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Abstract 

The conformational flexibility of the glycosaminoglycans (GAGs) are known to be key in their 

binding and biological function, for example in regulating coagulation and cell growth. In this 

work, we employ enhanced sampling molecular dynamics simulations to probe the ring 

conformations of GAG-related monosaccharides, including a range of acetylated and sulfated 

GAG residues. We first perform unbiased MD simulations of glucose anomers and the epimers 

glucoronate and iduronate. These calculations indicate that in some cases, an excess of 15 s 

are required for adequate sampling of ring pucker due to the high energy barriers between 

states. However, by applying our recently developed msesMD simulation method 

(multidimensional swarm enhanced sampling molecular dynamics), we were able to 

quantitatively and rapidly reproduce these ring pucker landscapes. From msesMD simulations, 

the puckering free energy profiles were then compared for eleven monosaccharides found in 

GAGs; this includes to our knowledge the first simulation study of sulfation effects on GalNAc 

ring puckering. For the force field employed, we find that in general the calculated pucker free 

energy profiles for sulfated sugars were similar to the corresponding unsulfated profiles. This 

accords with recent experimental studies suggesting that variation in ring pucker of sulfated 

GAG residues is primarily dictated by interactions with surrounding residues rather than by 

intrinsic conformational preference. As an exception to this, however, we predict that 4-O-

sulfation of GalNAc leads to reduced ring rigidity, with a significant lowering in energy of the 

1C4 ring conformation; this observation may have implications for understanding the structural 

basis of the biological function of GalNAc-containing glycosaminoglycans such as dermatan 

sulfate. 
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Introduction 

Carbohydrates fulfil a wide range of key functions in nature, from energy sources and structural 

units to mediators of biomolecular recognition.1 Pyranose ring puckering plays an important 

role in the structure-activity relationship of many carbohydrates. For example, the 

glycosaminoglycan (GAG) heteropolysaccharides play a major role in cell adhesion and 

profileration.2,3 Their constituent hexose or hexuronic acid residues are often sulfated, 

interacting in a specific way with the basic residues of receptor proteins.4,5 Furthermore, these 

pyranose rings have been observed to adopt non-chair ring conformations on binding: for 

example, L-iduronic residues of the anticoagulant GAG, heparin, adopt a skew-boat 2SO ring 

pucker and is essential in heparin activation of antithrombin III.6  

 

However, to characterize the ring puckering free energy landscape of carbohydrates is non-

trivial: it is challenging to study by NMR methods due to the microsecond timescale of pucker 

transitions and the low population of rare but important pucker states;7,8 it is also difficult to 

examine ring puckering computationally due to the high energy barriers separating stable 

conformers, necessitating multi-microsecond molecular dynamics (MD) simulations.9  

Consequently, enhanced sampling MD techniques have been applied to the challenge of 

exploring carbohydrate ring pucker; this includes the adaptive reaction coordinate force 

method,10 metadynamics11-13 and replica exchange-based schemes.14-17 To date, however, 

enhanced sampling MD methods have not been deployed to examine the ring puckering of 

GAG monosaccharides. Recently, we introduced the msesMD method (multi-dimensional 

swarm enhanced sampling molecular dynamics) as an intuitive and effective biased MD 

approach.18 The msesMD method involves the coupling of a swarm of simulation replicas via 

attractive and repulsive potentials acting on dihedral angles of interest.18-20 We demonstrated 

the computational efficiency of msesMD simulations in sampling Lewis tri- and tetrasaccharide 
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conformations separated by high energy barriers to rotation about glycosidic torsions.18   

 

In this work, we apply msesMD simulations to characterize the free energy landscape of ring 

pucker in GAG-related monosaccharides. We first validate the msesMD approach against 

unbiased multi-microsecond MD simulations for four unmodified monosaccharides: the 

anomers, α-D-glucose (α-Glc) and β-D-glucose (-Glc); and the uronic acid epimers, α-L-

iduronic acid (IdoA) and β-D-glucuronic acid (GlcA). Having established the efficient and 

quantitative sampling of ring pucker populations for these monosaccharides by msesMD 

simulations, we then employ this method to study a range of N-acetylated and sulfated GAG 

residues of IdoA, GlcA, N-acetylglucosamine (GlcNAc) and N-acetylgalactosamine (GalNAc) 

