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Abstract

Pyranose ring pucker is a key coordinate governing the structure, interactions and

reactivity of carbohydrates. We assess the ability of the machine learning potentials,

ANI-1ccx and ANI-2x, and the GFN2-xTB semiempirical quantum chemical method,

to model ring pucker conformers of five monosaccharides and oxane in the gas

phase. Relative to coupled-cluster quantum mechanical calculations, we find that

ANI-1ccx most accurately reproduces the ring pucker energy landscape for these

molecules, with a correlation coefficient r2 of 0.83. This correlation in relative ener-

gies lowers to values of 0.70 for ANI-2x and 0.60 for GFN2-xTB. The ANI-1ccx also

provides the most accurate estimate of the energetics of the 4C1-to-
1C4 minimum

energy pathway for the six molecules. All three models reproduce chair more accu-

rately than non-chair geometries. Analysis of small model molecules suggests that

the ANI-1ccx model favors puckers with equatorial hydrogen bonding substituents;

that ANI-2x and GFN2-xTB models overstabilize conformers with axially oriented

groups; and that the endo-anomeric effect is overestimated by the machine learning

models and underestimated via the GFN2-xTB method. While the pucker conformers

considered in this study correspond to a gas phase environment, the accuracy and

computational efficiency of the ANI-1ccx approach in modeling ring pucker in vacuo

provides a promising basis for future evaluation and application to condensed phase

environments.
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1 | INTRODUCTION

Carbohydrates play a range of key roles in biology, including in the

mediation of cell–cell and cell–pathogen interactions.1 For example,

interaction of viral surface proteins with host cell carbohydrates

enables infection and disease, as in the case of Influenza, Dengue

virus, and Rotavirus.2 The glycosylation of viral proteins can also play

a role in infection: a recent example is provided by the spike protein

of SARS-CoV-2, which is rich in complex N-glycans at 22 amino acid

sites.3 These conjugated carbohydrates have been shown to play a

dual role, in shielding the spike protein amino acids from recognition

by the host immune system; and also in promoting binding of the virus

to the host ACE2 protein receptor.3

Structural characterization of the structure and mechanism of carbo-

hydrates is challenging however, due to their diversity in covalent connec-

tivity and conformation.4 In addition to the flexibility associated with the
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glycosidic linkage that joins monosaccharide residues within a carbohy-

drate oligomer or polymer, the hexopyranose ring of each residue can

adopt different shapes, called puckers. While the pyranose ring is most

commonly chair (C) in pucker, other conformations can be adopted,

denoted boat (B), half-chair (H), skew-boat (S) and envelope (E). The mani-

fold of puckers can be conveniently represented on the hypersurface pro-

posed by Cremer and Pople,5 described by angles, θ and φ (Figure 1A).

Non-chair conformations have been found to play an important role in

carbohydrate interactions and reactivity.6 For example, a skew-boat con-

formation has been observed for residues of heparin substrate when

non-covalently bound to fibroblast growth factor;7 and a boat pucker is

formed in the covalent intermediate of a xylanase enzyme.8

Given the experimental challenges in determining carbohydrate

conformations in receptor bound and unbound states, computational

modeling is an invaluable complementary tool. Approaches typically

employ classical force fields in combination with molecular simulation

techniques.4 Recently, for example, we applied an enhanced sampling

molecular dynamics scheme9 with the GLYCAM carbohydrate force

field10 to evaluate the ring pucker free energy landscapes of a range

of glycosaminoglycan monosaccharides.11 Carbohydrate force fields

have undergone numerous refinements over the years in an effort to

improve the level of accuracy in modeling the subtleties of carbohy-

drate structure and dynamics.12

An alternative approach has been to simulate the conformational

behavior of carbohydrates using semi-empirical quantum mechanics

(SQM), linking to the condensed phase via a quantum mechanical

(QM)/molecular mechanical (MM) framework.13,14 In this regard, we

note the recent development of the tight binding density function

method, GFN2-xTB,15 which has shown promise in the evaluation15

of the relative energetics of α- and β-glucose and α-maltose con-

formers that feature in the data set of Marianski et al.16 In this study,

reference energies were computed using the domain-based local PNO

(DLPNO) local correlation method,17 providing DLPNO-CCSD

(T) energies with extrapolation to the complete basis set (CBS) limit.

The GFN2-xTB method was found to give a mean absolute deviation

in conformer energy differences of 3.2 kcal/mol compared to the

DLPNO-CCSD(T)/CBS level of theory. In this analysis, it was found

that relative energies of conformations were underestimated on aver-

age by the GFN2-xTB method. Another smaller scale study18 evalu-

ated the ability of GFN2-xTB to model the conformers of the SCONF

set19,20 of β-glucose and 3,6,-anhydro-4-O-methyl-D-galactitol. Here,

the mean absolute deviation in relative energy compared to DLPNO-

CCSD(T)/CBS calculations was computed to be 1.7 kcal/mol.

