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Heparin is a highly charged, polysulfated polysaccharide and serves as an anticoagulant. 

Heparin binds to multiple proteins throughout the body, suggesting a large range of potential 

therapeutic applications. Although its function has been characterized in multiple physiological 

contexts, heparin’s solution conformational dynamics and structure–function relationships are not 

fully understood. Molecular dynamics (MD) simulations facilitate the analysis of a molecule’s 

underlying conformational ensemble, which then provides important information necessary for 

understanding structure–function relationships. However, for MD simulations to afford meaningful 

results, they must both provide adequate sampling and accurately represent the energy properties 

of a molecule. The aim of this study is to compare heparin’s conformational ensemble using two 

well-developed force fields for carbohydrates, known as GLYCAM06 and CHARMM36, using 

replica exchange molecular dynamics (REMD) simulations, and to validate these results with 

NMR experiments. The anticoagulant sequence, an ultra-low-molecular-weight heparin, known 

as Arixtra (fondaparinux, sodium), was simulated with both parameter sets. The results suggest 

that GLYCAM06 matches experimental nuclear magnetic resonance three-bond J-coupling values 

measured for Arixtra better than CHARMM36. In addition, NOESY and ROESY experiments 

suggest that Arixtra is very flexible in the sub-millisecond time scale and does not adopt a unique 

structure at 25 C. Moreover, GLYCAM06 affords a much more dynamic conformational ensemble 

for Arixtra than CHARMM36.

Graphical Abstract

INTRODUCTION

Glycosaminoglycans (GAGs) are polysaccharides with a repeating disaccharide unit of 

a hexuronic acid (or galactose in the case of keratan sulfate) and a hexosamine. There 

are six different types of GAGs: heparin, heparan sulfate, chondroitin sulfate, dermatan 

sulfate, hyaluronan, and keratan sulfate. GAGs are distinguished by several characteristics, 

including monosaccharide composition, number of disaccharide repeating units, overall 

negative charge, and the number and type of ring substituents. GAGs have been implicated 

in many physiological processes, including cell–cell communications, blood coagulation, 

and pathogenic infection, that are mediated through GAG interactions with proteins.1,2

Heparin is a highly sulfated GAG and one of the most negatively charged molecules in 

the human body, with an average net charge of −3.5 due to the 2.5 sulfo groups and 1 

carboxyl group on each disaccharide unit. The carboxyl group is present in the uronic acid 

residue, and the sulfo groups decorate the hydroxyl and amino groups around heparin’s 
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pyranose rings. In addition to these sulfo group substituents, either glucuronic acid or its 

C-5 epimer, iduronic acid, can result in a large number of different heparin sequences. As 

an anticoagulant, heparin interacts with antithrombin-III (AT) in the coagulation cascade to 

prevent blood clotting.3 A specific sequence motif in heparin (comprising Arixtra [Figure 

1]) binds tightly to and activates AT causing it to undergo a conformational change, while 

other heparin sequences may also bind but with much less affinity.4–9 The unbound and 

bound conformations of AT can be compared to experimentally infer AT’s conformational 

mechanism. However, a dynamic, high-resolution conformational mechanism relating 

heparin’s sequence and the activation of AT has not been determined.

Nuclear magnetic resonance (NMR) spectroscopy has proven to be a useful tool for 

characterizing heparin’s conformation and dynamics. Most notably, Mulloy and co-workers 

used a combined molecular modeling and NMR approach to show that canonical, trisulfated 

heparin forms a rodlike structure.10 The details of their method involved measuring 3J-

coupling constants to calculate dihedral angles and 1H–1H nuclear Overhauser effect (NOE) 

resonances to calculate interproton distances. With these distances, a molecular modeling 

approach was used to generate canonical heparin’s conformation. This structure became the 

basis of many heparin computational studies.11–18

While heparin is a natural product consisting of a polydisperse, microheterogeneous mixture 

of polysaccharide chains, Arixtra is a synthetic, homogeneous pentasaccharide. This allows 

for more detailed structural studies and more informative molecular dynamics (MD) 

simulations. Beyond the 3J-couplings, little experimental research has been undertaken to 

determine the conformation of heparin on an atomistic level. However, NMR studies have 

been conducted on the heparin pentasaccharide sequence present in Arixtra, focusing on 

NMR chemical shifts and 3J-coupling constants.19–21 One recent study by Beecher et al. 

showed experimental evidence for a hydroxyl-oxygen–hydrogen bond within Arixtra.22 

Using a modified NMR nuclear Overhauser effect spectroscopy (NOESY) experiment (two-

dimensional chemical exchange spectroscopy [EXSY]), this group characterized through-

space interactions of the hydroxyl and sulfamate hydrogens of Arixtra with the surrounding 

water. Reduced interaction with the water suggests that one of the hydroxyl or sulfamate 

hydrogens was involved in a hydrogen bond, which suggests a potentially structurally 

important intramolecular hydrogen bond. Thus, using EXSY buildup curves and temperature 

coefficients, Beecher and co-workers inferred that the third ring hydroxyl on the uronic 

acids of Arixtra was most likely to be involved in an intramolecular hydrogen bond and 

found a general agreement with MD simulations.22 While hydrogen bonds may form within 

Arixtra, the degree to which hydrogen bonds contribute to a specific conformation (or 

conformational equilibrium) relative to other types of intramolecular interactions has not 

been determined.