(Figure 1). This work represents to our knowledge the first use of an enhanced sampling MD 

method to examine the puckering landscapes of sulfated monosaccharides, residues which 

feature in biologically key GAGs such as heparan sulfate/heparin, dermatan sulfate and 

chondroitin sulfate.21-23 

 

Computational Methods 

System preparation. All monosaccharide-water systems were built using the tleap module in 

AmberTools14.24 Carbohydrate parameters were obtained from the GLYCAM 06 (version j-

1) force field,25 with additional parameters for the unsubstituted and N-sulfated glucosamine 

units obtained from a separate GLYCAM 06 release for glycosaminoglycan 

monosaccharides.26 O-sulfated glycosaminoglycan monosaccharide parameters were set using 

the Glycam06 transferable sulfation method as described by Singh et al.26 The various 

monosaccharides (Figure 1) were built in the 4C1 ring configuration, with hydroxyl substituents 

at the C1 position. The systems were neutralised using sodium ions where appropriate and 

explicitly solvated in truncated octahedron boxes using TIP3P27 waters placed a minimum of 
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13 Å away from the solute. 

 

MD simulations. All simulations were equilibrated using the following protocol. Solvated 

monosaccharide boxes were minimised and then heated from 0 to 298 K over 500 ps under 

constant volume conditions (NVT). The box density was then equilibrated to a target pressure 

of 1 bar via 1 ns of constant pressure (NPT) simulation using the Monte Carlo barostat,28 with 

volume exchange attempts every 100 steps. The system was then further equilibrated under 

NVT conditions for a further 1 ns. All subsequent simulations were carried out in the NVT 

ensemble.  

 

Temperature control was achieved using the Langevin thermostat,28,29 with a collision 

frequency of 3 ps-1 and a target temperature of 298 K. Hydrogen bond motion was constrained 

using the SHAKE30 and SETTLE31 algorithms for solute and water molecule respectively. A 2 

fs integration timestep was used for all msesMD simulations, whilst the unbiased MD 

simulations employed the hydrogen mass repartitioning (HMR)32 methodology with a timestep 

of 4 fs. Following Hopkins et al.,33 2 amu was repartitioned from heavy atoms to hydrogens 

via the AMBER parmed utility. A 9 Å cut-off was used for short range non-bonded 

interactions, with long range electrostatics calculated via the particle mesh Ewald approach.34,35 

Starting from the equilibrated systems, individual production simulations were propagated for 

a total of 10 µs, with configurations sampled every 5 ps. For α-Glc and GlcA, simulations were 

extended by a further 10 µs due to poor sampling of chair interconversion events. 

 

msesMD simulations. The same overall msesMD simulation approach employed in our recent 

work was used here.18 Briefly, eight replicas were coupled using our previously published 

swarm biasing potential with the parameters A = 3.195 kcal mol-1, B = 2.625 rad-1, C = 0.75 
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kcal mol-1 and D = 0.5 rad-1. For all monosaccharides, the msesMD potential was applied to 

two non-overlapping ring torsions, O5-C1-C2-C3 and C3-C4-C5-O5. These boost coordinates 

were chosen due to their successful previous use in Hamiltonian replica exchange studies of 

uronic acid puckering by Babin and Sagui.14 It is however noted that other puckering 

coordinates, such as Hill-Reilly36 or Cremer-Pople angles,37 have also been found to be 

effective in previous enhanced sampling studies10,11 and could equally have been employed in 

the current work. On completing the unbiased MD equilibration process, eight independent 

trajectories were propagated over a 1 ns period. The msesMD potential was then slowly 

introduced across the replicas over a 600 ps period and the system allowed to re-equilibrate for 

a further 5.4 ns under the full influence of the potential. This was then followed by 195 ns per 

replica of production simulation with configurations sampled every picosecond. 

 

Analysis. Cremer-Pople θ and  angles were calculated to characterise monosaccharide pucker. 