An emerging route to accurate and efficient molecular potentials

is via machine learning (ML), using techniques such as kernel-based

methods and neural networks.21 With a suitable training set of molec-

ular geometries and energies, ML methods can learn to directly and

rapidly predict energy as a function of molecular geometry rather than

be used to fit parameters of a predetermined functional form of the

potential. The approach is typified by the ANI suite of methods,22

which are based on fitting a neural network to reproduce quantum

chemical geometries and energies of diverse organic molecules. To

capture the environment around each atom, modified symmetry func-

tions are used as descriptors.22,23

In its first implementation, ANI-1, a training set of 22 M non-

equilibrium molecular energies and geometries of 57 k molecules was

used, computed at the wB97X/6-31G* level.22 The ANI-1 method

was further refined using a data set of 5.5 M molecular conformations

selected by an active learning approach, to give the ANI-1x model.24

This training set contained only C, H, N, and O atoms; subsequently

the approach was extended to the elements S, F, and Cl, and

increased to 8.9 M molecular conformations, again via active learning,

to yield the ANI-2x model.25 A further refinement to the model, using

a smaller set of �500 k reference training datapoints but computed at

the DLPNO-CCSD(T)/CBS level, led to the ANI-1ccx model (for C,

O, N, and H elements).26 These models have shown promise in the

ranking of energetics of the conformations of small organic mole-

cules;25,27 for example, for a study of �700 drug-like molecules,27

ANI-1ccx single point calculations at B3LYP-D3BJ/def2-SVP geome-

tries afforded similar accuracy and calculation efficiency to the

GFN2-xTB method: relative to reference DLPNO-CCSD(T)/CBS

F IGURE 1 (A) Schematic diagram of location of selected pyranose
ring conformers on Cremer–Pople (θ,φ) surface. (B) Monosaccharides
α-D-glucose (α-Glc), β-D-glucose (β-Glc), β-D-xylose (β-Xyl), β-D-
mannose (β-Man); N-acetyl β-glucosamine (β-GlcNAc), and oxane
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energy calculations, both ANI-1ccx and GFN2-xTB yielded correlation

coefficients r2 of 0.64.27

In this work, we evaluate the ability of the ANI-1ccx, ANI-2x and

GFN2-xTB methods to characterize the in vacuo potential energy

landscape of pyranose ring pucker in carbohydrates. To achieve this,

we employ the benchmark dataset of Mayes et al.,28 which character-

izes, at the CCSD(T)/6-311+G(d,p) level of theory, a wide range of

ring puckers for five monosaccharide molecules and the undecorated

pyranose ring model, oxane (also known as tetrahydropyran). Specifi-

cally the five monosaccharides (Figure 1B) are the anomers, α-D-

glucose (α-Glc) and β-D-glucose (β-Glc); the 5-deoxymethyl analog of

the β-anomer, namely β-D-xylose (β-Xyl); the C2 epimer of β-D-glu-

cose, β-D-mannose (β-Man); and the N-acetylated form of β-glucose,

N-acetyl β-glucosamine (β-GlcNAc). We examine the ability of the

machine learning and SQM methods to reproduce the potential

energy of this set of 299 conformers, which represent a range of ring

pucker and rotameric states for each molecule.

2 | METHODS

For this study, we employ the dataset of Mayes et al.,28 which com-

prises 918 conformers of oxane, α-Glc, β-Glc, β-Xyl, β-Man and

β-GlcNAc, exhibiting a broad range of hydroxyl and hydroxymethyl

rotamers and ring puckers. From this set, here we use the subset of

299 local energy minima as characterized via vibrational frequency

calculations, thus omitting transition states. In the dataset, Mayes

et al.28 obtained geometries at the B3LYP/6-311+G(2df,p) level of

theory, with an ultrafine integration grid and tight convergence. Sub-

sequent potential energies were computed at these geometries using

the CCSD(T)/6-311+G(d,p) level of theory. These are referred to sub-

sequently here as the reference geometries and energies, respectively.

Three molecules additional to the Mayes et al. set were also consid-

ered (glycerol, 4,6-dimethyloxane and oxan-2-ol); we determined

geometries at the B3LYP/6-311+G(2df,2p) level and energies via the

DLPNO-CCSD(T) method,17 using a 3-point extrapolation to obtain

the complete basis set (CBS) estimate.29 These calculations employed

the ORCA quantum chemistry package.30

For these structures, we compute energies and geometries using

ANI-1ccx and ANI-2x methods.25,26 The calculations were carried out

with ASE interface of TorchANI.31 The geometry convergence crite-

rion was set such that there was a force magnitude of less than

0.01 eV/Å on every atom. We also apply the tight binding semiempiri-

cal method, GFN2-xTB, using the xtb program.32 The self-consistent

charge convergence cutoff was set to 1.0 � 10�6 Eh and the geome-

try convergence to an iterative energy difference of less than

1.0 � 10�6 Eh.

3 | RESULTS AND DISCUSSION

We first consider the overall ability of the ANI-1ccx, ANI-2x and

GFN2-xTB methods to rank the 299 conformers of the Mayes

et al.,28 according to the potential energy relative to the lowest

energy reference conformer (ΔE). For the five monosaccharides

(Figure 1B), the lowest energy structure corresponds to a 4C1 puck-

ered conformation. When ranking of the set is performed using the

ANI-1ccx energy at the reference geometry, we observe a good cor-

relation with reference CCSD(T)/6-311+G(d,p) relative energies

across the range of ring puckers (Figure 2A). The correlation coeffi-

cient r2 for the conformer set is 0.83, with a mean absolute error

(MAE) in relative energy of 1.1 kcal/mol (Table 1). On geometry opti-

mization via the ANI-1ccx model, the correlation and MAE in relative

energies do not change significantly, with a small reduction in r2 to

0.81 (Figure 2B) and increase in MAE of energy to 1.3 kcal/mol

(Table 1). The highest MAE is found for conformers of β-GlcNAc

with a value of 1.6 kcal/mol (Table 1).

A rather lower correlation is observed between ANI-2x and refer-

ence energies, with a r2 of 0.70 and MAE in ΔE of 2.0 kcal/mol at the

reference geometries (Figure 2C, Table 1); this agreement decreases

to a r2 value of 0.65 and MAE of 2.2 kcal/mol on geometry optimiza-

tion via the ANI-2x model (Table 1). In particular, it appears that stabil-

ity of the 1C4 monosaccharide conformers are significantly

overestimated relative to the 4C1 conformation by the ANI-2x poten-

tial (red, Figure 2C,D). Regarding specific molecules, β-Glc and β-Man

have the largest MAEs in ΔE, with values of 2.1 and 3.9 kcal/mol,

respectively (Table 1).

