAG disaccharide with A-uronic acid and
GIcNAc with varying sulfation of total three sequences (1: AUA2S-GIcNAC6S, 2: AUA2S-
GIcNS, 3: AUA2S-GIcNS6S). D) Glycosidic torsional angle @, ¥ represented as population
distribution heat maps for AU2S-GIcNACc6S, with maximum conformers at ®=50° , '¥'=0°.
E and F) Heparin tetra saccharide (E:GlcA-GlcNAc-1doA2S-GlcNAc, F:GIcA-GIcNS-
IdoA2S-GIcNS) with residue E 1doA2S and with varying sulfation in adjacent GIcNAc in E
and F. G-1) Glycosidic torsional angle @, ¥ represented as population distribution heat maps
for all possible disaccharide pairs were reported, here we show G) distribution of @,V for
the disaccharide (GIcA-GIcNS) in sequence E. H) Distribution of ®, ¥ with regard to
disaccharide pairs in the last IdoA2S-GIcNAc/GIcNS. 1) Distribution of ®, ¥ with regard to
disaccharide pairs in the last IdoA2S-GIcNAc with I1doA2S restrained in 2Sq form (Singh et
al., 2016). Figuresto be reproduced after permission from respective publishers.
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Figure 6: Intra-molecular H-bond interactions observed in HA and CS from various MD
simulation studies.

A and B) Represents the H-bond interactions established between the possible donor-
acceptor pairs for HA disaccharides. The occupancy in the presence of solvent/vacuum is
marked respectively (Almond et al., 1998). C) HA tetrasaccharide — H-bond occupancy in
the presence of solvent. D and E) unsulfated CS disaccharides: observed hydrogen bond
interactions (Almond & Sheehan, 2000). F) Unsulfated CS tetrasaccharide in the presence of
solvent: H-bond occupancy. G and H) Donor-acceptor interaction in CS-A (Kaufmann,
Méhle, Hofmann, & Arnold, 1999; Neamtu, Tamba, & Patras, 2013). | and J) Hydrogen
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bond interactions from CS-C (Cilpa, Hyvdnen, Koivuniemi, & Riekkola, 2010). K and L) H-
bond interactions from unsulfated DS with IdoA in 2Sq puckering (Almond & Sheehan,
2000). Note: For all these the disaccharide pairs are shown for both 1-3 and 1-4 linkages
with hydrogen bond donor and acceptor atoms labeled, and existence of hydrogen bonds
shown in dashed line. The symbol * shows the difference in occurrence and B*, B** shows
the first time appearance. Figuresto be reproduced after permission from respective
publishers.
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Figure 7: Intra-molecular H-bond interactions observed in HP from various MD simulations.
A and B) Represents the H-bond interactions from heparin disaccharides GICNS6S-1doA2S

(2C,) and GIcNS6S-1doA2S (2Sp). C and D) The hydrogen bond interactions from heparin
disaccharides GIcNACc6S-1doA2S (1C,) and GIcNAC6S-1doA2S(2Sp) (Pol-Fachin & Verli,
2008). E and F) The hydrogen bond interactions from the sequence (GIcNS6S-1doA2s)s
with 1doA2S in both 2Sg and 1C4 forms (Verli & Guimaraes, 2004). G and H) Various
observed stabilizing intra molecular hydrogen bond present in pentasaccharide-Arixtra with
the participating 1doA2S in both 2Sg and 1C4 forms (Beecher, Young, Langeslay, Mueller, &

Wiley Interdiscip Rev Comput Mol Sci. Author manuscript; available in PMC 2020 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Nagarajan et al.

Page 57

Larive, 2014; Langeslay et al., 2012). 1-K) Hydrogen bond distance deviation observed in
the individual residue of IdoA in 2Sg and 1C4 forms and in between GIcNS3S6S-1doA
(2c,). All donor-acceptor atoms and distances are labeled, hydrogen bond interaction shown
in dashed line (Hsieh, Thieker, Guerrini, Woods, & Liu, 2016). Figuresto be reproduced
after permission from respective publishers.
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Schematic representation of water molecules around GAG and atoms of GAG