To quantify differences in occupation of ring conformations (1C4, 
4C1, half-chair/envelope and 

boat/skew-boat), free energy surfaces were computed both as a function of θ and of θ and . 

For this, the relative Helmholtz free energy ΔΑ was computed from the normalised microstate 

probability density ρx according to ΔΑ = kBTlnρx, where kB is the Boltzmann constant and T 

is temperature. Estimates for ρx were obtained via the “counting approach” for unbiased MD 

simulations,38 and for msesMD through the approach of Torrie and Valleau39 as detailed 

previously.18,20 A histogram bin size of 6 was used, with maximum energy cutoffs of 12 and 

8 kcal/mol for the 1D and 2D surfaces respectively. Relative free energies of different 

puckering states, as shown in Tables 1 and 2, are presented as the lowest free energy bin value 

in the 2D Cremer-Pople θrange defining that particular puckering state.  Ensemble average 

estimate errors for the msesMD simulations were calculated via bootstrap analysis, randomly 

resampling the simulation data 100,000 times and calculating the error as the standard deviation 
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in the bin energy estimates across all resamples.18 These analyses were performed via in-house 

python scripts, using NumPy (www.numpy.org) and SciPy libraries (www.scipy.org); and the 

cpptraj program from AmberTools16.40  

 

Results and discussion 

Comparison of puckering free energy landscapes via MD and msesMD 

Firstly, we compute the puckering free energy profiles for four biological relevant and 

computationally well-studied monosaccharides, α-Glc, -Glc, IdoA and GlcA (Figure 1). 

7,13,14,41 These pucker profiles (Figure 2) were computed as a function of Cremer-Pople angle 

θ, a coordinate which describes the change in conformation from the 4C1 chair (θ = 0°) through 

boat/skew-boat (θ = 90°) to the 1C4 chair pucker (θ = 180°). Unbiased MD studies of ring 

puckering in monosaccharides have previously suggested that simulation lengths of 5 - 10 μs 

are necessary to achieve converged puckering free energy profiles.9,21 Interestingly, here we 

observe that explicit solvent MD simulations in excess of 15 s were required to obtain a 

converged computed free energy profile of α-Glc (Figure 2a). Examination of the sampling of 

the  pucker angle (Figure 3a) indicates infrequent transitions between the preferred 4C1 chair 

and the higher energy 1C4 ( ~170°) states, via the boat/skew-boat pucker region at θ values of 

~90°. The computed profiles for β-Glc and IdoA are broadly similar to that of α-Glc (Figure 

2b,c); however, more frequent transitions to the 1C4 pucker are exhibited for these 

monosaccharides (Figure 3c,e). For GlcA, the computed barrier to the 1C4 pucker seems highest 

of the four monosaccharides (Figure 2d), with only two transient excursions to this 

conformation over the 20 s trajectory (Figure 3g).  

 

Despite the infrequent sampling of the 1C4 state, there is reasonable agreement in the glucose 
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4C1/
1C4 energy preference computed here with previous enhanced sampling MD studies. From 

our 20 s unbiased MD simulations, the computed pucker landscapes indicate that for both -

Glc and -Glc, the expected 4C1 chair conformer is favored (Figure 2a,b); the 4C1 preference is 

computed as 3.5 kcal/mol for -Glc, but only 0.2 kcal/mol for the -anomer (Table 1). This 

3.3 kcal/mol reduction in preference by -Glc for the 4C1 pucker is reflected by other simulation 

studies: metadynamics simulations of glucose anomers,10 using a reparameterised GROMOS 

45a4 force field,42 found a reduced 4C1 preference for -Glc by ~2.5 kcal/mol. A MD study15 

using replica exchange with solute tempering/bond softening (REST/BOS) in conjunction with 

the OPLS343 and SPC force fields, also found a reduction in stabilisation of 4C1 for Glc by 

2.2 kcal/mol, to the extent of 1C4 being the preferred state for the -anomer.  