Finally, for the semiempirical GFN2-xTB Hamiltonian, the overall

correlation in relative energies with reference CCSD(T)/6-311+G(d,p)

values is the lowest of the three approaches, with a r2 of 0.60 and

MAE of 3.8 kcal/mol at reference geometries (Figure 2E, Table 1), and

r2 of 0.47 (Figure 2F) and MAE of 3.8 kcal/mol on geometry optimiza-

tion. In this case, there appears to be a systematic disparity in the sta-

bility of 4C1 versus other conformers, across molecules (Figure 2E,F;

Table S1). We note that the highest MAE is found for β-Glc with a

value of 5.1 kcal/mol (Table 1).

3.1 | Chair conformer energies

We turn now to examine in more detail the energetic landscape as a

function of ring pucker for these six molecules, considering first the chair

conformers, 4C1 and
1C4. At the reference coupled-cluster level of theory,

the lowest energy conformer for each molecule is predicted to be in a
4C1 pucker in the gas phase (Table 2), except for the symmetric oxane

molecule, where the 4C1 and 1C4 conformers are degenerate. We note

that the structures of this study are derived in the gas phase, where intra-

molecular hydrogen bonding is highly favored (e.g., Figure 3). In aqueous

solution, competition for interaction with water would disrupt these inter-

nal hydrogen bonding networks. In vacuo, the monosaccharides range in

relative energy of the 1C4 local minimum (Table 2), from 1.0 kcal/mol for

β-Xyl; to 4.7 kcal/mol for β-Glc; and to 4.9 kcal/mol for both α-Glc for

β-GlcNAc. The higher ΔE of the 1C4 conformation of glucose anomers

compared to that of β-Xyl is in large part a reflection of the energetic cost

of an equatorial-to-axial transition of the bulky CH2OH group (compare

Figure 3A,B with Figure 3C,D).
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On application of the ANI-1ccx model, the overall MAE in pre-

dicted energy of chair puckers 4C1 and 1C4 relative to the 4C1 global

minimum is well described, with an overall value of 0.9 kcal/mol,

increasing to 1.2 kcal/mol at the ANI-1ccx geometry (Table 3); at both

reference and relaxed geometries, the MAE in ΔE for 1C4 conformers

is larger than the value found for 4C1 structures (Table 3). This is

expected given the latter differ from the global minimum structure

only in substituent rotamers not ring pucker.

TABLE 1 Mean absolute error (MAE) in relative energy ΔE (in kcal/mol) and correlation coefficient r2 for molecules computed via the ANI-
1ccx, ANI-2x, and GFN2-xTB methods

Method Oxane β-Xyl α-Glc β-Glc β-Man β-GlcNAc tot r2

N 8 26 53 85 58 69 299

ANI-1ccx 0.26 (0.39) 1.19 (1.36) 1.39 (1.12) 0.98 (1.33) 0.86 (1.09) 1.58 (1.58) 1.14 (1.28) 0.83 (0.81)

ANI-2x 0.23 (0.23) 1.83 (1.97) 1.28 (1.81) 1.93 (2.08) 3.27 (3.90) 1.64 (1.47) 1.96 (2.19) 0.70 (0.65)

GFN2-xTB 0.91 (0.92) 4.40 (4.64) 3.04 (3.17) 5.06 (5.14) 4.21 (4.48) 2.37 (1.91) 3.76 (3.77) 0.60 (0.47)

Note: Number of conformers for a given molecule, N, also shown. Values of MAE in relative energy in parentheses are computed for geometries optimized

via same method as the energy calculation.

F IGURE 2 Correlation between relative
energy ΔE computed by (A) and (B) ANI-1ccx;
(C) and (D) ANI-2x; (E) and (F) GFN2-xTB models,
at reference and model optimized geometries,
respectively, with relative energies computed at
CCSD(T)/6-311+G(d,p) level of theory, across
conformers of five monosaccharides and oxane.
Energies in kcal/mol. Solid lines denote deviations
of ±1 kcal/mol
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F IGURE 3 Optimized structures of β-Glc in (A) 4C1 (conformer id #BG-51 of Supporting Information) and (B) 1C4 pucker (#BG-6); of β-Xyl in
(C) 4C1 (#BX-15) and (D) 1C4 pucker (#BX-2); of α-Glc in (E) 4C1 (#AG-31) and (F) 1C4 pucker (#AG-3); at the reference geometry (cyan), ANI-1ccx
(magenta), ANI-2x (blue) and GFN2-xTB (green). Hydrogen bond distances marked (black dotted lines) and values indicated in Å, for reference
geometry (bold) and in parentheses, for ANI-1ccx, ANI-2x and GFN2-xTB methods, respectively

TABLE 2 Relative energies ΔE (in kcal/mol) for selected lowest energy local puckers relative to global minimum 4C1 conformer, computed at
CCSD(T)/6-311+G(d,p) level of theory

