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Abstract

The inclusion of zero-mass point charges around electronegative atoms, such as oxygen, within 

molecular mechanical force fields is known to improve hydrogen-bonding directionality. In 

parallel, inclusion of lone-pairs (LPs) in the TIP5P water model increased its ability to reproduce 

both gas-phase and condensed-phase properties over its non-LP predecessor, TIP3P. Currently, 

most biomolecular parameter sets compute partial atomic charges via fitting of the classical 

molecular electrostatic potential (MEP) to the quantum mechanical MEP. Application of this 

methodology to optimize lone-pair description is therefore consistent with the current approach to 

modeling electrostatics and is straightforward to implement. Here, we present an atom-type 

specific lone-pair model, which leads to the most optimal LP placement for each atom type, and, 

notably, results in reproduction of the lone-pair description present in TIP5P. Carbohydrates are 

rich in hydroxyl groups, and development of a lone-pair inclusive carbohydrate force field for use 

with a lone-pair containing water model, such as TIP5P, ensures the compatibility between these 

two models. Implementation of this lone-pair model improves the geometry and energetics for a 

series of hydrogen-bonded clusters and the properties of several small molecule crystals over the 

non-LP containing force field.

Introduction

Partial charges are nonphysical entities that are nevertheless convenient to employ in the 

computation of the nonbonded Coulomb interaction in molecular mechanics force fields, eq 

1.1 The common use of atom-centered partial charges (monopoles) exclusively is based on 

the approximation that the higher order terms (dipole, quadrupole, etc.) can be ignored, due 

to the rapid rate at which the higher order contributions diminish with respect to internuclear 

distance. A variety of protocols have been developed to obtain atom-centered partial atomic 

charges for biomolecules. Several groups have pioneered the general method that employs 

the computed quantum mechanical molecular electrostatic potential (MEP) at a grid or shell 

of points around a given molecule to derive partial charges, eq 2.1–10 Partial charges are fit 

to the atomic centers in a given molecule, so as to optimize the agreement between the 

classical MEP arising from these partial charges and the quantum mechanical MEP, eq 3.1,7 

Least-squares fitting yields a minimized error (χ), which is utilized here to gauge the quality 

of the fit between the classical and quantum mechanical MEP.
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Despite subtle differences in the derivation of partial atomic charges, most of the current 

MEP-based techniques have been shown to perform well in practice and are widely 

employed. In contrast, the inclusion of point charges around oxygen, nitrogen, and sulfur, to 

mimic lone-pair electrons, continues to be controversial. The option of including lone- pairs 

in molecular dynamics (MD) simulations with the AMBER program has been available 

since 1984.9,11–13 Since 2000, the AMBER package has employed an analytical treatment of 

lone-pairs with zero-mass and rigid relative positions.14 Previously, lone-pairs were treated 

as pseudoatoms with both a mass, a partial charge, and associated valence force constants.14 

Along with the conversion to an analytical treatment of lone-pairs (“Extended Points” (EPs) 

in AMBER nomenclature) the distance of the lone-pairs from the corresponding oxygen 

nucleus was only marginally altered from 0.20 Å (PARM81) to 0.35 Å 

(PARM02EP).12,15–17 The method used to determine the lone-pair oxygen bond length in 

PARM02EP was based on the location of critical points in the charge density.18–20 Critical 

points were identified for a test set of 21 compounds comprised of sp, sp,2 and sp3 nitrogen 

as well as sp2 and sp3 oxygen atom types. Due to the insensitivity of critical point position to 

chemical environment, it was inferred that an average value of 0.35 Å for the LP–O bond 

length was transferable to all relevant oxygen and nitrogen atom types. More recently, a 

similar method was utilized for preliminary lone-pair placement to develop a polarizable 

lone-pair inclusive model.21 However, the critical point location in the electron density is 

dependent on the level of theory and basis set employed in the quantum mechanical 

calculation.9 Furthermore, the charge density has not been shown to lead to good 

reproduction of the MEP. Therefore, since fitting partial charges to the quantum mechanical 

MEP has been shown to be appropriate for condensed-phase MD simulations, a LP 

placement derived from this approach was examined for application within the AMBER 

force field for the AMBER and GLYCAM parameter sets.

Empirically adjusting partial charges to reproduce experimentally known condensed-phase 

properties, such as density and enthalpy of vaporization, from liquid-state MD simulations is 

an alternative method often used to compute partial charges for pure liquids, such as water, 

giving rise to the TIP5P water model.22–25 In the case of TIP5P, the LP placement is 

specific for the hydroxyl-type oxygen present in the water molecule. This technique was 

also applied to the derivation of the LP–O distance for a model compound, methanol, in 

which the oxygen was approximated to be representative for all oxygen atom types. A 

distance of 0.47 Å was determined and applied to all oxygen atom types in a polarizable 
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version of the OPLS force field.26 This empirical treatment cannot be applied to amino 

acids, nucleic acids, or carbohydrates since they do not exist as pure liquids, and it is unclear 

to what extent values determined for model liquids are transferable to solutes.