Page 58

5 & Bulk waters, B) C) D)
Distribution of water molecules around selected atoms - GaINAc6S(1-4)GIcA
5 35 F) s G) §12 H) § 20
B 30 B 15 T 10 A o™ 3 |
2 25 “‘ 2 [li 3 i 1 gred S 15 f
g | g | §of | §.q |\
215 | 3 \ W 32 | 3 W i P
g 1.0 I % 05 |t b 2 04 ) @ 05 " b |
S o0s | -=0---0 b —-OH---W 2 02 | SCH(1)--- W = -S=-0-.--
] oo —J 8 oo —J 8 ool - | < (1) 8 oof — ? O---W
0o 2 4 6 8 10 12 o 2 4 6 8 10 12 o 2 4 6 8 10 12 2 4 6 8 10 12
distance in A distance in A distance in A distance in A
Water mediated hydrogen bonds - Average number and Lifetime - GaINAc4S(1-4)GIcA
o K) 10 2.9 L) 1.6 15
H-Watgg.—"' s .B-u :: .LZ
" <25A £ o1 g1 o
at sk . £ v
0-water . I I 02 I . I
Atoms of solute (CS4) . — o 00 - 02

Distribution of water molecules

around IdoA

—— L-1doAzS '€,
——L-1doAzS S,

o
]
g

Water as brldges
0)

m
o
@
)

)
o
S

Radial distribution function

A GIcNAC(1-4)GIcA(1-3)GIcNAc

GalNAc(1-4)GIcA(1-3)GalNAc

4 G
Distance (A)

Figure 8: Inter-molecular (water) interactions in GAG.
A) Schematic representation of structured water (water molecules shown in blue spheres)

around GAG disaccharide and bulk water molecule, which is not close to GAG (shown in
red spheres). B and C) Representation of water molecules close to different polar groups of
disaccharide, orange sphere shows water molecules around carboxyl group, Green sphere
water molecules shown around sulfate group and blue color water spheres shown around one
of the hydroxyl group. D) Shows the structured water molecule around 1-4 linked CS-C
(from A-D only oxygen atom of water alone shown for better visibility). E-H) shows the
radial distribution of water in CS-C with respect to bulk water-water, hydroxyl group —water,
CH —water (Wiegel, Kaufmann, & Arnold, 1999). 1) schematic representation of water
mediated H-bond interaction. J) Structure of 1-4 CS-A. K) Average number of water
mediated H-bonds with respect to each donor and acceptor group in CS-A. L) Life time of
established H-bonds between CS-A and water molecules (Kaufmann et al., 1999) (color
from blue to red shows the increase in strength in both K and L). M) Radial distribution of
water molecules around heparin trisaccharide with | doA2S in 2Sg in red and 1C, in blue
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(Mufioz-Garcia et al., 2013). N) Bridging water molecular interaction in HA (one water
molecular bridging/two water molecular bridging). O) Bridging water molecular interaction
in unsulfated chondroitin (one water molecular bridging/two water molecular bridging)
(Almond, 2005). Figuresto be reproduced after permission from respective publishers.
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Figure 9: Ring conformations of GAG.
A) Schematic representation of Cremer-Pople puckering parameter theta (6) for IdoA ring

shown for 4C1, ® = 0° to 60°, 2S, © = 60° to 120°, 1C,4, 6 = 120° to 180°. The structures
are shown in right hand side of A with representations for observed NOE cross peaks from
Hsieh et al 2016. From this the vicinal coupling based on four torsion is also shown (e.g.
H2-C2-C3-H3). B) The transition path way of ring conformations from chair to skew boat
and then to chair observed in microsecond simulation for GIcNAc (Sattelle & Almond,
2011). C) The population of ring conformers obtained for IdoA2S and IdoA in the library of
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8 hexasaccharides sequences (S1 to S8) with variation in neighboring residue sulfation are
shown. From left to right it shows the increase of sulfation in the sequence (Hsieh et al.,
2016). Figuresto be reproduced after permission from respective publishers.
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Table 2.

Force fields and types of GAG sequences studied to date.

Page 63

Force field Molecular description

GLYCAM

Glycam93 Library of 8 heparin trisaccharides carrying variable sulfation in 1doA & GIcNAc residues
Tetrasaccharides with GIcA, GalNAc, or GIcNAc residues
Hexasaccharides with 1doA2S, GIcNS6ES, 1doA, & GIcNAc residues
Synthetic hexasaccharide carrying 1doA2S and GalNS6S residues

