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Dihedral angles in organic molecules and biomolecules are vital structural parameters that can be indirectly probed by nuclear
magnetic resonance (NMR) measurements of vicinal J-couplings. The empirical relations that map the measured couplings to dihedral
angles are typically determined by fitting using static structural models, but this neglects the effects of thermal fluctuations at the
finite temperature conditions under which NMR measurements are often taken. In this study, we calculate ensemble-averaged J-
couplings for several structurally rigid carbohydrate derivatives using first-principles molecular dynamics simulations to sample the
thermally accessible conformations around the minimum energy structure. Our results show that including thermal fluctuation effects
significantly shifts the predicted couplings relative to single-point calculations at the energy minima, leading to improved agreement
with experiments. This provides evidence that accounting for conformational sampling in first-principles calculations can improve the
accuracy of NMR-based structure determination for structurally complex carbohydrates.
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Introduction

Nuclear magnetic resonance (NMR) is commonly used to
study the structural features of carbohydrates and other
biomolecules, for example by measuring vicinal J-couplings,
which are strongly correlated with dihedral angles (Karplus
1963; Tvaroška et al. 1989; San Fabián et al. 2019). The
J-coupling is the result of an interaction between nuclear
magnetic dipole moments (Karplus 1959) and can be
determined experimentally (Tvaroska and Taravel 1995) by
measuring line spacings from triple resonance spectra such
as HNCA (Wang and Bax 1995) or coupled Heteronuclear
Single Quantum Coherence (HSQC) experiments (Zimmer
et al. 1996; Li et al. 2022). Because of its sensitivity to
molecular conformation (Cano et al. 1986), the J-coupling
is often applied to determine the dihedral angle of glycosidic
linkages (Tvaroska and Taravel 1995).

The empirical Karplus relation provides an approximate
mapping between dihedral angles and J-couplings, and has the
typical functional form J = Acos2φ + Bcosφ + C (Karplus
1963). Additional terms and empirical parameters may be
added to provide more flexibility when fitting the equation
to experimental data (Hackbusch et al. 2017). Because the
coefficients depend on the chemical environment of the dihe-
dral angle being measured (Karplus 1963), they are usually
fitted by first measuring several dihedral angles in chemically
similar environments via X-ray crystallography experiments,
then fitting the curves to J-couplings measured from solution-
phase NMR experiments (Case et al. 2000).

Karplus relations are only reliable when the dihedral angle
being studied is chemically similar to the dihedral angles used
to fit the parameters; for example, a Karplus equation fitted
for proteins may not be applicable to carbohydrates as the
atoms and functional groups surrounding the bond of interest
differ (Tafazzoli and Ghiasi 2007). However, an error of at
least 1 Hz can be expected even when the appropriate Karplus

equation is used (Cano et al. 1987; Richards et al. 2013).
In several carbohydrate studies, the Karplus estimations were
even less accurate for conformations where the J-coupling was
at a local maximum (Engelsen et al. 1995; Cloran et al. 1999;
Richards et al. 2013). A source of the error could be the
differences between physical environments in NMR and X-
ray crystallography experiments. In typical NMR experiments
the molecules are in solution (Toukach and Ananikov 2013),
whereas in X-ray crystallography experiments the molecules
are in a periodic crystal (Coxon 2009). These differences
in conditions may lead to systematic inaccuracies when the
Karplus equation is used to infer dihedral angles from cou-
plings or vice versa (Hoch et al. 1985).

J-couplings can also be estimated with quantum chemistry
(QM) calculations (Taha et al. 2010). An advantage of QM
calculations is that the J-coupling is calculated from a model
structure where the dihedral angle is specified exactly; the
angle can then be scanned to explore conformations that
may not be available from crystal structures (Cloran et al.
1999). A significant limitation of QM calculations is that
they are approximate, with different methods having differ-
ent accuracy and cost (San-Fabián et al. 1993). Methods
at the ab initio level such as the coupled-cluster iterative
triples (CC3) model can calculate J-couplings and with a high
degree of accuracy, but are currently too computationally
demanding to be performed on larger molecules, including
many carbohydrates (Krivdin 2021). Density functional the-
ory (DFT) methods provide a good compromise between
accuracy and computational cost for medium-sized systems
such as oligosaccharides. These methods account for elec-
tron correlation effects implicitly through the electron density
instead of explicitly through the wavefunction and are thus
much less computationally demanding, but their results have
a high dependency on the choice of functional and basis set
(Krivdin 2021). Furthermore, QM calculations of J-couplings
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are typically performed on single energy-minimized structures,
whereas J-couplings measured from NMR are derived from
molecules in solution with multiple conformational states
(Engelsen et al. 1995). The variance in conformations away
from the energy-minimized structure has the potential to
introduce systematic errors into the predicted coupling values.