Mol
Ring pucker

4C1
1C4

3S1
2SO

1S3 BO,3
1S5

O,3B OS2
5S1 B1,4

1,4B B2,5

Oxane 0.0 0.0 5.7 5.7 5.7 6.8 5.7 6.8

β-Xyl 0.0 1.0 7.4 4.1 6.7 6.7 7.5 7.8 8.2 8.7 10.6 12.5

α-Glc 0.0 4.9 7.5 11.9 8.2 9.4 7.5 7.8 4.4 7.2 7.9 9.9 9.1

β-Glc 0.0 4.7 7.2 6.6 5.7 4.1 7.0 7.2 6.1 9.5 9.2 8.2 11.0

β-Man 0.0 2.8 4.7 8.2 3.1 5.3 5.5 6.7 7.0 10.6 6.3 10.0 6.7

β-GlcNAc 0.0 4.9 6.9 3.8 3.0 2.3 6.4 5.9 6.2 4.4 4.9 9.2 9.7
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The ANI-1ccx potential predicts an increase in range of stability

of 1C4 conformers relative to the reference potential energy surface:

for β-Xyl, the stability of the lowest energy 1C4 conformer increases

by 1.3 kcal/mol via ANI-1ccx (Table 4), to give a ΔE value of

0.3 kcal/mol (Table S2). At the other end of the range, the α-Glc low-

est energy 1C4 conformer reduces in stability by 1.9 kcal/mol

(Table 4), to lie 6.8 kcal/mol above the 4C1 minimum (Table S2 and

Figure 3E,F). These relative energies are rather similar to those

obtained at ANI-1ccx optimized geometries, with a ΔE of �0.5 and

6.9 kcal/mol for β-Xyl and α-Glc, respectively (Table S2).

For ANI-2x, the mean absolute errors in relative energy are signif-

icantly larger: we observe an overall MAE in ΔE for chair pucker of

3.0 kcal/mol, increasing to 3.2 kcal/mol at the ANI-2x geometry

(Table 3). As for ANI-1ccx, the 1C4 conformers have a higher error

than 4C1 conformers, although the MAE in ΔE of the lowest energy
4C1 minimum increases from ANI-1ccx to ANI-2x from 0.5 to

1.0 kcal/mol at relaxed geometries (Table 3). Also, we find that the

lowest energy 1C4 conformer of β-Xyl is stabilized even further than

for ANI-1ccx, by 3.6 kcal/mol (Table 4), corresponding to a ΔE value

of �2.6 kcal/mol predicted by ANI-2x at both the reference and ANI-

2x geometries (Table S2). The most pronounced overstabilization is

for β-Glc and β-Man, which reduce in ΔE by 7.0 and 6.0 kcal/mol

respectively at the reference geometry; and by 8.5 and 5.9 kcal/mol

on optimization (Table 4). These are significantly larger deviations in

relative energy than those obtained via ANI-1ccx.

The GFN2-xTB quantum chemical method predicts a similar

mean absolute error in ΔE of chair conformers as for ANI-2x, with

reference and relaxed values of 3.0 and 2.7 kcal/mol, respectively

(Table 3). The MAE in ΔE for 1C4 conformers is also larger than for

ANI-1ccx, with a value of 4.0 kcal/mol, decreasing to 3.5 kcal/mol

on geometry optimization (Table 3). At this level of theory, there is

again overstabilization of 1C4 conformers, with for example geome-

try optimized ΔΔE values of �4.7 and �4.5 kcal/mol for β-Glc and

β-Man, respectively (Table 4). In general, GFN2-xTB appears able to

model the stability of 1C4 conformers relative to the 4C1 global mini-

mum, across the monosaccharides more accurately than ANI-2x but

not ANI-1ccx (Table 4).

3.2 | Non-chair conformer energies

For prediction of the relative energies of non-chair puckers, we

observe a similar trend as for chair conformers, with lower errors in

ΔE for ANI-1ccx relative to ANI-2x and GFN2-xTB (Table 3). For ANI-

1ccx, the MAE in non-chair pucker ΔE is 1.2 kcal/mol at the reference

geometries, and 1.3 kcal/mol on geometry optimization (Table 3).

While ANI-1ccx values of MAE in ΔE for non-chair and chair con-

formers are similar, for ANI-2x, the MAE in energy estimates for non-

chair conformers is significantly improved over chair structures, by 1.4

and 1.3 kcal/mol, respectively (Table 3). For the GFN2-xTB method,

the MAE in non-chair ΔE is 3.9 and 4.0 kcal/mol, respectively

(Table 3), which is 0.9 and 1.3 kcal/mol higher than for chair

conformers. T
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For ANI-1ccx predictions at its optimized geometries, the MAE

in relative energy of non-chair ring pucker ranges up to 2.4 kcal/

mol, found for 1H2 puckers (Table S1). For the highly populated

equatorial region, it appears that boat conformers are slightly less

well modeled than skewboat puckers (Table 3), with an average

overall error of 1.4 kcal/mol for boat and 1.1 kcal/mol for skewboat

structures. As an example, the lowest energy BO,3 ring pucker of

β-GlcNAc appears problematic, with an overstabilization via ANI-

1ccx of 2.4 kcal/mol relative to the 1C4 lowest energy conformer,

such that the two structures are effectively degenerate (Figure 4A,

B and Table S3). In general, however, ANI-1ccx performs well in

modeling non-chair puckered conformer energetics, providing ΔE

estimates typically to within 1–2 kcal/mol of reference values

(Table 4).

For ANI-2x, overall the error is larger than for ANI-1ccx, with a

MAE in ΔE for non-chair conformers of 1.6 and 1.9 kcal/mol at

respective reference and optimized geometries (Table 3). The MAE in

relative energies of the 3S1 conformations appears particularly large,

with values of 2.5 and 3.2 kcal/mol at reference and ANI-2x geometries,

respectively (Table 3); as a potential factor, in a 3S1 conformer of α-Glc

(Figure 4C), we note the presence of three short hydrogen bonds involv-

ing axially oriented substituents, with H…O distances of 1.79, 1.85, and

1.97 Å in the ANI-2x geometry (Figure 4C). The relative energy of this

conformer is reduced from 7.5 kcal/mol at the CCSD(T)/6-311+G(d,p)

F IGURE 4 Optimized structures of (A) β-GlcNAc in 4C1 (conformer id #BN-34) pucker; (B) of β-GlcNAc in BO,3 (#BN-55) pucker; (C) of α-Glc
in 3S1 (#AG-30) pucker; (D) of β-Glc in OS2 (#BG-80) pucker; at the reference level (cyan), ANI-1ccx (magenta), ANI-2x (blue) and GFN2-xTB
(green). Transition state structures of (E) β-man and (F) β-Xyl in 5E pucker at reference level of theory. Hydrogen bond distances marked (black
dotted lines) and values indicated in Å, for reference geometry (bold) and in parentheses, for ANI-1ccx, ANI-2x and GFN2-xTB methods,
respectively
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level, to 2.0 kcal/mol via ANI-2x (Table S4), thus incorrectly predicting this

high energy conformation as thermally accessible at room temperature.