Due to the number of hydroxyl groups as well as the presence of a ring oxygen atom 

carbohydrates inherently possess a large number of potential LP sites; in a typical 

hexopyranoside, such as methyl α-D-glucopyranoside (α-D-Glcp-OMe), there are 12 

possible LP placements. Therefore, effects observed for the addition of LPs to one 

electronegative atom may be amplified in carbohydrates. Due to the number of hydroxyl 

groups, carbohydrates have the ability to form multiple inter- and intraresidue as well as 

solute–solvent hydrogen bonds. As a result, inclusion of LPs may have a beneficial effect on 

hydrogen-bond directionality in carbohydrate-containing systems, such as glycoproteins and 

carbohydrate–protein complexes. In these systems, the orientation of the glycan relative to 

the protein surface is directly influenced by intermolecular hydrogen bonds and may further 

include interactions with bridging water molecules.27,28

Derivation of an approach that can predict the LP description in TIP5P, and yet is applicable 

to biomolecular solutes, would result in a TIP5P-consistent approach to developing a LP-

containing biomolecular force field. Currently, the GLYCAM parameter set is consistent 

with the AMBER methodology for partial charge derivation, which involves determination 

of partial charges that produce a classical MEP with the best fit to the quantum mechanical 

HF/6-31G(d) MEP.16,29–32 Extension of this technique to determine the LP–O distance as 

well as the LP partial charges will ensure consistency with the current methodology, as long 

as the fit is to the quantum mechanical MEP computed with the same HF/6-31G(d) wave 

function. Nevertheless, the effect of the level of theory and basis set utilized to obtain the 

quantum mechanical MEP on the determination of the LP–O separation will be examined. In 

contrast to the results from critical point analysis of the charge density, analysis of the fits to 

the MEPs for a variety of test compounds, which include sp2 and sp3 oxygen atoms, show a 

correlation between the LP descriptors (LP–O distance and partial charge) and chemical 

environment. Therefore, different oxygen atom types can have different LP descriptors. 

Lone-pair placement around nitrogen atoms can also be derived with this approach, but 

addition of lone-pairs attached to oxygen atoms has previously been shown to have a more 

profound effect on the ability to reproduce characteristics of hydrogen bonding interactions 

and will only be examined here.26,33

Once implemented in the AMBER/GLYCAM parameter set, an analysis of the ability of this 

model to reproduce experimental and theoretical properties for gas-phase hydrogen-bonded 

clusters as well as monosaccharides in their crystalline form will be presented.34,35

Methods

Quantum Mechanical Computations

All quantum mechanical computations were performed with the Gaussian 98 suite of 

programs, version A.11.3.36 The optimized geometry of water was computed at the HF/

6-31G(d) and B3LYP/6-31G(d) levels.37–40 The quantum mechanical MEPs were computed 

with the grid-based CHarges from the ELectrostatic Potentials (ChelpG) algorithm as 
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implemented in Gaussian 98 at the HF and B3LYP level with the 6-31G(d) basis set.7 Partial 

charges were computed utilizing the Restrained Electrostatic Potential (RESP32) scheme 

implementing a weighting factor of 0.010.35

A series of model compounds representing the oxygen atom types found in alcohols, ethers, 

ketones, amides, and carboxylate compounds was optimized, and the quantum mechanical 

MEPs were determined at the HF/6-31G(d), B3LYP/aug-cc-pVTZ, and MP2/aug-cc-pVTZ 

levels.41,42 The use of this basis set with the B3LYP functional is to maintain consistency 

with previously developed models implemented in AMBER.43 For all sp3-type oxygen 

atoms the LP geometry was constrained to prefer a tetrahedral placement, while for all sp2-

type oxygen atoms the LPs were constrained to be in the plane of the carbonyl group and its 

two substituents, forming a 120° angle, except for the carboxylate compounds, Figure 1.15,26

Molecular Mechanics

The GLYCAM06 parameters were utilized in conjunction with the PARM94 parameter set, 

with the addition of LPs that are defined and fixed in relation to their attached oxygen atom 

type and have no van der Waals radii. Energy minimizations were performed with the 

SANDER module of AMBER7 with a dielectric constant of unity for 10 000 cycles (9000 

steepest descent followed by 1000 conjugate gradient).14 All atoms were included in the 

calculation of nonbonded interactions, and each energy minimization was initiated from the 

ab initio geometry to which it was compared. Two types of systems were investigated, in 

which the first type of system consisted of a series of small hydrogen-bonded clusters that 

did not employ any geometrical restraints and the second investigated the approach of a 

water molecule toward either methanol or N-methyl acetamide (NMA) in which additional 

restraints were necessary.44,45 In each of the approach trajectories, the intermolecular O···O 

distance was restrained at the QM value along the potential energy surface. In addition, the 

methyl group was restrained from rotating away from the ab initio value in the NMA–water 

complex with a harmonic restraint. The only additional restraints were employed as needed 

to ensure the water molecule remained in the QM orientation relative to the methanol or 

NMA molecule.