Previous DFT studies demonstrate the impact of ensemble-
averaging on the J-coupling in NMR. In a 2007 study by
Tafazzoli et al., DFT calculations using the B3LYP func-
tional were performed to calculate vicinal COCH J-couplings
in aldohexopyranoside derivatives using energy-minimized
structures (Tafazzoli and Ghiasi 2007). When the calculated
J-couplings were compared with empirical J-couplings, the
DFT-calculated J-couplings were accurate within ∼1 Hz. A
2010 study by Taha et al, used DFT calculations at the
B3LYP level to calculate vicinal J-couplings in arabofura-
nosides (Taha et al. 2010); this study attempted to repli-
cate the conformational sampling in solution by calculating
J-couplings for several known conformations of the molecules
under study. The prevalence of each conformation was evalu-
ated through a 200-ns molecular dynamics (MD) simulation
to provide a weighted-average J-coupling for each dihedral
angle (Taha et al. 2010). The weighted-average J-couplings
were more accurate than the empirical Karplus relations in
every angle observed, and in 8 of the 17 angles examined, the
DFT-calculated J-coupling was within 0.4 Hz of the NMR-
derived J-coupling (Taha et al. 2010). However, in 7 of the 17
angles examined, the DFT-calculated J-couplings had an error
of more than 1.5 Hz (Taha et al. 2010). These inaccuracies
could be due to the MD simulations themselves, which are
based on empirical force fields and are approximate in their
estimates of conformational probabilities.

The purpose of the current study is to assess whether the
accuracy of theoretical J-couplings could be improved by sam-
pling from the thermodynamic ensemble while minimizing the
errors that could come from inaccurate sampling of multi-
ple conformations. We selected carbohydrate-like compounds
with relatively rigid COCH dihedral angles (Fig. 1) by virtue
of the central bond being located in a ring or macrocycle. We
gathered experimentally measured J-coupling values from the
literature, many of which were measured using a selective 2-
D J resolved experiment (Mulloy et al. 1988; Tvaroška et al.
1989). For each molecule we carried out ab initio molecular
dynamics (AIMD) simulations using DFT and implicit solvent
models. From the AIMD simulation trajectories, structures
were sampled at regular intervals to be used as input to QM J-
coupling calculations, and the resulting values were averaged
to obtain the ensemble-averaged coupling. To quantify the
effect of ensemble-averaging, the level of agreement of these
ensemble-averaged values was then compared with control
values computed by energy minimization of the crystal struc-
ture followed by a single-point calculation of the J-coupling.

It was found in this study that conformational sampling
introduces a significant shift in the ensemble-averaged J-
coupling compared with the value calculated from a single
energy-minimized structure. This is most apparent at dihedral
angle values close to 0 degrees, where past studies have shown
that J-coupling calculations from energy-minimized struc-
tures had greater deviations from experiment. Accounting
for conformational sampling reduced the root-mean-squared
error (RMSE) between the calculated and experimentally mea-
sured J-coupling from 0.77 to 0.52 Hz. Our results indicate
that including the effects of conformational sampling can

Fig. 1. Structures of molecules investigated in this study. Each molecule
has 1 or more rings resulting in some degree of rigidity. Bonds in bold
represent central bond of dihedral angles examined. The cyclodextrin
molecule (D1) has α-glycosidic linkages.

significantly improve the accuracy of predicting J-couplings
measured via NMR.

Materials and methods

Selection of experimental data

The molecules selected for this study were carbohydrate-like
molecules with known experimental J-coupling values for
rigid COCH dihedral angles (Berking and Seeman 1971; Park
et al. 1971; Koll and Kopf 1976; Bock and Pedersen 1977;
Ogawa et al. 1977; Hamer et al. 1978; Paukstelis et al. 1982;
Cano et al. 1986; Tvaroška et al. 1989; Tvaroska and Taravel
1995). Many of these molecules were taken from (Tvaroška
et al. 1989), in which the authors also reported a Karplus
relation for the COCH coupling. All of these dihedral angles
are part of rings or macrocycles, and are not expected to pop-
ulate multiple distinct free energy minima (Minch 1994), and
therefore the effects of ensemble-averaging may be simulated
on ab initio MD-accessible time scales (<1 ns; Catoire et al.
1997). The molecules and couplings used and their sources
are included in Fig. 1 and Table 1. The initial structures of
the molecules used in the MD simulations were derived from
X-ray crystal structures downloaded from the Cambridge
Structural Database.

Energy minimization and ab initio MD calculations

The calculations in this study can roughly be divided into
those that produce a sequence of structures (energy min-
imization and AIMD) and those that compute the single-
point J-couplings for a given structure. The calculations in the
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Table 1. Molecules and angles.