For GFN2-xTB, there is a larger still overall MAE in relative

energy of non-chair conformers, with values of 3.9 and 4.0 kcal/mol

for reference and relaxed geometries, respectively (Table 3). These

errors in ΔE seem rather uniformly spread across molecules and ring

puckers (Table 4), consistent with the systematic deviation indicated

by the scatter plots of relative energies (Figure 2E,F). For the arche-

typal monosaccharide β-Glc, absolute deviations in ΔE for relaxed

pucker conformers range from 2.8 kcal/mol for 2SO to 5.4 kcal/mol

for 1,4B (Table 4). An example of a non-chair structure problematic for

GFN2-xTB is the OS2 conformer of β-Glc in Figure 4D, which has a ΔE

that is underpredicted by 4.9 kcal/mol (Table S5). Even for the basic

ring model, oxane, we note that the relative energies of skewboat

conformers are underpredicted via GFN2-xTB, by 0.8 kcal/mol or

more (Table 4), pointing to an underlying issue with ring strain. This

and other factors are discussed in more detail in Section 3.5.

3.3 | Minimum energy pathways

We note that envelope conformers are only infrequently found as

minima in the Mayes et al. set dataset; the five envelope conformers

considered here are reproduced with reasonable accuracy by the ANI-

1ccx, ANI-2x and GFN2-xTB models, with mean absolute errors in

optimized ΔE of 1.5, 2.2, and 3.5 kcal/mol, respectively (Table S9).

F IGURE 5 Minimum energy conformer pathway from 4C1 through transition states conformers (blue) to 1C4 for oxane and five
monosaccharide molecules, via CCSD(T)/6-311+G(d,p) level of theory (black), ANI-1ccx (red), ANI-2x (green) and GFN2-xTB (blue) methods

TABLE 5 Mean RMSD in angle ζ

over chair and non-chair conformers (in
degrees), for molecule and across
molecules (tot)

Chair Non-chair

Mol ANI-1ccx ANI-2x GFN2-xTB ANI-1ccx ANI-2x GFN2-xTB

Oxane 0.9 0.7 2.5 3.9 0.3 3.1

β-Xyl 2.6 1.4 1.7 4.9 8.2 15.0

α-Glc 2.2 2.1 2.9 7.0 8.9 6.5

β-Glc 4.4 3.6 2.8 4.0 4.3 7.4

β-Man 6.9 4.0 3.3 6.3 5.1 9.1

β-GlcNAc 5.1 4.9 2.1 5.7 6.4 5.1

tot 4.5 3.5 2.6 5.5 6.0 7.6
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However, the envelope conformers do appear as transition states

along the minimum energy pathway from 4C1 to 1C4 via the boat/

skewboat equator of the Cremer-Pople hypersurface. Such a pathway

is of particular interest in computational glycobiology, sampled to vari-

ous extents in the course of catalysis by some enzymes. Although the

characterization of transition states is beyond the scope of this pre-

sent study, we do assess the minimum energy itinerary from 4C1 to
1C4 for each of the five monosaccharides and oxane, using the refer-

ence minima and transition state structures of the Mayes et al.

dataset.

For each of the six molecules, we find that the ANI-1ccx model

closely follows the CCSD(T)/6-311+G(d,p) energetics of the minimum

energy pathway (Figure 5), for both transition states and minima. The

MAE in conformational energy across the six energy profiles is

0.9 kcal/mol; the highest error is found for the BO,3 conformer of

β-GlcNAc, with an overstabilization of 2.9 kcal/mol (Figure 5F). ANI-

2x performs comparably with ANI1-1ccx in most cases, with an over-

all MAE in ΔE of 1.2 kcal/mol across profiles. The largest deviation is

observed for the 5E conformer of β-Man (Figure 4E), with an overesti-

mated stability by 5.8 kcal/mol (Figure 5E), although an error of only

0.2 kcal/mol is found for the β-Xyl 5E conformer (Figures 4F and 5B).

Interestingly, the two 5E structures differ in that the β-Man structure

possesses several short hydrogen bonds (Figure 4E); however the

β-Xyl conformer lacks this hydrogen bond network due to its pseudo-

axial 2-OH substituent (Figure 4F).

Finally, GFN2-xTB is found to systematically overestimate the

stability of conformers relative to 4C1 along the minimum energy

pathway with an overall MAE in ΔE of 2.6 kcal/mol; the lowest errors

are found for the pathway of the undecorated oxane molecule

(Figure 5A). As with ANI-2x, the GFN2-xTB method exhibits the larg-

est error for the 5E conformer of β-Man, with a value of 10.0 kcal/mol

(Figure 5E). The potential over-preference for hydrogen bonds via

ANI-2x and GFN2-xTB suggested by these results is considered in

more detail in Section 3.5.