Crystal Simulations

The unit cells for the orthorhombic crystals of α-D-Glcp(GLUCSA10), α-D-Glcp-

OMe(MGLUCP11), α-D-Manp-OMe (MEMANP), and β-D-Galp-OMe (MBD-GAL02) 

were each transformed using the P212121 symmetry operators to generate crystal lattices 

containing 64 monosaccharides.46–48 Similarly, the P21 symmetry operators were utilized to 

generate a 2 × 4 × 2 system for α-D-Glcp monohydrate (GLUCMH11) and a 4 × 4 × 4 

system for α-D-GlcpNAc (ACGLUA11).49,50 The experimental monosaccharide 

conformation was employed as the initial configuration. Subsequently, no position or 

symmetry restraints were applied, and the box dimensions were allowed to vary over the 

course of the MD simulations. Each system governed by the P212121 symmetry operator 

was obtained via neutron diffraction allowing for direct determination of the proton 

positions, while the protons in the P21 structures were obtained by experimental crystal 

density difference experiments.

Tschampel et al. Page 4

J Chem Theory Comput. Author manuscript; available in PMC 2014 November 21.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



For each monosaccharide, ensemble-averaged charges were derived utilizing the same 100 

conformers employed previously in the generation of ensemble averaged charges in the 

GLYCAM2000a parameter set.31,51 Unlike GLYCAM-2000a, in GLYCAM06 aliphatic 

hydrogen atoms are excluded from the charge fitting.30 Exclusion of the aliphatic hydrogen 

atoms during the charge fitting led to a robust partial charge set, with nearly identical values 

for the same atom types within the monosaccharide, Table 1.52 A similar charge fitting 

scheme was utilized to determine corresponding partial charges for the ala2 zwitterion.53 

The unit cell of the alanine dipeptide zwitterion contains 8 molecules, as determined by 

experimental crystal density difference diffraction, and was transformed to a 128 molecule 

cell utilizing the I4 symmetry operators (2 × 2 × 4). The experimental conformation was 

utilized in the initial configuration, which contained all hydrogen atoms except one methyl 

hydrogen atom. The missing methyl hydrogen atom was added based on the standard 

tetrahedral configuration of methyl groups.

Unit scaling factors for 1,4 nonbonded interactions were employed during the MD crystal 

simulations of carbohydrates, which is consistent with the GLYCAM2000a and 

GLYCAM06 parameter sets.30,31 The Particle Mesh Ewald algorithm was implemented for 

treatment of long-range interactions as each system was heated from 5 to 300 K 

(experimental temperature range was 283–303 K) over 50 ps and subsequently maintained at 

300 K for 1 ns utilizing the Berendsen temperature coupling scheme.54,55 The effect of both 

isotropic and anisotropic pressure scaling was implemented to establish the effects these 

pressure models had on the lattice structure. The deviation from experiment was amplified 

with the anisotropic model, but the same relative trends in cell distortion were observed with 

both models. Due to program limitations, anisotropic scaling was not implemented in the 

crystals governed by P21 symmetry. Data from only the last 500 ps were utilized to 

determine the average cell dimensions and hydrogen-bond distances.34,35,48

Results and Discussion

Determination of the Optimal LP–O Distance

Initially, the effect of fitting to the electrostatic potential to determine the placement of LPs 

around oxygen was assessed by determining the quality of the fit between the classical and 

quantum mechanical MEPs in a water molecule as a function of lone-pair position. The two 

LP–O distances were scanned from 0.01 to 1.00 Å, in 0.01 Å increments, with both LP–O 

distances and the partial atomic charge on the lone-pairs constrained to be equal. Two 

different approaches were taken during the RESP charge fitting stage. In the first scheme 

(A) a charge on oxygen was permitted, while in the second scheme (B) the charge on 

oxygen was constrained to zero, as in the TIP5P water model. Scheme A resulted in a 

minimum at a short LP–O distance of approximately 0.3 Å but possessed unintuitive partial 

charges; the LP charge became increasingly positive as the error function was minimized. 

Application of scheme B led to a minimum at a longer LP–O distance of approximately 0.75 

Å, with negatively charged lone-pairs of approximately −0.2 e, Figure 2. Notably, the LP 

description obtained from scheme B is very similar to that in the TIP5P water model, which 

has an LP–O distance of 0.70 Å, and q(O) = 0 e, and q(LP) = −0.24 e. Thus, the well-

defined MEP fitting approach reproduces the electrostatic description of the TIP5P water 
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model, despite the fact that the TIP5P water model was originally obtained via empirical 

fitting to bulk liquid properties.