 

Our unbiased MD simulations predict the 4C1 and 1C4 forms of IdoA are also similar in energy, 

with a preference for 1C4 of 0.3 kcal/mol (Figure 2c, Table 1). This is in accord with the 

observation of lability in IdoA ring pucker observed from previous MD simulation and NMR 

of the methyl aglycone.9 For GlcA, the C5 epimer of IdoA, MD simulation predicts 4C1 chair 

as the dominant ring pucker conformation (Figure 2d), by 2.8 kcal/mol over the inverted chair 

structure (Table 1). 

 

We next turn to consider ring pucker profiles for the four monosaccharides computed using 

msesMD enhanced sampling simulations. Free energy landscapes were determined based on 

msesMD simulation lengths of 45, 95, 145 and 195 ns (Figure 4); good convergence was found 

by 145 - 195 ns; the slowest to converge was, perhaps not unexpectedly, the α-Glc puckering 

profile (Figure 4a). Bootstrap sampling analysis of these 1D free energy profiles from 195 ns 

msesMD simulations (Supporting Information, Figure S1) indicates errors lying well within 

0.2 kcal/mol, although on occasion ranging up to 0.5 kcal/mol for very high energy half-chair 
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and envelope transitional conformers. Overall, however, the free energy profiles recovered 

from the msesMD simulations appear well converged. 

 

Based on the 195 ns msesMD simulations, the free energy landscapes for the pucker 

conformations agree closely with the most exhaustive of the multi-microsecond unbiased MD 

simulations (Figure 2). For example, the profile of -Glc captures the relatively small 0.2 

kcal/mol preference for the 4C1 form (Figure 2a, Table 1) that was predicted by the 15 and 20 

s MD simulations but not 1, 5 and 10 s MD trajectories. The msesMD simulation of IdoA 

also correctly depicts a puckering free energy surface with a slight favoring of the 1C4 

conformer (Figure 2c). For the four sugars, agreement in the 4C1/
1C4 energy difference between 

unbiased MD and msesMD simulations differs by at most 0.4 kcal/mol; this highest deviation 

is found for GlcA (Table 1, Figure 2d). Indeed, the GlcA profile contains a high energy barrier 

of ~10 kcal/mol between boat/skew-boat forms and 1C4 (Figure 2d). Modelling the GlcA 

pucker profile appears to pose a challenge for the unbiased simulations; as described above, 

the 1C4 chair conformation region is only sampled twice for a few nanoseconds over the 

duration of the 20 s MD simulation (Figure 3g). This contrasts with comprehensive sampling 

by msesMD replicas over the 195 ns simulation (Figure 3h).  

 

To examine in more detail non-chair puckering states, we resolve the puckering free energy 

surface according to both Cremer-Pople angles,  and . As for the free energy profiles based 

solely on, the puckering profiles from msesMD have low bootstrap errors (Figure S2) and 

are in good agreement with unbiased MD predictions (Figure 5). The differing boat/skew-boat 

populations of the four monosaccharides on the puckering hypersurface is evident and 

reproduced by msesMD (Figure 5). The predicted identity of the lowest lying non-chair 

conformer agrees well in all four cases (Table 1). Interestingly, the epimers IdoA and GlcA 
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exhibit a marked difference in preferred intermediate conformer, switching from 2SO for IdoA 

(Figure 5e,f) to 1S3 for GlcA (Figure 5g,h; Table 1). The ability of IdoA to readily access the 

2SO conformer has been observed in previous MD simulations and NMR of hexasaccharide 

models of heparan sulfate.22 

 

For each of the four monosaccharides, the relative free energy of the lowest lying non-chair 

conformer from MD and msesMD agrees to within 0.2 kcal/mol (Table 1). The exception is 

for α-Glc, where a difference of 0.5 kcal/mol is found between MD and msesMD estimates for 

1S5 (Table 1), a conformer which lies in the θ region of (90°, 250-300°). In overall terms, 

however, there is good agreement between multi-microsecond MD and msesMD methods in 

predicted  and  free energy profiles for ring puckering of α-Glc, -Glc, IdoA and GlcA. 

The detailed shifts in populated puckering states as a function of anomer and epimer are 

reproduced. 