3.4 | Geometry of ring pucker conformers

To assess the effect of geometry optimization by the ML and SQM

methods on pucker conformation, we define angle ζ as the distance in

θφ space between conformers before and after relaxation. We find

that the chair puckered minima of the six molecules are retained on

geometry optimization via the ANI-1ccx approach: the average RMSD

in ζ on optimization by the ANI-1ccx model is 4.5� (Table 5). On

inspection of ANI-1ccx conformers on Cremer–Pople hypersurface,

we indeed observe that energy minimization at this level induces only

local changes to pucker coordinates in the polar chair regions

(Figure 6A). The chair conformers are also well reproduced by ANI-2x

and GFN2-xTB, where the average RMSD in ζ is slightly lower than

for ANI-1ccx, with values of 3.5� and 2.6� (Table 5).

For non-chair conformers, in most cases, there is generally a small

change in structure on optimization; these shifts are reflected by

RMSDs in angle ζ of 5.5�, 6.0� and 7.6� for ANI-1ccx, ANI-2x and

GFN2-xTB, respectively (Table 5); across puckers, the corresponding

RMSD in Cartesian coordinates do not exceed 0.2, 0.5, and 0.5 Å

(Table S10). The most notable change in pucker with ANI-1ccx is for a
OS2 conformation of β-Man, which adjusts to a 1S5 conformation (Fig-

ures 7A); the relative energy changes from 8.1 to 6.7 kcal/mol on this

transition (Table S6).

Inspection of the puckering hypersurface for ANI-2x and

GFN2-xTB, however, indicates several major shifts in stationary point,

with instances of non-chair to chair transitions (Figure 6B,C). There

are also shifts around the equator of the hypersurface: for ANI-2x, a

significant change in pucker is observed for the 2SO conformation of

α-Glc, which shifts to a 1S3 pucker (Figure 7B), with a reduction in ΔE

of 12.6–7.5 kcal/mol (Table S4).

For the GFN2-xTB method, there are more numerous large shifts

in pucker geometry (Figure 6C). For example, for β-Xyl, there is a tran-

sition from 1,4B to 1S3 pucker on geometry optimization, a change not

found for either ANI model. The energy of this structure via

GFN2-xTB changes from 6.2 to 2.2 kcal/mol on minimization

F IGURE 6 Cremer–Pople puckering hypersurface of angles θφ
(in degrees) computed on reference B3LYP/6-311+G(2df,p) (blue)
and (A) ANI-1ccx (red), (B) ANI-2x (red) and (C) GFN2-xTB (red) levels
of theory geometries. Black lines indicate puckering change on

optimization

2018 KONG AND BRYCE



(Table S7), with formation of a O4H� � �O2 hydrogen bond of distance

2.3 Å (Figure 7C). For β-Glc, a 2,5B conformer shifts to a 1C4 structure

on optimization at the GFN2-xTB level (Figure 7D). The relative

energy of the optimized conformer is underestimated by 8.4 kcal/mol

compared to the reference coupled-cluster value (Table S5). This again

reflects the tendency of GFN2-xTB to overestimate non-chair pucker

stability.

3.5 | Analysis of model compounds

In order to discern factors contributing to errors in prediction of

pucker landscapes for the ML and GFN2-xTB methods, we examine

the relative energetics of three model compounds: glycerol,

4,6-dimethyloxane and oxan-2-ol (Figure 8). For glycerol, we estimate

the strength of an axial-axial (ax–ax) hydrogen bond, EHB
ax , as the ener-

getic difference between conformers (A) and (B) in Figure 8; and for

an equatorial–equatorial (eq–eq) hydrogen bond, EHB
eq , we compare

the energies of conformers (C) and (D) in Figure 8. We compute the

DLPNO-CCSD(T)/CBS energy for these conformers using geometries

obtained at the B3LYP/6-311+G(2df,2p) level of theory.

Using this approach, we find that the ax–ax hydrogen bond is

2.0 kcal/mol more favorable than an eq–eq hydrogen bond at the

reference level of theory (ΔEHB
ax– eq, Table 6). However, the value of

ΔEHB
ax– eq computed using the ANI-1ccx energy and geometry is only

0.6 kcal/mol (Table 6). For ANI-2x and GFN2-xTB, the preference for

an ax–ax hydrogen bond is overestimated, with ΔEHB
ax– eq values at

relaxed geometries of 2.6 and 2.8 kcal/mol, respectively (Table 6).

Indeed, the latter two methods overestimate the strength of the ax–

ax hydrogen bond, ΔEHB
ax , whereas ANI-1ccx underestimates its

strength by 1.2 kcal/mol (Table 6).

The second model molecule, 4,6-dimethyloxane, enables predic-

tion of the syn-diaxial repulsion energy between two axially oriented

methyl groups (Figure 8E,F). This represents something of an upper

limit estimate for the type of syn-diaxial interactions featuring in the

monosaccharides of this study. The DLPNO-CCSD(T)/CBS reference

energy for the repulsion in 4,6-dimethyloxane is 4.3 kcal/mol

(ΔEstericax�eq, Table 6); the ANI-1ccx and ANI-2x methods are in reason-

able agreement with this value, giving ΔEstericax– eq values at their relaxed

geometries of 4.6 and 3.9 kcal/mol, respectively (Table 6). However,

the value of ΔEstericax– eq computed via GFN2-xTB is 2.9 kcal/mol, under-

estimating the inter-methyl repulsion by 1.4 kcal/mol (Table 6).