Over the past several decades, MD simulations have provided a valuable tool for studying 

the conformational ensembles of all four biological macromolecules, lipids, proteins, 

carbohydrates, and nucleic acids. Several force fields have been parameterized for each type 

of macromolecule, and these are continuously being improved. There are many examples of 

the types of problems solved using this approach, but, in the context of the current study, the 

most notable applications are those involving carbohydrate conformational ensembles.
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Using replica exchange molecular dynamics (REMD) simulations,23 we simulated Arixtra 

with the GLYCAM06 and CHARMM36 force fields.23–25 The fluctuations of the four 

glycosidic linkages and ring dynamics of Arixtra were examined using both force fields 

and then compared with previously published 3J-coupling data (Figure S2).21 Comparison 

to experimental data showed that GLYCAM06 more closely approximates 3J-coupling 

values for Arixtra than CHARMM36, with most differences occurring in the conformational 

dynamics of the iduronic acid ring of Arixtra. Thus, while both force fields have been 

used for calculating carbohydrate properties, we find that, by comparison to currently 

available experimental data, GLYCAM06 provides a better description of the conformational 

properties of Arixtra.

METHODS

Preparation of Arixtra.

Arixtra (fondaparinux, sodium) was purchased from AuroMedics Pharma LLC (East 

Windsor, NJ). The sample was desalted by dialysis using a 100–500 Da molecular weight 

cutoff (MWCO) dialysis tube (Spectrum Laboratories, CA) against Millipore distilled water 

(pH = 6.89 ± 0.04) with a water exchange every day for 5 days. The dialyzed Arixtra was 

lyophilized before NMR spectra were collected.

NMR Analysis of Arixtra.

Approximately 4 mg of Arixtra was dissolved in 550 μL of “100%” (D 99.96%) 

deuterium oxide (D2O) and transferred to a 5 mm NMR tube (purchased from Cambridge 

Isotope Laboratories, Inc., Andover, MA). Then, a series of one-dimensional (1D) 
1H and two-dimensional (2D) 1H–1H NMR spectra, including phase-sensitive NOESY 

(NOESYph), gradient-enhanced NOESYph (NOESYgpph), and rotating frame Overhauser 

effect spectroscopy (ROESY), were collected, at 25 °C, with multiple scans (16, 32, 64, and 

128) and a Varian Inova 600 MHz magnet equipped with a triple resonance probe with field 

gradient coils. The 2D NOESY and ROESY NMR spectra were recorded using a states-time 

proportion phase incrementation for quadrature detection in the indirect dimension. NOESY 

and ROESY spectra were run with 1024 × 256 points. While ROESY spectra were recorded 

with 50, 100, 150, 200, and 300 ms spinlock, NOESY spectra were recorded with the 

following mixing times: 3, 5, 10, 15, 20, 25, and 50 ms.

Arixtra was prepared for NMR analysis by dialyzing the formulated drug product against 

water and lyophilized. After D2O exchange, a series of 1H–based 1D and 2D (NOESY 

and ROESY) NMR spectra were collected at different numbers of scans and mixing times. 

The assignments of the resultant NMR signals were made using labels in the spectra using 

the notation A-G-A*-I-AM of monosaccharides (from the nonreducing end to the reducing 

end) for the pentasaccharide structure of Arixtra. The signals of the 1D NMR spectrum 

of Arixtra (Figure 2A) were fully and unequivocally identified based on their expected 

multiplicity patterns and typical 1H chemical shift values, as seen in previous works.20,26 All 
1H chemical shift values of Arixtra collected at 25 °C are presented in Table S1. Besides the 

confirmation of the structural integrity of the pentasaccharide sequence and assignments of 

the NMR 1H line positions of Arixtra, the 1D 1H NMR spectrum was also quite valuable 
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for assessing the purity of the sample. As shown in Figure 2A, almost all signals belong to 

the pentasaccharide structure of Arixtra, except those indicated by the symbol “#”, which 

belong to glycerol, as one of the excipients found in commercial Arixtra. The low intensity 

of glycerol as compared to that of Arixtra demonstrates a high purity level of the current 

NMR preparation.