Glycam06 Library of 8 heparin trisaccharides carrying variable sulfation in IdoA & GIcNAc residues
Monosaccharides with variable puckering in 1doA, 1doA2S and GIcA residues
2-O-Sulfo-a-L-1doA monosaccharide
Methyl-a-L-1doA & methyl-B-D-Glc monosaccharides
Disaccharides carrying GIcA, GalNAc, GalNAc4S, or GIcNAC residues
Hexasaccharide carring 1doA2S and GIcNS6S residues
B-D-Glc monosaccharide
Arixtra (antithrombin binding heparin pentasaccharide)
a-L-l1doA-OMe and a-L-1doA2S-OMe monosaccharides
Octasaccharide with GIcA and GalNAc4S residues
Tetra- and hexa- saccharide containing GIcA, GalNAc, GIcNAc, and GalNAc4S residues
Sulfated analogs of GIcNAc, GalNAc, IdoUA, and GIcUA
Di- and tetra- saccharides containing AUA and sulfated or non-sulfated variants of uronic acid and glucosamine residues
8 Hexasaccharides carrying variably sulfated 1doA and GIcNAc residues

Glycam06h 5 Hexasaccharides carrying variably sulfate 1doA and GIcNAc residues

Glycam06g GIcNAC, GIcNS, GIcNS6S, GIcNS6S3S and GIcNS3S monosaccharides as free a-anomers and methylglycosides

Arixtra (antithrombin binding heparin pentasaccharide)
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Page 64

Force field Molecular description
Gycam1l Methyl a- and B- L-ldoA monosaccharides
CHARMM21A Tetrasaccharide containing GIcA, GalNAc4S, and GalNACc6S residues
CHARMM 20 GlcA and GIctNAc monosaccharides
CHARMM22 Two HA disaccharides with GIcA and GIcNAc residues

Two HA tetrasaccharides with GIcA and GIcNACc residues

HA tetrasaccharides with GIcA and GIcNAc residues

CHARMM 24b2

Tetrasaccharide with GIcA and GalNAC6S residues

Tetrasaccharide with GIcA and GalNAC6ES residues

CHARMM25

HA, DS, and chondroitin tetrasaccharides

CHARMMC36

CS disaccharides

CHARMM 27a2

HA and CS disaccharides

CHARMM36 Linker tetrasaccharide connecting GAG to protein in proteoglycans
GROMACS Decasaccharide carrying 1doA2S and GICNS6S residues
Di- and tri- saccharides of HA type
Decasaccharide carrying I1doA2S and GICNS6S residues
GROMOS96 Trisaccharide carrying IdoA2S, GIcNS6S, and GIcNAC residues
a-L-1doA2S monosaccharide
Dodecasaccharide carrying GIcA and GalNAc6S residues
OPLS AA B-D-Glc monosaccharide
HA oligosaccharides
B-D-Glc monosaccharide
SPASIBA Mono and disaccharide chondroitin sulfate
Dreiding Tetrasaccharide containing GIcA, GalNAc, GalNAc4S, GalNAc6S, and GalNAc4S6S residues
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Page 65

Force field Molecular description
MM3 Methyl-O-(4- O-methyl-2,3,6-tri- O-sulfo-B-D-glucopyranosyl-(1—4)- O-(2- O-sulfo-a- L-idopyranosyluronic acid)-(1—4)- 0-2,6-di- O-sulfo-a-D-glucopyrz
MM3 Octasaccharides carrying GIcA, GalNAc, GalINAc4S, and GalNAC6ES residues
Disaccharides carrying GIcA, GalNAc, GalNAc4S, and GalNACES residues
MM3* HA octasaccharide

AMBER:GAFF Hexasaccharide carrying 1doA2S, GIctNAc, GIcNS, I1doA, AUA, and AUA2S residues

AMBER FF

HA mono- and di- saccharides
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Table 3.

Useful sites, resources and programs for computational simulation of glycosaminoglycans.

A) Databases

Database—web-page Further reading
PDB site—nhttps://www.rcsh.org (Berman et al., 2000)
CSD—https://www.ccdc.cam.ac.uk/solutions/csd-system/components/csd/ (Groom, Bruno, Lightfoot, & Ward, 2016)
Glyco3D—nhttp://glyco3d.cermav.cnrs.fr/search.php?type=gag (Pérez, Sarkar, Rivet, Breton, & Imberty, 2015)
Glycosciences.de—http://www.glycosciences.de/index.php (Latteke et al., 2006)
KEGG Glycan database—nhttp://www.genome.jp/kegg/glycan/ (Hashimoto et al., 2006)
GlycomeDB—http://www.glycome-db.org (Ranzinger, Herget, von der Lieth, & Frank, 2011)
Japan Consortium for Glycobiology and Glycotechnology—http://jcggdb.jp/index.html (Maeda et al., 2015)
B) Tools to build a GAG