The third model molecule, oxan-2-ol, provides an estimate of

the strength of the endo-anomeric effect, a stereoelectronic effect

in carbohydrates that favors axial electronegative substituents at

the C1 position of the pyranose ring. At the reference level, a

F IGURE 7 Optimized structures of (A) of β-Man in OS2 (conformer id #BM-54) pucker; (B) of α-Glc in 2SO (#AG-26) pucker; (C) of β-Xyl in 1,4B
(#BX-1) pucker; (D) of β-Glc in 2,5B (#BG-44) pucker; at the reference geometry (cyan), ANI-1ccx (magenta), ANI-2x (blue) and GFN2-xTB (green).
Hydrogen bond distances marked (black dotted lines) and values indicated in Å, for the reference geometry (bold) and in parentheses, for ANI-
1ccx, ANI-2x and GFN2-xTB methods, respectively
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ΔEAEax– eq value of �1.5 kcal/mol is found, favoring the axial orientation

of the 1-OH group as expected. For both ANI-1ccx and ANI-2x,

the endo-anomeric effect seems overestimated at their optimized

geometries, with this energy difference increased to �3.5

and�2.5 kcal/mol, respectively (Table 6); and for GFN2-xTB, the

effect is underestimated and the energy difference is predicted as

only �0.7 kcal/mol (Table 6).

In general terms, these discrepancies in model prediction appear

to imply that the ANI-1ccx potential would favor carbohydrate con-

formers with equatorial substituents that form eq–eq hydrogen

F IGURE 8 Optimized conformers of glycerol with (A) and (B) without axial–axial hydrogen bond; or (C) with and (D) without equatorial–
equatorial hydrogen bond. Optimized conformers of 4,6-dimethyloxane (E) with and (F) without syn-diaxial methyl repulsion present. Optimized
conformers of oxan-2-ol with (C) axial and (B) equatorial 1-OH group. Geometries at B3LYP/6-311++G(2df,2p) level (cyan), ANI-1ccx (magenta),
ANI-2x (blue) and GFN2-xTB (green). Distance values in Å, for reference geometry (bold) and in parentheses, for ANI-1ccx, ANI-2x and
GFN2-xTB methods, respectively

TABLE 6 Computed estimates of
intramolecular hydrogen bond energy
between axial (EHB

ax ) and equatorial
groups (EHB

eq Þ, and energy difference
between them, ΔEHB

ax– eq; steric energy
associated with syn-diaxial clash of
methyl groups, ΔEstericax– eq; and energy of
endo-anomeric effect, ΔEAEax�eq

Method EHB
ax EHB

eq ΔEHB
ax– eq ΔEstericax– eq ΔEAEax– eq

Ref. �6.0 �4.0 �2.0 4.3 �1.5

ANI-1ccx �5.0 (�4.8) �4.4 (�4.2) �0.6 (�0.6) 4.7 (4.6) �3.4 (�3.5)

ANI-2x �7.5 (�7.6) �5.1 (�5.0) �2.4 (�2.6) 3.9 (3.9) �3.4 (�2.5)

GFN2-xTB �6.6 (�6.3) �3.6 (�3.5) �3.0 (�2.8) 2.9 (2.9) �0.7 (�0.7)

Note: Energy values based on calculations for model compounds glycerol, 4,6-dimethyloxane and oxan-

2-ol chair conformers, via reference (DLPNO-CCSD(T)/CBS), ANI-1ccx, ANI-2x and GFN2-xTB methods.
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bonds, that do not feature syn-diaxial steric repulsion but that possess

an axial 1-OH substituent. Correspondingly, the ANI-1ccx method

overestimates the stability of the α-Glc conformer, with its axial 1-OH

group, relative to the β-anomer by 2.0 kcal/mol. Also according to

these model calculations, ANI-2x would also seem to favor axial 1-OH

groups but prefer geometries with ax–ax hydrogen bonds. Finally,

GFN2-xTB, while underestimating the endo-anomeric effect in oxan-

2-ol, would nevertheless appear to strongly favor ax–ax hydrogen

bonds and underestimate associated syn-diaxial repulsions. We note

that the anisotropic electrostatic energy term introduced in the

GFN2-xTB model allows for improved accuracy of hydrogen bonding

compared to the monopolar approximation of the preceding GFN-xTB

model, with hydrogen bond strengths overestimated by �1 kcal/mol

on average for the hydrogen bonded bimolecular complexes of the

S66 data set.15 For the dispersion-dominated complexes of this set,

the interaction potential energy was in general slightly overestimated

by an error on the order of a kcal/mol.15

Indeed, these features do appear to correlate with the observed

preferences for chair conformers of β-Glc, β-Xyl, and α-Glc (Figure 3).

For β-Glc, the 4C1 conformer (Figure 3A) is preferred by 5.0 kcal/mol

over the 1C4 conformer (Figure 3B), using reference geometries and

energies (Table S5). However, the corresponding ΔE values for ANI-

1ccx, ANI-2x and GFN-xTB are 4.2, 0.0 and �0.8 kcal/mol respec-

tively on optimization (Table S5). The 1C4 conformer features an axial

1-OH group (Figure 3B) and thus would be expected to be overstabi-

lized by the ANI methods. Furthermore, the presence of additional

ax–ax hydrogen bonds and syn-diaxial repulsions in the 1C4 form

would lead to overestimation of the stability of this conformer by

ANI-2x and GFN2-xTB methods.

For β-Xyl chair conformers (Figure 3C,D), the agreement between

the reference level and other methods is somewhat improved: the ref-

erence ΔE of 1.0 kcal/mol compares to values of �0.5, �2.4,

and �1.2 kcal/mol computed by ANI-1ccx, ANI-2x, and GFN2-xTB

respectively at their relaxed geometries (Table S7). β-Xyl lacks the

CH2OH group of β-Glc and this results in one less axial substituent in

the 1C4 conformer, with fewer hydrogen bonds and reduced

syn-diaxial repulsion (Figure 3D). Thus, overstabilization of the 1C4

conformer is less pronounced by ANI-2x and by GFN2-xTB.