System Setup and Simulation Parameters.

Arixtra was simulated using two different force field parameter sets, GLYCAM06 (with 

the parameters for sulfates published in 2016) and CHARMM36.24,25,27 These parameter 

sets were chosen since both have previously parameterized heparin monosaccharides 

with which one can build Arixtra. Simulation engines were chosen so that they would 

natively implement the force fields. As a result, AMBER14 was used for simulations 

with GLYCAM06 j - 1 and NAMD 2.10 with CHARMM36.24,28,29 For simulations of 

Arixtra with GLYCAM06, the topology was prepared using tleap.30 Water molecules (1972 

TIP3P) were placed around Arixtra in the shape of a periodic truncated octahedron with 

a water buffer defined so that Arixtra was at least 8.5 Å from the nearest box edge. The 

CHARMM36 simulations were set up using CHARMM40b2 and placed within a periodic 

rhombic dodecahedron box and simulated with NAMD 2.1025,28,31,32 with 1788 CHARMM 

TIP3P water molecules.33 For both systems, 10 sodium ions were added to neutralize the 

system. No excess salt was added to the simulated systems since it mimics the minimal salt 

conditions of the desalted Arixtra used in the experiments.

Simulation parameters were selected to follow the parameters chosen for each respective 

force field given in their original publications. For the GLYCAM06 simulation, the system 

was run with a time step of 2 fs, which is allowed due to the SHAKE constraints 

implemented for carbon–hydrogen bonds.34 The nonbonded cutoff was set to 10 Å for both 

PME electrostatic and Lennard-Jones interactions.35,36 The GLYCAM06 simulations began 

with 10 000 steps of minimization (5000 steps of steepest descent followed by 5000 steps 

of conjugate gradient minimization). After this, the system was heated for 1 ns to 300 K 

using the NVT ensemble (Berendsen thermostat) followed by a 1 ns run where the pressure 

was equilibrated to 1 atm using the NPT ensemble.37 Following this, the temperature- 

and pressure-equilibrated Arixtra system was used as the starting point for 32 temperature 

replicas that were run for 750 ns each, yielding a total sampling of 24 μs. The Langevin 

dynamics were used for the REMD simulations with a collision frequency of 1 ps−1.38

The CHARMM36 simulations were run with NAMD 2.12.25,28 As was the case for the 

GLYCAM06 simulations, the CHARMM36 systems were energy-minimized, temperature-

equilibrated for 1 ns to 300 K using the NVT ensemble, and pressure-equilibrated for 1 

ns to 1 atm using the NPT ensemble, followed by 750 ns of NVT T-REMD simulations 

using 30 temperature replicas. The minimization involved 1000 steps of conjugate gradient 

minimization. The Langevin thermostat was used for the temperature and pressure 

equilibrations as well as the NVT T-REMD simulations with a collision frequency of 1 

ps–1. SHAKE constraints were used, which allowed a time step of 2 fs. For the NPT pressure 

equilibration, the Langevin piston Nosé–Hoover method was used to keep the pressure 

constant at 1 atm, with a Langevin piston period of 100 fs, a Langevin piston decay of 
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50.0 fs, and a Langevin piston temperature of 300 K.39 For both PME electrostatics and 

Lennard-Jones interactions, a cutoff of 12 Å was used and was subjected to a switching 

function from 10 to 12 Å.

Temperature-Replica Exchange Molecular Dynamics.

Temperature-replica exchange molecular dynamics (T-REMD) is an enhanced sampling 

simulation method that allows faster convergence of a system’s degrees of freedom than that 

of standard molecular dynamics simulations.23 For T-REMD, a series of replica systems are 

run in parallel where each replica runs at a particular temperature and neighboring replicas 

may exchange temperatures.

Prior to performing T-REMD simulations, Arixtra was equilibrated at 300 K under NVT 

conditions for 1 ns and then equilibrated under NPT conditions at 300 K and 1 atm. These 

equilibrated configurations were then used as a starting point for T-REMD simulations under 

NVT conditions. For both force fields, a temperature range of 275–454.97 K was used to 

generate 32 and 30 replicas for GLYCAM06 and CHARMM36, respectively. We used the 

method of Herce et al. to generate temperatures for T-REMD that maintain an acceptance 

exchange probability of approximately 25%.40 The temperatures used to simulate Arixtra 

in both GLYCAM06 and CHARMM36 are in Table S2. For each replica in both the 

GLYCAM06 and CHARMM36 T-REMD systems, the replicas were sampled for 750 ns 

per replica and the final 500 ns per replica was used for analysis. Figure S2 shows that the 

750 ns REMD simulations allow for multiple cycles through the temperature range and that 

all replicas (walker) contribute proportionally to the 300 K ensemble used for calculating 

averages.