 

Effect of sulfation on puckering free energy landscape  

Based on this assessment, we next apply our msesMD simulations to evaluate the pucker 

profiles of eleven biologically relevant sulfated monosaccharides derived from the IdoA, GlcA, 

-Gal and -Glc residues. As before, an assessment of convergence in the free energy profiles 

computed by the msesMD simulations was performed; for the eleven systems, the pucker free 

energy profiles typically had converged to within 0.2 kcal/mol by 195 ns (Figures S3-S5), with 

bootstrap errors also generally on the order of 0.2 kcal/mol (Figures S6-S11). 

 

We first consider the 2-O-sulfated forms of IdoA and GlcA, residues commonly found in 

GAGs; these are denoted IdoA2S and GlcA2S respectively (Figure 1). The ring pucker profiles 

computed from 195 ns msesMD simulations predict that 2-O-sulfation of IdoA produces a 
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subtle switch in preference (Figure 6a), from a free energy difference of 0.5 kcal/mol favoring 

the 1C4 form over 4C1 in IdoA; to a 0.2 kcal/mol preference for the 4C1 over 1C4 pucker in 

IdoA2S (Table 1). In addition, there is stabilisation of the two main skew-boat forms, 3S1 and 

2SO (Figure 7a,b): on sulfation, the relative free energy of 2SO
 is lowered from 1.5 to 1.3 

kcal/mol, although we note this 0.2 kcal/mol difference lies within error (Tables 1 and 2). For 

3S1, the relative free energy is reduced from 1.7 to 1.1 kcal/mol on sulfation. As mentioned 

above, the 2SO conformation of the IdoA2S residue is significant, with NMR indicating this 

pucker is adopted by oligosaccharides that bind antithrombin III, including heparin.44,45   

 

For 2-O-sulfation of GlcA, there is a smaller effect on pucker distribution, for the chair forms 

(Figure 6b) and for the intermediate boat/skew-boat populations (Figure 7c,d). For both GlcA 

and GlcA2S, the 1S3 and BO,3 structures lie within 2.4 kcal/mol of the lowest energy 4C1 

conformation and are more favored than the 1C4 conformer (Tables 1 and 2). The substitution 

of the O2 hydroxyl in GlcA with a bulkier O-sulfate in GlcA2S might be expected to lead to a 

decrease the 1C4 population, as the O2 group is in the axial orientation in the latter case. 

However the 0.6 kcal/mol increase in stability of the 1C4 pucker on sulfation appears to arise 

from the compensating presence in msesMD simulations of hydrogen bonding between the O4 

hydroxyl of GlcA2S and its axial 2-O-sulfate group (data not shown). 

 

We consider next the hexosamine GlcNAc, the most widely modified GAG monomer in nature, 

and four of its commonly occurring variants (Figure 1): firstly, from N-deacetylation and 

subsequent N-sulfation of GlcNAc, the N-sulfo glucosamine (GlcNS) is obtained. GlcNS can 

undergo further O-sulfation through the action of heparan sulfate sulfotransferases at either the 

O3, O6 or both positions, leading to GlcNS(3S), GlcNS(6S) and GlcNS(3S,6S) residues 

respectively (Figure 1).  
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For all five compounds, a similar free energy dependence on pucker angle  is predicted by 

the 195 ns msesMD simulations (Figure 6c); these profiles indicate a distinct preference for the 

4C1 chair form in all cases. For GlcNAc, a preference for the 4C1 over 1C4 conformation is 

computed here as 1.4 kcal/mol (Table 2); this energy difference was estimated as 3.5 kcal/mol 

from previous analysis of two 10 s MD simulations of GlcNAc using the GLYCAM 06 force 

field.23 Accessible from this 4C1 minimum are a range of boat/skew-boat forms at   90 via 

a barrier of ~8 kcal/mol (Figure 6c). Here, resolving the equatorial pseudorotation region 

obtained by msesMD simulation finds a diverse range of boat/skew-boat conformations (Figure 

7e-i), with the most stable conformers occupying energies ranging from 3.6 – 4.4 kcal/mol 

from the 4C1 minimum (Table 2). A similar range of boat and skew-boat conformers were 

obtained from the 2 x 10 s MD study.21 Nevertheless, sampling the complex puckering 

landscape of sulfated GlcNAc systems is challenging21,46 and in that same study, 2 x 10 s MD 

simulations of GlcNS(3S) and GlcNS(3S,6S) observed no 4C1-to-1C4 transitions, and for the 

GlcNS(6S) residue, one transition was observed.21 Here, we observe frequent sampling over 

the pucker coordinate, leading to computation of a continuous puckering free energy surface 

across (Figure 6c); we do note, however, that not all replicas of the swarm sampled the 

complete range of  (Figure S13).  