Finally, for α-Glc conformers (Figure 3E,F), the reference level of

theory predicts the 1C4 pucker as 4.9 kcal/mol higher in energy than the
4C1 conformer, whereas ANI-1ccx, ANI-2x, and GFN2-xTB predict values

of 7.4, 2.5, and 3.7 kcal/mol, respectively (Table S4). Compared to β-Glc,

the one less axial substituent in the 1C4 structure of α-Glc leads to closer

agreement of ANI-2x and GFN2-xTB with the reference estimate. How-

ever, for ANI-1ccx, the 4C1 conformer of α-Glc is overstabilized by

2.5 kcal/mol relative to 1C4, at least in part due to the exaggerated influ-

ence of the endo-anomeric effect in the 4C1 structure. Finally, we note

that similar arguments can assist in understanding the observed prefer-

ence of non-chair conformers, for example the overstabilization of (i) the
3S1 conformer of α-Glc by ANI-2x (Figure 4C); and (ii) the 5E conformer

of β-Man by GFN2-xTB (Figure 4E); although we note that, due to the

nature of the non-chair puckers, the definition of axial and equatorial ori-

entation is more nuanced.

4 | CONCLUSIONS

In this assessment of machine learning models and SQM for describ-

ing the ring pucker of monosaccharides in the gas phase, we find that

the highest correlation in predicted relative energetics is obtained via

the ANI-1ccx model, with a r2 of 0.83 using optimized geometries at

that level (Figure 2B). Chair and non-chair geometries are generally

well reproduced; relatively small changes in pucker location on the

Cremer–Pople equator are found on geometry optimization, the larg-

est being for β-Man in a OS2 conformation. It is perhaps unsurprising

that ANI-1ccx agrees most closely with the reference coupled-cluster

level of theory, as indeed ANI-1ccx was fitted to �500 k estimates of

molecular energy at the DLPNO-CCSD(T)/CBS level of theory; these

structures were selected via active learning from a larger ANI-1x data

set, within which there is representation of ring systems, although car-

bohydrates did not appear specifically featured. ANI-1ccx is able to

reproduce pyranose ring energetics generally well: for the most basic

ring model, oxane, the 2SO and 3S1 puckers are accurate to within

0.1 kcal/mol, although the 1S5 conformer deviates by 1.1 kcal/mol

(Table 4). Further work with an expanded training set to include suit-

able model molecules may be required to more accurately incorporate

anomeric effects into the method.

For ANI-2x, a lower correlation coefficient of 0.70 is found for

relative energy predictions across the 299 conformer set, with corre-

spondingly higher errors in chair and non-chair energies. The method

has a slightly improved prediction of chair geometries over ANI-1ccx

but reproduces non-chair geometries less well. We note that the ANI-

2x model was fitted using ωB97X/6-31G* energies and geometries.

The use of diffuse functions in geometries can improve predictions of

hydrogen bond strength33 and have been shown to be important in

accurate estimates within carbohydrates via density functionals with

double-zeta or triple-zeta basis sets.20 Thus, a number of high energy

ring puckered geometries appear to be incorrectly predicted as ther-

mally accessible using ANI-2x (Figure 2D). For ANI-1ccx, which is also

fitted using ωB97X/6-31G* geometries, the use of a high level of the-

ory for the energy calculation may mitigate this effect.

We also note that improving hydrogen bonding has been a sub-

ject of research for density functional-based tight binding models.34,35

The most recent GFN2-xTB implementation appears to do well in pre-

dicting hydrogen bonding strengths in the S22 and S66 datasets,

which were used in its fitting.36 In deriving parameters for this

method, extrapolated CCSD(T) energies were typically used, although

structures were largely computed by the composite PBEh-3c or

B97-3c functionals. In the present work, we find evidence of over-

weighted ax–ax hydrogen bonds and underestimated steric strain,

which combine to lead to systematic problems in modeling the spec-

trum of ring puckers associated with monosaccharides. These low

energy puckers, along with the chair-to-chair energy profiles in

Figure 5, likely point to an overly accessible puckering energy land-

scape via a DFTB approach, an observation in accord with the study

of glucose and maltose conformation by Marianski et al.16 It is clear

from the overstabilization of non-chair oxane conformers (Table 4)

that there appears to be a fundamental issue with ring strain in chair

KONG AND BRYCE 2021



versus non-chair conformers; the underestimation of syn-diaxial repul-

sion by GFN2-xTB, as commonly occurs in strained boat, skewboat,

halfchair and envelope structures, is further illustrated by the

4,6-dimethyloxane conformers (Figure 8E,F).

As a machine learned potential, we observe that the ANI-1ccx

model is rather robust in its ability to reproduce in vacuo pyranose ring

pucker conformations and the minimum energy chair-to-chair itineraries on

the puckering hypersurface. Furthermore, the computational expense of

ANI-1ccx has been estimated to be many orders of magnitude faster than

CCSD(T) calculations and comparable to GFN2-xTB calculations.26,27 How-

ever, potential challenges remain in applying the approach to larger carbo-

hydrates. ANI potentials may be less suited to simulating systems where

long range electrostatic interactions play a significant role37 as a conse-

quence of its modified symmetry functions used to describe atomic envi-

ronments; this could be an issue in computing the conformational behavior

of saccharide residues across glycosidic linkages. Furthermore, in the

absence of an inherent charge model, coupling of these ML methods to a

condensed phase environment, as required for the pursuit of computational

glycobiology, is a matter of ongoing research. The interaction with aqueous

solvent will profoundly affect the pucker distributions of the monosaccha-

rides considered in this study; obtaining an accurate balance between intra-

molecular and intermolecular hydrogen bonding is crucial to studies in

solution, as well as the computation of protein binding affinities and enzyme

reaction energetics. However, in this regard, we note recent and promising

advances in combined ML/force field implementations that explore cou-

pling of the ANI method to a condensed phase MM environment.37–39
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