Dihedral Principal Component Analysis.

Dihedral principal component analysis (dPCA) was used, where the conformations of 

the carbohydrate were described by linear eigenvector projections based on glycosidic 

dihedral fluctuations to characterize the populations of various Arixtra conformations.41 

dPCA was used to represent carbohydrate conformations instead of Cartesian PCA since 

dPCA separates internal motion from the overall motion, which provides a clearer view 

conformational motion of Arixtra around glycosidic dihedrals. We used the program cpptraj 

from AmberTools to calculate the dPCA.

dPCA is accomplished by first converting dihedral angles into polar coordinates and 

diagonalizing the covariance matrix of the polar coordinates. The eigenvectors of the 

matrix correspond to components, which are ranked according to the amplitude of 

the eigenvalue. Accordingly, the component (or principal component) with the largest 

eigenvalue corresponds to the largest fluctuations. As a result, the first two principal 

components are used to describe the conformational changes around the glycosidic torsions. 

The free-energy landscapes of the conformational motion of Arixtra were then computed 

using the natural logarithm of the densities of the first two principal components where 

R is the gas constant, T is the temperature, and P is the fraction that a given state is 

occupied. DBSCAN clustering of the dPCA results was then used to describe the Arixtra 

conformations within each dPCA free-energy minimum.42
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Experimental Validation.

We compared the calculated three-bond J-coupling values to the measured values in the 

literature to assess whether the REMD results agreed with experimental data. Three-bond 

J-couplings are measured through NMR spectroscopy, and they represent the coupled nature 

of atomic spins three bonds apart. Since a three-bond J-coupling is based on nuclear 

spins three bonds apart, the value of a three-bond J-coupling is also correlated with their 

corresponding dihedral angles.43 While dihedral angles cannot be directly measured from an 

NMR experiment, three-bond J-couplings can be measured as splitting between NMR peaks 

within appropriate NMR spectra and dihedral angles can be solved from the J-coupling 

values using the Karplus equation.44

Thus, in the following manner, the Karplus equation allows calculation of a three-bond 

J-coupling from a dihedral angle in the following form

J = A cos2 θ + B cos θ + C

where A, B, and C are constants that can be parameterized from either empirical data or 

theoretical calculations where both J and θ are known.44–46

Karplus equations with two different sets of coefficients A, B, and C were used in this 

study, one for the glycosidic bonds and another for intraring dihedral angles. These two 

equations were necessary because the measured three-bond J-couplings for the glycosidic 

bonds are heteronuclear J-couplings and the measured J-couplings for intraring dihedrals are 

homonuclear J-couplings and these represent two different types of three-bond J-couplings. 

The glycosidic bond three-bond J-couplings were measured between the carbon and 

hydrogen atoms (thus, the term “heteronuclear” three-bond J-coupling), and the intraring 

dihedrals are measured between two hydrogen atoms (termed a three-bond “homonuclear” 

J-coupling). A search of the previously published literature yielded Karplus equations for 

both the intraring and the glycosidic bond dihedral angles.47,48 The Karplus equation for 

the homonuclear intraring J-couplings was parameterized by Hricovini and Bizik who 

used density functional theory to calculate GAG three-bond J-couplings for a range of 

homonuclear dihedral angles.48 Their resulting Karplus equation was then the following

J = 9.6 cos2 θ − 0.6 cos θ + 0.2

Tvaroska and co-workers used experimental data to parameterize the Karplus equation 

for heteronuclear three-bond J-couplings across glycosidic bonds, yielding the following 

equation47

J = 5.7 cos2 θ − 0.6 cos θ + 0.5

These two Karplus equations were then used in this study for the comparison of 

experimental and theoretical three-bond J-couplings for both the glycosidic bonds and 

the intraring dihedrals. Average J-coupling values were calculated over the last 500 ns 

of the simulations using the 300 K ensembles. Error bars were calculated by performing 
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10 ns block averages over the last 500 ns of the simulations and calculating the standard 

deviation of the block averages. The time block average was determined from the J-coupling 

correlation time using the method of Flyvbjerg and Petersen.49

RESULTS AND DISCUSSION

The role of Arixtra as an anticoagulant drug is well established, making Arixtra a valuable 

system for studying carbohydrate structure–function relationships. While a static structure 

of the conformation of Arixtra in complex with its target protein, antithrombin-III (AT), 

has been determined through X-ray crystallography, additional information is required to 

construct a more complete structure–function relationship for Arixtra in the context of its 

interaction with AT. One approach would be to study the conformational changes that occur 

in AT after binding to Arixtra.50,51 Another possible way of understanding the structure–

function relationship of Arixtra is to study the solution conformation of Arixtra prior to 

binding to AT and how much these conformations contribute to the role of Arixtra in 

anticoagulation.