Schemes A and B were applied to a series of test molecules, including alcohols and ethers, 

to determine the optimal LP–O descriptors for sp3 type oxygen atoms, Table 2. The average 

LP–O distance at the best fit was 0.69 Å from the HF/6-31G(d) MEP, 0.72 Å from the 

B3LYP/aug-cc-pVTZ MEP, and 0.71 Å from the MP2/aug-cc-pVTZ MEP with scheme A. 

Similarly, application of scheme B led to average optimal LP–O distances of 0.71, 0.75, and 

0.71 Å, respectively. Notably in scheme A only a small partial charge was observed on the 

oxygen atom in the alcohols and ethers. Further, in some cases this small charge was 

positive. Each of the LP–O distances derived thus far was based on the approximation that 

the LP–O distances are equivalent, which is consistent with previous studies and molecular 

symmetry.15,26,33 When both LP–O distances were varied independently for each of the 

alcohol and ether model compounds, the optimal locations converged to the symmetric 

results, Figure 3. Therefore, the results for the sp3 type oxygen atoms in water, alcohols, and 

ethers show that the most consistent and intuitive fit between the classical and quantum 

mechanical MEP was obtained when the partial charge on oxygen was constrained to zero 

(scheme B) and the LPs should have equivalent negative charges, which are determined 

directly from the RESP-fitting.

In order to extend this model to sp2-type oxygen atoms, a test set consisting of ketones and 

amides was compiled. For the ketones, the fit resulted in a very flat error function surface, 

and, at longer LP–O distances, the fit deteriorated and the partial charges at the lone-pair 

sites became positive. An optimal fit was maintained at shorter LP–O distances, of less than 

0.5 Å, with a shallow minimum at approximately 0.3 Å. In addition, at shorter LP–O 

distances the charge on oxygen was nearly zero, even though it was allowed to vary, and the 

lone-pairs maintained a negative charge in scheme A. Therefore, the optimal lone-pair 

placement for ketones was found to be 0.3 Å from the oxygen atom and the partial charge on 

the oxygen set to zero.

In contrast to all the model compounds investigated thus far, inclusion of symmetric lone-

pairs around the carbonyl oxygen of the amide group slightly deteriorated the fit to the MEP 

containing molecules. Allowing each lone-pair to adopt a unique distance from the carbonyl 

oxygen atom improved the fit for the amides, with the best fit at a combination of a longer 

(0.7 Å) LP1–O separation and a shorter (0.3 Å) LP2–O separation, Figure 4. The shorter 

LP2–O distance is located on the side of the carbonyl containing the amide nitrogen.

The charge model for anionic carboxylate groups, such as those in aspartate and glutamate, 

did not incorporate lone-pairs in the PARM02EP parameter set.15 In order to examine the 

validity of this approximation several different lone-pair placements were investigated for 

acetate, propanoic acid anion, 2-methylbutanoic acid anion, and 2-methylpropanoic anion. 

Initially, the carboxylate group was treated as containing two ketone oygen atoms, and the 

standard sp2 geometrical placement was applied, the LP–O–LP angle of 120° as in Figure 5 

(I). The two lone-pairs located between the oxygen atoms in the carboxylate group (LPinner) 

and the remaining two lone-pairs (LPouter) were constrained to have equivalent partial 

charges and separation from their respective oxygen atoms to maintain molecular symmetry. 
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Second, the two LPinner partial charge sites were replaced by a single partial charge, Figure 

6(II).

Third, removal of both LPouter sites from the second model, leaving only a single LP 

bisecting the O–C–O angle was investigated, Figure 5(III), which would theoretically help 

to alleviate the imbalance observed during MD simulations. Commonly, a hydrogen bond 

formed with a carboxylate entity is bifurcated in nature, but during an MD simulation at 300 

K the hydrogen bond donor typically associates with a single oxygen atom at a given point 

in time. Overall, the majority of the negative charge is located on the two oxygen atoms, 

while the charge on LPinner is only slightly negative, ranging only to −0.03 e for the HF and 

B3LYP levels, and becomes positive for all LPinner–C distances less than 2 Å at the MP2 

level for this model, Figures 5 and 6(III). Since the inclusion of LPs in anionic carboxylate 

groups did not lead to an improvement in the fit between MEPs, nor to a minimum in the 

error function, lone-pairs were not included in carboxylate groups.

These atom-type specific lone-pair placements for oxygen will be applied to GLYCAM06, 

and ensemble averaged partial charges will be derived for each pyranoside to yield 

GLYCAM06-LP.