 

Finally, we consider the ring pucker of hexosamine, GalNAc, and three of its derivatives found 

in GAGs: these are sulfated at the O4, O6 or both these positions in GalNAc, and are denoted 

GalNAc(4S), GalNAc(6S) and GalNAc(4S,6S) respectively (Figure 1). Relatively little work 

has been performed computationally or experimentally on the study of GalNAc ring pucker,46 

and to our knowledge, no work exists on the effect of its O-sulfation. As for GlcNAc and its 

derivatives, we find here that msesMD simulation of the four GalNAc-based monosaccharides 
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exhibit a strong preference for the 4C1 chair conformer (Figure 6d). The predicted barrier to 

accessing the boat/skew-boat region is also similar to that of GlcNAc, with a value of ~7 

kcal/mol (Figure 6d).  

 

Here, however, the comparison with GlcNAc ends: this boat/skew-boat region of GalNAc and 

its sulfated forms appears restricted to the 1S3 skew-boat pucker (Figure 7j-m), as opposed to 

the more diverse range of structures accessible to GlcNAc and its derivatives (Figure 7e-i). 

Based on the msesMD simulations, the computed stability of the 1S3 form is between 3.5 and 

4.4 kcal/mol lower than that of the 4C1 minimum of GalNAc and its derivatives (Table 2). Most 

striking however is the lack of stability of its 1C4 form. Indeed, the lowest energy 1C4 structures 

are found for GalNAc(4S) and GalNAc(4S,6S), which lie 5.0 and 8.3 kcal/mol above the 4C1 

form respectively. A previous 5 s MD simulation of GalNAc in explicit aqueous solvent46 

observed the inaccessibility of the 1C4 form, unable to sample any of that conformer over the 

duration of these simulations. Similarly, no 1C4 conformer is sampled for GalNAc and 

GalNAc(6S) by msesMD simulations here, although it is sampled in the other sulfated forms  

(Figure S14).  

 

In terms of the physical origin of these observations, we note that a 4C1-to-1C4 transition for 

GalNAc involves displacing four of its ring substituents from equatorial to axial positions; this 

leads to unfavorable 1,3-diaxial interactions in the 1C4 structure of GalNAc. Introduction of 

sulfation at the O6 position only compounds this effect. Conversely, msesMD simulation 

predicts that O4 sulfation of GalNAc significantly stabilises its 1C4 pucker, such that it lies at 

5 kcal/mol above the 4C1 chair (Table 2). This is in part due to the bulky O4 sulfate group 

occupying a strained axial position in the 4C1 chair, thus shifting the conformational 

equilibrium towards 1C4. The 1C4 form is also stabilised by formation of intra-ring hydrogen 



14 
 

bonding between the sulfate and hydroxyls groups in GalNS(4S) (Figure 8a); for 

GalNS(4S,6S), intra-ring hydrogen bonding is also observed (Figure 8b). However for this 

monosaccharide, minimizing electrostatic repulsion between sulfate groups is an additional 

factor governing ring conformation.  

 

Conclusions 

In this work, we explore the ring puckering landscape of thirteen glycosaminoglycan 

monosaccharides using enhanced sampling molecular dynamics simulations via the msesMD 

method. We first demonstrate that msesMD efficiently probes the thermodynamics of pyranose 

rings for four monosaccharides. At an order of magnitude lower computational cost, the 

application of a swarm biasing potential to two ring dihedrals via msesMD yielded puckering 

free energy profiles for the four monosaccharides in quantitative agreement with long timescale 

MD simulations. In the cases of Glc and GlcA, unbiased MD simulations over 15 s in 

length were required for adequate sampling; thus, some monosaccharides appear to require 

longer simulation times than previously thought.9,21 For the msesMD simulations, we also note 

that the parameters for the swarm biasing potential employed in this work are the same as used 

in previous efficient sampling of glycosidic and peptide backbone torsional degrees of 

freedom,20 suggesting a degree of transferability in this biasing potential.    