A few and weak through-space 1H–1H cross-peaks were observed in all NOESY spectra 

collected at the various mixing times and multiple scan numbers. This indicates that the 

NOE signals of Arixtra fall inside or close to the region of low or null signal intensities in 

the curve of NOEs as a function of rotational correlation time. As a consequence, ROESY 

pulse sequence was selected as the preferable 2D NMR method for the assessment of 

through-space 1H–1H contacts of Arixtra in solution. Among all spinlock times used (50, 

100, 150, 200, and 300 ms), 200 ms has provided the best spectral profile. Figure 2B 

depicts the partial ROESY spectrum of Arixtra (downfield 1H anomeric region highlighted 

in the 1D 1H NMR spectrum at Figure 2A) obtained at 200 ms and fully assigned 

regarding all its 1H–1H ROE pairs, even those of weak intensity (interproton distances in 

the range of 3.7–6.0 Å). A few ambiguous assignments exist due to the high-order chemical 

shift degeneracy observed in the NMR analysis of medium-sized sulfated oligosaccharides 

(10.1021/ac401791h). These peaks are A3/4 with δH at 3.53 ppm, G3/4 with δH at 3.75 and 

3.77 ppm, I3/4 with δH at 4.11 ppm, and AM3/4 with δH at 3.61/3.68 ppm (Table S1).

From the suite of ROE signals observed in the spectrum of Figure 2B, we can clearly 

see that almost all through-space interproton connections detectable by the solution NMR 

of Arixtra analyzed at this spectral window belong to either intraresidue contacts or 

inter-residue contacts primarily involved in the glycosidic linkages of the composing 

disaccharides (A1-G4 with δH/δH at 5.51/3.77 ppm, G1-A*4 with δH/δH at 4.57/3.90 ppm, 

A*1-I4 with δH/δH at 5.45/4.11 ppm, and I1-AM4 δH/δH at 5.13/3.68 ppm). The only 

exception, although very weak, is the contacts seen between the anomeric 1H of the GlcA 

unit (G1) and the two hydrogens at the C6 position of the adjacent trisulfated GlcN unit (A*) 

with δH/δH at 4.57/4.40 and 4.57/4.20 ppm. This is expected considering the mobility of the 

CH2OSO3
− group outside the ring of the GlcNS3S6S (F) unit.

Based on this set of NMR-derived through-space signals, no clear folded three-dimensional 

(3D) structure has been observed for Arixtra in solution at 25 °C. NOESY/ROESY-related 

conformational NMR studies of biomolecules in solution can suffer from some technical 
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limitations. Besides sensitivity, some of these limitations are the NMR time scale (which 

ranges between seconds and milliseconds), the observation of only NMR resonances, which 

ultimately resulted from an ensemble- and time-averaged of multiple conformers of Arixtra 

in solution, and the lifetime and abundance of such conformers in solution. These technical 

limitations of NMR spectroscopy usually make it very hard to detect conformations that 

might occur faster than the millisecond time scale and in relatively low abundance. Hence, 

alternative analytical methods, such as those based on computational calculations, must be 

employed.

Computational approaches provide an atomistic approach to characterize the conformation 

distribution of Arixtra. However, since carbohydrate force field parameters are relatively 

untested, a comparison of the best force field parameters for modeling Arixtra becomes 

necessary using rigorous simulations. When this study was undertaken, two force fields 

provided parameters for Arixtra, one being the GLYCAM06 force field (compatible with 

the AMBER12SB protein force field) and the CHARMM36 force field.52 Thus, the topic 

of this study is to rigorously compare these two force fields in the context of published 

experimental NMR data.

Using T-REMD simulations, our results showed that Arixtra exists as a conformational 

equilibrium between multiple conformations that includes flexibility in both the glycosidic 

bonds and within the 6-membered rings. Here, we analyze the structural ensembles sampled 

by Arixtra with two different force fields, using dihedral principal component analysis, 

end-to-end distance distributions, Ramachandran-like maps, and 3J-coupling parameters. We 

then validate the 3J-coupling parameters with experimental results.