Analysis of Hydrogen-Bonded Clusters

In order to assess the accuracy of the GLYCAM06-LP model, the geometry of several 

hydrogen-bonded clusters were examined in vacuo. Each cluster contained at least one water 

molecule, which, if no LPs were present, was modeled as TIP3P or, when the new LP model 

was employed, as TIP5P. The B3LYP/6-31+G(d) optimized geometry was used as the 

starting point for each cluster geometry force field energy minimization.45 The root-mean-

square deviations (RMSDs) for both the heavy atoms and for all atoms in each neutral 

cluster were determined between the energy minimized molecular mechanics structure and 

the quantum mechanically optimized geometry. Overall, for the 21 clusters examined, the 

RMSDs for the non-LP containing model and the new LP model were 0.58 Å (0.30 Å) and 

0.49 Å (0.21 Å), respectively (heavy-atom RMSDs shown in parentheses).

Examination of the relative energies for the approach of water to a hydrogen acceptor or 

donor-containing molecule provides a useful test of the electrostatic model and illustrates 

the applicability of the chosen water model. For the methanol–water cluster, the approach in 

which methanol is the hydrogen bond donor (MdW) and the approach in which water is the 

hydrogen bond donor (WdM) were compared at the HF/6-31G(d) level, which is the same 

level at which the MEPs were determined, Figure 7. At this level of theory there is no 

difference for the two configurations.44 At the global minima, determined at the MP2/aug-

cc-pVQZ level, the interaction energy for the WdM dimer (−5.72 kcal·mol−1) was more 

favorable than for MdW (−4.95 kcal·mol−1).44 Although both the non-LP and LP models 

reversed the relative ranking of the two configurations, the approach trajectory of the LP 

model was energetically much closer than the non-LP model. In both cases the energy 

difference was less than 1 kcal·mol−1, specifically, 0.6 and 0.3 kcal·mol−1 for the non-LP 

and LP models, respectively. Further work, such as the inclusion of a van der Waals term on 

the hydroxyl hydrogen may be necessary to reproduce the high-level quantum results. For 

example, inclusion of a van der Waals parameter on the hydrogen atoms increased the 

Tschampel et al. Page 7

J Chem Theory Comput. Author manuscript; available in PMC 2014 November 21.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



ability of the TIP3P water model to reproduce bulk water properties when the particle mesh 

ewald algorithm was employed.56

The comparison of the relative energies associated with the approach of a water molecule 

along each of the LP–O axes in N-methyl acetamide ensures that the asymmetric lone-pair 

model degrades neither the geometry nor the energetics of the hydrogen-bonded cluster. 

Approach along the LP–O axes from the methyl side is more favorable than the approach 

from the N-methyl side (120N), by 1.3 kcal·mol−1 at the B3LYP/6-31+G(d, p) level. Starting 

from the quantum mechanically determined structures, energy minimization utilizing the 

non-LP containing model with TIP3P reverses the ranking obtained with density functional 

theory, while inclusion of LPs and the TIP5P water model reproduces the quantum 

mechanically determined ranking, Figure 7.

MD Crystal Simulations

MD simulations of monosaccharide crystals provide a sensitive method for testing 

nonbonded parameters in the condensed phase and have been performed previously for 

carbohydrates.34,35 If the nonbonded parameters are too attractive, then it leads to a more 

tightly packed crystal, while if the interactions are underestimated, then the crystal cell will 

expand. The addition of lone-pairs is purely a variation in the electrostatic model, and 

monitoring the behavior of cell lengths over the course of MD simulations, for both the non-

LP and LP models, provides a sound test for the effects of lone-pair inclusion.

Initially, for each of three methyl glycosides, α-D-Glcp-OMe, β-D-Galp-OMe, and α-D-

Manp-OMe, a 64 and a 256 molecular unit system was generated. Two different size 

systems were employed with the GLYCAM06 parameter set to determine if the smaller 

system size introduced any artifacts in the distortion of the cell dimensions. The average 

difference in cell lengths for the three methyl glycosides in the large (256 molecules) cell 

relative to the 64 molecule cell was 0.01%. Nonbonded cutoffs of 8, 9, and 10 Å were 

investigated within the 256 molecule cells, yielding less than a 0.02 and 0.03% difference 

for the 9 and 10 Å cutoff, respectively, relative to the 8 Å cutoff for the three methyl 

glycosides. A time step of 0.5 fs was implemented as a standard to determine if longer time 

steps would be appropriate. Due to the negligible difference in the results obtained with a 

time step of 1 fs relative to the 0.5 fs initial time step, the larger time step was employed 

along with an 8 Å cutoff and the smaller lattice size.