 

We then applied msesMD simulations to compare the puckering free energy landscapes for 

eleven glycosaminoglycan monosaccharides: we find that for sulfated and unsulfated forms of 

IdoA, GlcA, GlcNAc and, to a lesser degree, GalNAc, the free energy profiles are rather 

similar. For IdoA and IdoA2S, an NMR analysis of eight heparin sulfate-based hexasaccharides 

concluded that the variation in 4C1:
2SO:1C4 populations of the IdoA/IdoA2S residue was 

dictated by the differing sulfation patterns of neighbouring residues.22 This suggests that inter-
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residue hydrogen bonds and other interactions arising from the interplay of sulfated and non-

sulfated groups play a key role in dictating shape and function of GAG polysaccharides. 

 

Secondly, our msesMD study of GalNAc derivatives found that, although the galactosamine 

ring was more rigid than for GlcNAc, 4-O-sulfation of GalNAc led to a somewhat unexpected 

stabilisation of the 1C4 form and lowering of the energy barrier leading to this conformer 

(Figure 6d). Although still predicted as 5.0 kcal/mol higher in energy than the 4C1 conformer, 

the potential access to a 1C4 form could be relevant to the structure, interaction and function of 

polysaccharides such as dermatan sulfate. The anticoagulant activity of dermatan sulfate from 

Ascidian nigra, possessing 6-O-sulfated GalNAc residues, has been examined;47 this was 

compared with the activity of the mammalian form, which contains solely 4-O-sulfated 

GalNAc. It was found that only the mammalian form exhibited anticoagulant activity and 

potent interaction with heparin cofactor II. This suggests that 4-O-sulfation of GalNAc residues 

is required for dermatan sulfate’s anticoagulant function. The increased flexibility of 

GalNAc(4S) ring predicted here may play a role in this, although the overall activity of these 

glycosaminoglycans is likely due to a complex sum of saccharide intra- and inter-residue 

structure, complementing interactions with heparin cofactor II.47 

 

Work on elucidating the role of geometric conformation in GAGs and how it is encoded by 

selective chain decoration is still in its early stages.5 This is in part due to the synthetic 

challenges of making point modified polysaccharides48,49 and in part because of the difficulty 

in accurately simulating these highly charged compounds, both in terms of sampling its 

complex conformational landscape and in capturing its physical behaviour via a classical 

potential energy function.5,26 The use of enhanced sampling MD methods such as the msesMD 

methodology afford an intuitive and efficient approach for sampling the puckering free energy 
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landscape of GAG monosaccharides, providing a useful route to aid our understanding of larger 

chain effects and to further refine the currently available models of GAG polysaccharides. 

 

Supporting Information. Structural, energetic and error analyses of MD simulations of GAG-

related monosaccharides. This material is available free of charge via the Internet at 

http://pubs.acs.org. 
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Figure captions 

 

Figure 1   Monosaccharides α-D-glucose (α-Glc), β-D-glucose (β-Glc), α-L-iduronic acid (α-

Glc), β-D-glucuronic acid (β-GlcA); glycosaminoglycan monosaccharides GlcNAc and 

GalNAc and their sulfated variants  

 

Figure 2   Free energy profiles as a function of Cremer-Pople puckering angle θ for (a) α-

Glc, (b) β-Glu, (c) IdoA and (d) GlcA calculated via unbiased MD trajectories of varying 

length or via 195 ns msesMD simulations. Energies in kcal/mol. 