Dihedral principal component analysis was applied to the glycosidic bonds to obtain an 

easier visualization of glycosidic bond fluctuations. With the assumption that motion around 

the glycosidic bond explains much of the overall motion of Arixtra, DBSCAN clustering 

was applied to the first two principal components to extract the configurations of Arixtra that 

arise from dPCA.53 Applying this approach to the T-REMD results from both GLYCAM06 

and CHARMM36 allows comparison of the structural properties of Arixtra within each 

force field (Table S3). From this analysis, it is clear that the four GLYCAM06 dPCA 

populated states correspond to two “kinked” molecular conformations and two “extended” 

conformations, which come about through twisting around dihedral 1 and dihedral 5 (see 

Figure 3B,C for images of the structures of Arixtra in each force field). In GLYCAM06, 

the first principal component (PC-1) corresponds to the extension and bending of Arixtra, 

while the second principal component (PC-2) corresponds to twisting around the reducing 

of Arixtra. For CHARMM36, the dPCA free-energy landscape shows three extended 

conformations where both the first two principal components describe twisting around 

the nonreducing end of Arixtra. Thus, using dPCA based on the glycosidic bonds of 

Arixtra yields useful configurational properties for comparison of the GLYCAM06 and 

CHARMM36 force fields.

The end-to-end distance of Arixtra is provided in Figure 3A. The end-to-end distance of 

Arixtra is defined as the distance from the first ring carbon (C1) of the reducing end to 

the fourth ring carbon (C4) of the nonreducing end. The probability distribution of the end-
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to-end distance for both force fields is also provided in Figure 4A. Our simulations show 

that the CHARMM36 and GLYCAM06 yield significantly different end-to-end distributions 

for Arixtra. In particular, the Arixtra model based on GLYCAM06 shows a multimodal 

distribution for the end-to-end distance, ranging from approximately 6 Å to 24 Å. The 

CHARMM36 distribution for the end-to-end distance is chiefly unimodal, with a polymer 

length of approximately 20 Å and another, much smaller peak at approximately 13 Å. The 

dPCA representation in Figure 3A highlights each of these conformations in each force 

field, showing the usefulness of dPCA for describing the conformation of Arixtra compared 

to using individual structural properties like end-to-end distance or Ramachandran-like 

dihedrals shown next.

The glycosidic dihedrals from CHARMM36 and GLYCAM06 were next visualized using 

Ramachandran-like plots. These plots are generated by plotting the eight pairs of φ and 

ψ dihedrals of the four glycosidic bonds of Arixtra against each other (Figure S1). 

Plotting all of the φ/ψ dihedrals on a single plot suggests that CHARMM36 φ/ψ dihedrals 

explore a greater configurational space than GLYCAM06 dihedrals. However, plotting the 

φ/ψ dihedrals of each glycosidic bond separately shows that most of the flexibility in 

CHARMM36 is due to the glycosidic dihedrals closest to the nonreducing end of Arixtra, 

and there is clear flexibility in link 3 for GLYCAM06, which, due to the glycosidic 

dihedral’s central location in Arixtra, explains the extension and bending seen in the 

GLYCAM06’s dPCA results. Link 3 in CHARMM36 also suggests flexibility, but, as can be 

seen from the end-to-end distance plot for CHARMM36, a bent conformation may exist, but 

its population is negligible.

Cremer–Pople coordinates provide a spherical coordinate system that may describe the ring 

conformations within Arixtra.54 While the conformation of a 6-membered ring may be 

represented by six dihedral angles, Cremer–Pople ring puckering coordinates reduce the 

number of dimensions necessary to represent a ring to three “spherical” ring puckering 

coordinates, which represent all possible ring conformations. Thus, plotting the spherical 

Cremer–Pople coordinates, θ versus φ provides sufficient information to differentiate 

between chair, boat, and skew boat conformations that appear when a ring flips from one 

chair conformation into an inverse chair conformation. Plotting θ against the first principal 

component from the dPCA analysis in Figure 4B,C shows that the ring conformations are 

related to the overall conformation of Arixtra, particularly that of GlcA and GlcNS3S6S, 

which have more 1C4 ring conformations when the overall conformation of Arixtra is 

extended.

Three-bond J-couplings provide a useful metric for comparing dihedral motion to 

experimental values since three-bond J-couplings can be directly measured by NMR and 

are trigonometrically related to dihedrals. Through comparison to J-couplings, homonuclear 

three-bond J-couplings, which correspond to ring dihedrals, show that GLYCAM06 more 

closely approximates the experimental NMR data than CHARMM36 (Figure 5), especially 

those homonuclear three-bond J-couplings that correspond to the ring of iduronic acid 

(Supporting Table S4).21 On the other hand, the heteronuclear three-bond J-couplings 

that correspond to the glycosidic bonds closely match experimental values for both 

CHARMM36 and GLYCAM06 (Figure 5).
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IdoA2S (2-O-sulfo-L-idouronate) is known for its conformational equilibrium between a 

chair and skew boat conformation (i.e., ring puckering).55–57 Ring puckering can occur 

whether iduronic acid is 2-sulfated or unsulfated. Using three-bond J-couplings, multiple 

papers have measured the ring puckering equilibrium of iduronate (or iduronic acid) 

and published experimental data for ring puckering equilibrium in iduronic acid as a 

monomer and in the context of heparin and other heparin variants.19,21,56 In recent years, 

it has been argued that GLYCAM06’s description of the ring puckering of IdoA2S is 

imperfectly described when compared to NMR results.58,59 However, the limited ring 

puckering observed with CHARMM36 compared to that with GLYCAM06 demonstrates 

that GLYCAM06, while perhaps imperfect, better represents the IdoA2S ring dynamics.