The majority of the improvement observed from utilization of the GLYCAM2000a to the 

GLYCAM06 and 06-LP force fields can be accounted for mainly by the change in 

nonbonded parameters for the hydroxyl oxygen atom. The radius of the hydroxyl oxygen 

atom in GLYCAM2000a (1.961 Å) is larger than the OPLS value of 1.7210 Å. The OPLS 

van der Waals radii are implemented in the AMBER parameter sets as well as GLYCAM06 

and here in GLY-CAM06-LP.22,31 The larger van der Waals radius as well as the smaller 

well depth (0.14 versus 0.21 × 10−3 kcal·mol−1) both contributed to the expansion and 

elongation of hydrogen bonds observed in GLYCAM2000a versus 06 and 06-LP, Tables 3 

and 4.
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The different partial charge arrangement in each of these force fields would be expected to 

have a relatively small effect on the overall change in cell dimensions since each charge set 

was derived from the same set of conformers for the ensemble with fitting to the HF/

6-31G(d) MEP and RESP weighting of 0.01. In order to observe the sensitivity purely due to 

electrostatics, the OPLS hydroxyl oxygen atom van der Waals parameters were 

implemented in GLYCAM2000a to yield GLYCAM2000b, Table 3. Again, GLYCAM06-

LP yields the smallest average unit-cell deviation and reduces the deviation by over 20% 

from that reported for the GROMOS and HGFB force fields, Table 3.34 Despite being fit to 

the same electrostatic potential, the addition of lone-pairs improves the hydrogen bonding 

interactions over the more elongated hydrogen bonds found in the models sans lone-pairs. 

Within each model, there is a weak correlation between the magnitude of the standard 

deviation and the difference between the calculated and experimental hydrogen bonds, with 

the smallest deviation of 0.11 Å corresponding to simulated hydrogen bonds that are on 

average within 0.1 Å of the experimental value. This is a reassuring occurrence in all the 

models, that they do not adopt the incorrect minimum but are fluctuating over several low 

energy states. Overall, GLYCAM06-LP has the lowest standard deviation and yields the 

best reproduction of the hydrogen-bonding environment in the crystal.

Previous studies have examined the ability of carbohydrate force fields to reproduce 

solvent–solute properties, revealing that GLYCAM2000a underestimates the hydrogen 

bonding interaction between the hydroxyl groups in the pyranoside and the TIP3P water 

model.57 Simulation of the monohydrate glycoside crystal structure required the inclusion of 

a water molecule, which directly assessed the compatibility of the carbohydrate force field 

with the chosen solvent model. Here, the TIP series of models was implemented, with the 

smallest deviation from experiment observed when GLYCAM06-LP was utilized with the 

TIP5P water model, Table 5. Notably, GLYCAM2000b and GLYCAM06 yield the smallest 

distortion of the cell dimensions when the TIP5P model is implemented, with TIP3P being 

the worst, although still in good agreement with the experimental values. Therefore, it is 

clear not only that under these conditions TIP5P performs better than TIP3P and TIP4P but 

also that the inclusion of lone-pairs in the carbohydrate force field results in a substantial 

improvement in the model as well.

In order to assess the performance of the asymmetric LP model, crystal-phase MD 

simulations were performed on a small peptide, the Ala–Ala (ala2) zwitterion shown in 

Figure 8. The I4 space group, inherent to the crystal structure of the ala2 zwitterion, allows 

MD simulation with both isotropic and anisotropic pressure scaling. The deviation of the 

crystal cell dimensions was similar with all models if isotropic scaling was employed, Table 

6. Notably, the asymmetric LP model presented here (LP) yielded the lowest deviation, 

while the 02EP model was the next best model. Inclusion of polarization into the PARM99 

parameter set, PARM02, actually resulted in a worse reproduction of the crystal unit cell 

dimensions. All models implemented here reproduce the interresidue hydrogen bond 

distances and angles to within 5% of the experimental values, with PARM02EP yielding the 

closest agreement, with ≤0.01 Å average deviation in the hydrogen bond distances. 

Anisotropic pressure scaling on the ala2 zwitterion had only a subtle, worsening effect on the 

reproduction of the experimental cell dimensions and hydrogen bond distances, which is in 
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contrast to the large effect anisotropic scaling had on the crystal simulations of 

monosaccharides.

Inclusion of lone-pairs into a pre-existing molecular mechanics force field may require 

subsequent refitting of the torsion terms. The partial atomic charges in GLYCAM06-LP 

were fit to the same MEP as in GLYCAM06, minimizing the impact of the LP-model on 

existing rotation potentials. This is illustrated clearly for the rotational profiles of the C–O–

C–O torsion angle, which is common to all oligosaccharides, and exemplified by axial and 

equatorial tetrahydro-2-methoxy-2H-pyran, corresponding to α- and β-linkages, 

respectively, Figure 9. Here, addition of LPs does not have a substantial impact, and the 

shape of torsional energy curves retains the original optimized shape obtained without LPs.