 

Figure 3   Time series of Cremer-Pople θ angle computed from respective 20 s MD and 195 

ns msesMD simulations of (a,b) α-Glc, (c,d) β-Glu, (e,f) IdoA and (g,h) GlcA 

 

 

Figure 4   Evaluation of the convergence of free energy profile computed via 195 ns 

msesMD as a function of Cremer-Pople puckering angle θ for (a) α-Glc, (b) β-Glu, (c) IdoA 

and (d) GlcA  

 

Figure 5   Free energy profiles as a function of Cremer-Pople puckering angles θf computed 

from respective 20 s MD and 195 ns msesMD simulations of (a,b) α-Glc, (c,d) β-Glu, (e,f) 

IdoA and (g,h) GlcA 

 

Figure 6   Free energy profiles as a function of Cremer-Pople angle θ evaluating the impact 

of ring modification of (a) IdoA, (b) GlcA, (c) GlcNAc and (d) GalNAc, computed from 195 

ns msesMD simulations.  
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Figure 7   Free energy profiles as a function of Cremer-Pople puckering angles θ from 195 

ns msesMD simulation of (a) IdoA, (b) IdoA2S, (c) GlcA, (d) GlcA2S, (e) GlcNAc, (f) 

GlcNS, (g) GlcNS(3S), (h) GlcNAc(6S), (i) GlcNAc(3S,6S), (j) GalNAc, (k) GalNAc(4S), (l) 

GalNAc(6S) and (m) GalNAc(4S,6S).  

 

Figure 8 (a) Selected conformations of 1C4 conformers of (a) GalNAc(4S) and (b) 

GalNAc(4S,6S) indicating the type of intra-molecular hydrogen bond pattern which can be 

accessed (with representative distances in Å)  
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Table 1   Relative free energy of 1C4 and selected non-chair conformers (lying within 0.5 

kcal/mol of the lowest energy non-chair conformer) of monosaccharides relative to 4C1 chair 

form (kcal/mol), computed via MD and 195 ns msesMD simulations.   

 

  

MD msesMD MD msesMD

α-Glc 0.2 0.2 1
S5 [2.9], B2,5 [3.0]

1
S5 [2.4]

β-Glc 3.5 3.3

1
S3 [3.1], 

1,4
B [3.2], 

O
S2 [3.3],               

3
S1 [3.2], 

3
BO [3.5]

1
S3 [3.2], 

O
S2 [3.3], 

3
S1 [3.4],  

1,4
B [3.5], 

1
S5 [3.6], 

2
SO [3.7]

IdoA -0.3 -0.5 2
SO [1.5], 

3
S1 [1.7], B1,4 [1.9]

2
SO [1.6], 

3
S1 [1.8], B1,4 [2.0]

GlcA 2.8 3.2 1
S3 [2.1], B3,O [2.4]

1
S3 [2.2], B3,O [2.5]

Residue

1
C4 Non-chair
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Table 2   Relative free energy of 1C4 and selected non-chair conformers (lying within 0.5 

kcal mol-1 of the lowest energy non-chair conformer) of monosaccharides relative to 4C1 chair 

form (kcal/mol), computed via 195 ns msesMD simulations.   

 

IdoA(2S)

GlcA(2S)

GlcNAc

GlcNS

GlcNS(3S)

GlcNS(6S)

GlcNS(3S,6S)

GalNAc

GalNAc(4S)

GalNAc(6S)

GalNAc(4S,6S)

Residue 1
C4 Non-chair

8.3

0.2

2.6

1.4

1.9

1.8

1.3

1.6

N/A

5.0

N/A

1
S3 [3.5]

3
S1 [1.1], 

2
SO [1.3], B1,4 [1.4]

1
S3 [2.0], B3,O [2.2]

B3,O [4.0], 
1
S3 [4.1], 

2
SO [4.2], 

1,4
B [4.3]

1
S3 [4.0], 

1
S5 [4.1], B3,O [4.2], 

1,4
B [4.3], 

2
SO [4.4]

O
S2 [3.8], 

1
S5 [4.0], B3,O [4.1], 

2
SO [4.1], 

1,4
B [4.2], B2,5 [4.3]

1
S3 [3.9], 

1
S5 [4.0], B3,O [4.1], 

2
SO [4.2], 

1,4
B [4.2]

2
SO [3.9], B3,O [3.9], 

O
S2 [4.1], B2,5 [4.3]

1
S3 [4.4]

1
S3 [3.9]

1
S3 [4.4]
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