Another interesting difference between the force fields is that CHARMM36’s glycosidic 

flexibility is on the nonreducing end of Arixtra, while GLYCAM06’s flexibility is both 

at the center of Arixtra and at the reducing end. This leads to dramatically different 

conformational profiles, where CHARMM36 Arixtra appears extended with twisting around 

its nonreducing end and GLYCAM06 Arixtra is in equilibrium between dominant extended 

conformations and minor bent conformations.

Recent studies compared the performance of other heparin sequences in GLYCAM06 and 

CHARMM36. One of these studies concluded that GLYCAM06 and CHARMM36 are 

highly similar based on simulations of a canonical heparin hexasaccharide.60 There could 

be multiple reasons why Nagarajan and co-workers came to the opposite conclusion of 

the current study. First, Nagarajan and co-workers only simulated their system for 20 ns 

from the same initial configurations for both GLYCAM06 and CHARMM36. Thus, limited 

sampling may not have allowed the hexasaccharide to sufficiently sample its conformational 

landscape, giving the appearance that the force fields were highly similar. Also, end-to-end 

distance and the minimum volume enclosing ellipsoid were the reaction coordinates used 

by Nagarajan and co-workers to describe the conformational ensemble of heparin. In the 

current study, we show that the end-to-end distance may fail to capture many relevant 

conformations of a heparin oligosaccharide since some conformations may have nearly 

identical end-to-end distances. Minimum volume enclosing ellipsoid may, to some degree, 

remedy this problem but would still suffer from a similar degeneracy. Thus, Nagarajan and 

co-workers might have benefitted from analyzing their results in terms of dihedral principal 

component analysis, which reports on local angle fluctuations, in addition to the analysis 

they reported.

The second study by Balogh and co-workers compared GLYCAM06 and CHARMM36 

using Gaussian-accelerated molecular dynamics simulations of a variant of Arixtra known 

as idraparinux.61 This study also contained NOESY data for intraring distances that they 

used to conclude that CHARMM36 was the superior force field for simulating heparin. 

When comparing the methods and results of this study to the current one, several questions 

become apparent. In addition to the different kinds of MD simulation methods used, this 

study used a different reaction coordinate to describe the conformation of heparin, choosing 

ring dynamics over the Ramachandran-like dihedrals. In contrast, the current study analyzed 

both ring dynamics and the Ramachandran-like dihedrals. Also, we showed significant 

differences in flexibility when comparing the same glycosidic linkages across the two force 
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fields. As a result, a comparison of this work with the results from Balogh et al.61 suggests 

that additional work is needed to assess carbohydrate force fields for additional sequences 

of heparin with a consistent MD method and reaction coordinate.46 Balogh et al. recently 

published MD simulations of idraparinux with CHARMM36, examining the correlation 

between the glycosidic dihedrals and ring conformations. They also examined the kinetics 

of idraparinux’s glycosidic bond fluctuations using Markov state models, finding faster 

fluctuations on the reducing end than on the nonreducing end of idraparinux.62

It should be noted that J-couplings are degenerate inasmuch as a single three-bond 

J-coupling can represent one of multiple possible dihedral angles. For this reason, it 

is desirable to compare MD simulation values to additional experimental data, such as 

nuclear Overhauser effect spectroscopy or residual dipolar couplings. In the absence of this 

experimental data, we suggest the use of GLYCAM06 for future calculations, particularly 

since the difference in homonuclear three-bond J-couplings is pronounced.

When comparing the glycosidic bonds of the two force fields, there is a clear difference 

in how the two force fields behave (Figure 5). However, both still provide three-bond 

J-couplings that approximate the experimental data fairly well. This is likely due to the 

degeneracy of the J-couplings.