A highly sensitive measure of the balance between internal rotational energies and external 

solvent influences is provided by the rotamer population distribution for the exocyclic C5–

C6 bond in hexopyranoses. In order to examine the robustness of this LP model, a 10 ns 

condensed phase MD simulations was performed in conjunction with the TIP5P.59 Rotamers 

of the primary alcohol group are populated to varying extents in different monosaccharides, 

as determined by NMR spectroscopy. The three different rotamers that are populated are 

defined by the gauche and trans orientation of both the O5–C5–O6–C6 and C4–C5–O6–C6 

angles, respectively. All three rotamers are populated for α-D-GalpOMe, with 

experimentally determined populations gg: gt:tg of 14:47:39,60 16:75:9,61 and 21:61:18,62 

and are reproduced with GLYCAM06 (100 ns) at 8:75:1830 and here with GLYCAM06-LP 

at 13:81:6. When 10 ns is too short to ensure statistical convergence for this rotation, longer 

simulations would be required in order to determine whether this torsion term should be 

refit. The presence of lone-pairs on both solvent and solute is likely to be particularly 

influential in modeling dynamic processes, such as conformational lifetimes, bound water 

occupancies, diffusion rates, and autocorrelation times. It is hoped that the present model 

will be useful in providing further insight into these phenomena.

Conclusion

Utilizing the quantum mechanical MEP to determine the distance of the lone-pairs from the 

respective oxygen atoms leads to a description of the molecular electrostatics that is 

consistent with the currently available TIP5P water model for the hydroxyl and ether type 

oxygen atoms. The aforementioned sp3-type oxygen atoms each have a LP–O distance of 

0.7 Å and a charge of zero on the oxygen atom. A shorter LP–O distance of 0.3 Å for 

ketones and an asymmetric LP arrangement, with LP1–O and LP2–O distances of 0.7 and 

0.3 Å, for amides yielded the most optimal fit between the quantum mechanical and 

classical MEP. For each fitting, constraining the oxygen as well as the aliphatic hydrogen 

atoms to zero charge led to a robust partial charge set with very similar charges for the 

various atom types in similar environments, i.e., each lone-pair in a secondary alcohol group 

of α-D-Glcp has a partial charge of −0.2 e. Inclusion of the new lone-pair model with TIP5P 

consistently increased the accuracy for MM energy minimized geometries of complexes 

over those of the non-LP containing model with TIP3P. In addition, the crystal MD 

simulations clearly illustrate the improved reproduction of electrostatic interactions when 

LPs are included. With respect to future applications, including LPs may be advantageous in 
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the examination of ligand–receptor complexes, in which water molecules mediate the 

hydrogen bonding interactions between the ligand and receptor.63 In addition, it is expected 

that GLYCAM06-LP will display improved bulk properties such as diffusion rates, 

rotational correlation times, and radial distribution functions. Extension to a polarizable 

lone-pair model is currently underway.
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Figure 1. 
The lone-pair geometry for sp3 and sp2 oxygen atoms.
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Figure 2. 
Correlation of the error function (I) and the partial charges (II) in scheme A (q(O) and 

q(LP)) and in scheme B (q(LP), q(O) = 0) from fitting to the B3LYP/6-31G (gray) and HF/

6-31G(d) (black) MEPs for a water molecule.
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Figure 3. 
Variation of χ with respect to the LP–O distance at the HF/6-31G(d) (I), B3LYP/aug-cc-

pVTZ (II), and MP2/aug-cc-pVTZ (III) levels with the partial charge on oxygen set to zero 

for methanol.
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Figure 4. 
Variation of χ with respect to the LP–O distance (Å) in N-methyl acetamide (I), and N-ethyl 

acetamide (II), and the glycine dipeptide (III). The partial charge on oxygen was freely 

determined in scheme A, while the oxygen partial charge was set to zero during the RESP fit 

in scheme B.
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Figure 5. 
LP placement for anionic carboxylate groups.
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Figure 6. 
Variation of χ (I) and charge on LPinner (II) with respect to the LPinner–C distance when the 

QM level was HF/6-31G(d) (A, blue), B3LYP/aug-cc-PVTZ (B, red), or MP2/aug-cc-PVTZ 

(C, black) for acetate for charge arrangement III in Figure 5.
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Figure 7. 
Approach of H2O to the symmetrical sp3-type lone-pair hydroxyl group in methanol (left) 

and the approach of H2O from the each of the asymmetric sp2-type lone-pair axes of NMA 

(right).
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Figure 8. 
Structure of the Ala–Ala (ala2) zwitterion.
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Figure 9. 
Rotation around the O–C–O–C angle in axial (A) and equatorial (B) tetrahydro-2-

methoxy-2H-pyran determined at the B3LYP/6-31++G(2d,2p) level (black triangles), 

GLYCAM06 (purple circles), and single point calculations with GLYCAM06-LP (dashed 

line, blue circles).
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Figure 10. 
Rotation around the O5–C5–C6–O6 ω-angle in α-D-GalpOMe.
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Table 1