Database—web-page Further reading

(Schuttelkopf & van Aalten,

PRODRG Server—http://davapcl.bioch.dundee.ac.uk/cgi-bin/prodrg 2004)

GLYCAM—http://glycam.org (Woods Group, 2005-2017)

(Jo, Kim, lyer, & Im, 2008;

CHARMM-GUI—http://www.charmm-gui.org Lee et al, 2016)

(Sybyl-X Molecular

SYBYLX—https://www.certara.com/pressreleases/certara-enhances-sybyl-x-drug-design-and-discovery-software-suite/ Modeling Software
Packages)
Discover studio—http://accelrys.com/products/collaborative-science/biovia-discovery-studio/ (Dassault Systémes BIOVIA)

. i _ ) i . . . (Molecular Operating
Molecular Operating Environment—nhttps://www.chemcomp.com/MOE-Molecular_Modeling_and_Simulations.htm Environment (MOE))

VEGA ZZ—http://www.vegazz.net (Pedretti, \2/(|)I(I)z:11, & Vistoli,

CVLS—Libraries di- to hexa- saccharides (available upon request ... urdesai@vcu.edu) Angew. Chzazna.ll7n)t. Ed. Engl.

Maestro—nhttps://www.schrodinger.com/maestro (Schrodinger Release 2017-

4: Maestro)

C) Force fields

Force field—web-page Further reading
GLYCAM—http://glycam.org/docs/forcefield/ (Kirschner et al., 2008)
CHARMM—http://mackerell.umaryland.edu/charmm_ff.shtml (Mallajosyula, Guvench, Hatcher, & MacKerell, 2012)
GROMOS—http://www.gromacs.org/Downloads/User_contributions/Force_fields (Schuler, Daura, & van Gunsteren, 2001)
OPLSAA—http://onlinelibrary.wiley.com/doi/10.1002/jcc.10139/abstract (Damm et al., 1997, Kony et al., 2002 )
Dreiding—https://authors.library.caltech.edu/24133/ (Mayo, Olafson, & Goddard, 1990)

D) Parameters and topology files

Program—web-page Further reading
Glycam—nhttp://glycam.org/docs/forcefield/all-parameters/GLY CAM_06j-1 (Kirschner et al., 2008)
CHARMM—http://mackerell.umaryland.edu/charmm_ff.shtml (Mallajosyula et al., 2012)

Gromacs—http://www.gromacs.org/Downloads/User_contributions/Force_fields  (Hess, Kutzner, van der Spoel, & Lindahl, 2008)
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D) Parameters and topology files

Program—web-page Further reading
Antechamber tool—http://ambermd.org/tutorials/basic/tutorial4b/ (Wang, Wang, Kollman, & Case, 2006)
Gromacs topology—Topology conversion in Gromacs amb2gmx.pl (Sorin & Pande, 2005)

E) Programs to perform MD simulations

Program—web-page Further reading

AMBER—http://ambermd.org (Salomon-Ferrer, Case, & Walker, 2013)

NAMD—http://www.ks.uiuc.edu/Research/namd/ (Phillips et al., 2005)

GROMACS—http://www.gromacs.org (Hess et al., 2008)

CHARMM—nhttps://www.charmm.org/charmm/ (Brooks et al., 2009)

ACEMD—https://www.acellera.com (Harvey, Giupponi, & Fabritiis, 2009)

F) Water models

Model Description Further Reading

TIP3P Three point interaction model (Transferable intermolecular (Jorgensen et al., 1983, Neria and karplus, 1996, Durell et al.,
potential 3P) 1994)

SPC Simple point charge (Berendsen et al., 1981, Berweger, et al., 1995)

SPC/E Extended simple point charge (Berendsen et al., 1987)

TIP4P Four point interaction model (Jorgensen et al., 1983)

TIP4P-EW  Four point water model with Ewald technique (Horn et al., 2004)

TIP5P Five Point interaction model (Mahoney & Jorgensen, 2000)

G) Tools for analysis of simulations

Tool—web-page Further Reading
Amber Tools—http://ambermd.org/#AmberTools (Roe & Cheatham, 2013)
VMD—http://www.ks.uiuc.edu/Research/vmd/ (Humphrey, Dalke, & Schulten, 1996)

BFMP—http://glycam.org/docs/othertoolsservice/download-docs/publication-materials/bfmp/ (Makeneni, Foley, & Woods, 2014)

Gromacs g_puckering—http://manual.gromacs.org/programs/bytopic.html (Hess et al., 2008)

Chimera—https://www.cgl.ucsf.edu/chimera/ (Pettersen et al., 2004)
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