NMR studies were undertaken to validate the force fields. We looked at NOESY and 

ROESY spectra with multiple mixing times and found that our results are consistent 

with our hypothesis that GLYCAM06 is a better model than CHARMM36, but we 

could not definitely identify the bent conformation in the NMR that appears in the 

GLYCAM06 simulations since it is likely that the bent conformations exist on sub-

millisecond time scales. However, two ROESY cross-peaks are consistent with the bent 

conformations that appear in the GLYCAM06 simulations, but these cross-peaks have 

alternative assignment possibilities that are more plausible since they are shorter range than 

those that would correspond to a bent conformation. Future studies involving a 3D 13C 

NOESY of 13C-labeled Arixtra may resolve this difficulty and validate the existence of bent 

conformations. In addition, residual dipolar coupling NMR measurements would be useful 

to counterbalance the degeneracy in the three-bond J-couplings.

Although NMR is the best experimental approach for atomic-level resolution studies 

of flexible biomolecules, it is difficult to measure minor conformations within flexible 

molecules due to time- and ensemble-averaging within the NMR measurement. Thus, since 

NMR measurements are in the millisecond time scale regime, NMR may not provide the 

necessary information.

CONCLUSIONS

The performance of GLYCAM06 and CHARMM36 has been compared in this study. 

Although neither force fields yield three-bond J-coupling values that fully match 

experimental results, GLYCAM06 more closely matches experimental results than 

CHARMM36, particularly for the ring dihedrals of IdoA2S. Less flexibility in the ring of 

CHARMM IdoA2S likely contributes to a much poor comparison to three-bond J-coupling 
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values than the GLYCAM06 IdoA2S, which is much more flexible. Also, NMR NOESY 

cannot capture the dynamic information of the bent versus extended conformations of 

GLYCAM that fluctuate on the microsecond time scale. Therefore, future NMR studies 

involving a 3D 13C NOESY of 13C-labeled Arixtra as well as residual dipolar couplings may 

provide the experimental information necessary to measure the minor bent conformations of 

Arixtra.

Rigorously testing two popular carbohydrate force field parameters for heparin is useful 

for determining which force field to use in subsequent studies. Of particular interest 

is simulating heparin–protein binding and showing the effect of sequence on the 

conformational ensemble of heparin. As is usually the case for force field work, the 

carbohydrate force fields will continue to improve, as has been seen for force fields for other 

macromolecules. GROMOS has recently released uronic acid parameters, which suggests 

that GROMOS may soon have sufficient force field parameters for simulating heparin.63

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Chemical structure of Arixtra. The charged functional groups are circled in either green 

(carboxylate groups) or red (sulfates and sulfamates). Here, we used the disaccharide 

sequence (GlcNS6D–GlcA–GlcNS3S6S–IdoA2S–GlcNS6S) as well as the ring labels (D–

E–F–G–H).
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Figure 2. 
(A) 1D 1H (δH expansion from ~5.6 to ~3.0 ppm) and (B) 2D 1H–1H ROESY (δH 

expansions from ~5.6 to 4.5 ppm, f2, and from ~5.6 to ~3.0 ppm, f1) NMR spectra of 

Arixtra dissolved in 100% D2O (pH 4.29) and recorded at 25 °C in a Varian 600 MHz NMR 

spectrometer.
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Figure 3. 
(A) Sampled energy landscape of Arixtra at approximately 300 K represented by dihedral 

principal component analysis (dPCA) based on the fluctuations of the glycosidic dihedrals. 

The left plot corresponds to the dPCA calculation for GLYCAM06, and the right plot 

corresponds to the dPCA calculation for CHARMM36. Clustering of the dPCA shows 

conformations of Arixtra in the local free-energy minima shown above for (B) the 

GLYCAM06 force field and (C) the CHARMM36 force field. The blue dots represent the 

position of Na ions around Arixtra.
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Figure 4. 
(A) End-to-end distance distributions as a function of temperature for Arixtra obtained by 

MD simulations with two different force fields. The left (A) shows the melting curve for 

GLYCAM06 during T-REMD. Each line represents a temperature between 270 and 456 

K, showing that the free-energy landscape becomes “flatter” with increasing temperature, 

allowing more conformational flexibility. The right (B) shows T-REMD simulations for 

CHARMM36 along the same temperature range, which shows that CHARMM36 did not 

melt in the same way as GLYCAM06 and remained relatively extended from high to low 

temperature. The relationship between the conformational changes in Arixtra and the ring 
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puckering of each of the 6-membered rings within Arixtra at approximately 300 K for (C) 

the GLYCAM06 force field and (D) the CHARM36 force field. The y-axis is the dPCA first 

principal component as a function of the Cremer–Pople spherical ring puckering coordinate, 

θ, on the x-axis.
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Figure 5. 
Comparison of theoretical and experimental three-bond J-coupling values obtained in MD 

simulations using CHARMM36 (green) and GLYCAM06 (purple) force fields. The three-

bond J-couplings that correspond to glycosidic bonds are on the left, and the three-bond 

J-couplings that correspond to ring dihedrals are on the right.
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