Partial Atomic Charges (au) for α-D-Glcp

GLYCAM 2000a 06 06-LP

C1 0.151 0.509 0.292

C2 0.131 0.246 0.170

C3 0.211 0.286 0.109

C4 0.160 0.255 0.146

C5 0.085 0.283 0.227

C6 0.244 0.277 0.138

O1/LP −0.612 −0.639 0.000/−0.220a

O2/LP −0.632 −0.713 0.000/−0.218

O3/LP −0.668 −0.699 0.000/−0.215

O4/LP −0.665 −0.710 0.000/−0.214

O5/LP −0.404 −0.574 0.000/−0.183

O6/LP −0.671 −0.682 0.000/−0.210

H1 0.153 0.000 0.000

H2 0.103 0.000 0.000

H3 0.061 0.000 0.000

H4 0.081 0.000 0.000

H5 0.086 0.000 0.000

H6/H6′ 0.031/0.031 0.000/0.000 0.000/0.000

HO1 0.432 0.445 0.327

HO2 0.415 0.437 0.281

HO3 0.430 0.427 0.280

HO4 0.429 0.436 0.278

HO6 0.417 0.418 0.272

a
The partial charge on a single LP is listed; note there are 2 LPs per oxygen atom.
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Table 5

Effect of Force Field and Water Model on the Crystallographic Unit Cell Parameters and Intermolecular 

Hydrogen Bond Geometries of α-D-Glcp·H2O

force field GLYCAM2000a expt49

water model

TIP3P TIP4P-EW58 TIP5P-EW59

Aa 17.61 18.90 ± 0.03 18.76 ± 0.02 18.73 ± 0.02

Ba 20.34 21.83 ± 0.04 21.68 ± 0.02 21.64 ± 0.02

Ca 19.42 20.84 ± 0.04 20.69 ± 0.02 20.66 ± 0.02

ΔA, B, and C (%)b 7.33 6.57 6.39

mean |Δ| HBdist (Å) 0.49 ± 0.18 0.36 ± 0.14 4.17 ± 0.73

mean |Δ%| HBdist (%) 23.68 16.97 203.46

mean |Δ| HBangle (°) 72 ± 34 15 ± 17 29 ± 25

mean |Δ%| HBangle 44.25 9.54 16.50

force field GLYCAM2000b expt49

water model

TIP3P TIP4P-EW58 TIP5P-EW59

A 17.77 ± 0.01 17.74 ± 0.01 17.66 ± 0.01

B 20.54 ± 0.01 20.49 ± 0.01 20.40 ± 0.01

C 19.60 ± 0.01 19.56 ± 0.01 19.47 ± 0.01

ΔA, B, and C 0.96 0.75 0.29

mean |Δ| HBdist 0.17 ± 0.09 0.19 ± 0.06 0.20 ± 0.11

mean |Δ| HBdist 7.78 8.38 9.17

mean |Δ| HBangle 8 ± 12 6 ± 10 7 ± 12

mean |Δ| HBangle 4.70 3.78 4.68

force field GLYCAM06 expt49

water model

TIP3P TIP4P-EW58 TIP5P-EW59

A 17.75 ± 0.01 17.72 ± 0.01 17.62 ± 0.01

B 20.50 ± 0.01 20.48 ± 0.01 20.36 ± 0.01

C 19.57 ± 0.01 19.55 ± 0.01 19.44 ± 0.01

ΔA, B, and C 0.81 0.67 0.11

mean |Δ| HBdist 0.18 ± 0.06 0.17 ± 0.07 0.16 ± 0.08

mean |Δ| HBdist 8.41 8.00 7.55

mean |Δ| HBangle 7 ± 11 6 ± 10 6 ± 10

mean |Δ| HBangle 4.42 3.81 3.56

force field GLYCAM06-LP expt49

water model

TIP3P TIP4P-EW58 TIP5P-EW59

A 17.62 ± 0.01 17.67 ± 0.01 17.61 ± 0.01

B 20.36 ± 0.01 20.42 ± 0.01 20.35 ± 0.01

C 19.44 ± 0.01 19.49 ± 0.01 19.42 ± 0.01
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force field GLYCAM06-LP expt49

water model

TIP3P TIP4P-EW58 TIP5P-EW59

ΔA, B, and C 0.11 0.39 0.02

mean |Δ| HBdist 0.19 ± 0.07 0.17 ± 0.09 0.16 ± 0.09

mean |Δ| HBdist 8.68 8.06 7.53

mean |Δ| HBangle 7 ± 12 7 ± 11 7 ± 11

mean |Δ| HBangle 4.60 4.13 4.56

a
In Å.

b
Isotropic pressure scaling.
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