Label References CSD ID Angle
number

Vicinal atoms Crystal
structure
dihedral
angle
(degrees)

Experi-
mental
J (Hz)

Energy-
minimized
dihedral
angle
(degrees)

Energy-
minimized
J (Hz)

MD-average
dihedral
angle
(degrees)

MD-
average
J (Hz)

A1 Tvaroška et al. 1989 AHGULP10 1 H6(endo)-C1 109.00 1.4 111.88 1.58 113.15 1.79
2 H6(exo)-C1 −128.53 2.2 −127.89 2.21 −127.40 2.28
3 H5-C1 153.85 5.6 157.86 5.99 157.00 5.96

A2 Tvaroška et al. 1989 AHGLPY01 4 H1-C6 140.90 5.1 141.73 5.81 139.63 5.22
5 H1-C5 −160.87 5.1 −161.70 5.30 −160.86 5.12
6 H5-C1 164.03 5.9 163.53 5.82 164.44 6.03

A3 Tvaroška et al. 1989 OIPFRP 7 H3-C7 85.69 0 82.20 −0.31 84.26 −0.20
A4 Tvaroška et al. 1989 FOJLUL 8 H4-C7 118.67 2.3 117.31 2.82 111.27 2.05

9 H1-C6 135.74 5.1 140.30 5.50 139.07 5.40
A5 Tvaroška et al. 1989 FOJMAS 10 H3-C7 −81.56 0 −78.52 0.00 −88.47 0.07

11 H4-C7 130.85 3.2 120.94 2.98 124.60 3.59
12 H1-C6 137.02 5.2 142.52 6.98 140.05 5.68
13 H7-C3 −144.35 4.1 −153.66 6.42 −141.39 4.89
14 H7-C4 127.26 5.2 136.41 5.03 126.18 3.75

B1 Tvaroska and Taravel
1995

AHGALP 15 H6(endo)-C1 135.59 3.7 124.30 3.48 128.80 4.29
16 H5-C1 −173.36 6.1 163.20 6.13 163.95 6.15
17 H1-C5 −147.54 5.0 −161.89 5.30 −160.35 5.07
18 H1-C6 120.13 5.2 142.15 6.07 138.19 5.03

B2 Tvaroska and Taravel
1995

FOJMEW 19 H2-C7 −116.61 2.8 −120.45 3.28 −116.14 2.89
20 H1-C6 145.13 6.0 144.53 6.64 142.36 6.35

C1 Paukstelis et al. 1982 COFKOA 21 H4-C1 −112.03 1.87 −121.50 2.36 −119.10 2.01
C2 Paukstelis et al. 1982 LASCAC15 22 H4-C1 −116.67 1.87 −122.37 2.46 −120.65 2.31
D1 Tvaroska and Taravel

1995
GOQZUH 23 H4′-C1 0.61 4.8 7.02 6.26 9.95 5.69

24 H5-C1 −66.2 N/A −62.44 1.92 −61.17 2.01
25 H1-C4′ 5.26 4.8 −4.16 6.11 −8.71 5.86
26 H1-C5 178.47 6.85 178.70 7.21 178.44 7.04

Note: Labels refer to molecules in Fig. 1. CSD ID refers to the X-ray crystal structure found in the Cambridge Structural Database. The 4 columns on the
right are data generated by this study.

former category used the B3LYP density functional approx-
imation with a D3(BJ) dispersion correction (Becke 1993;
Grimme et al. 2011). The def-TZVP basis set was used for all
atoms (Schäfer et al. 1994). The SWIG-PCM implicit solvent
model (Lange and Herbert 2010; Liu et al. 2015) was used
with the dielectric constant of 78.4 corresponding to liquid
water at room temperature (Wagner and Pruß 2002). Seven
explicit water molecules were included in the structure of α-
cyclodextrin in order to solvate the hydrogen bond donor
and acceptors in the ring interior, and no other simulations
included explicit waters. These calculations were run using the
TeraChem quantum chemistry software (Seritan et al. 2020,
2021). Sample input files for the TeraChem calculations are
available in the Supporting Information Tables S1 and S2.

In order to investigate the effects of thermal fluctuations
on the computed J-couplings, the thermodynamic ensemble in
the neighborhood of the experimental structure was sampled
using ab initio MD simulations. These simulations use the
quantum-chemical potential energy surface instead of a classi-
cal force field, which gives increased accuracy at significantly
increased computational cost (Islam and Roy 2012). This was
done in order to eliminate the possible errors in results that
could come from using a force field, and the molecules should
be sufficiently rigid that long trajectories are not needed to
cross over barriers and sample from multiple potential energy
basins (Tvaroška et al. 1989). The MD simulations were
carried out using a time step of 1.0 fs, at constant temperature
(300 K) using Langevin dynamics and a time constant of 300
steps. A total of 100.0 ps of MD simulation was carried out for
each molecule. Structures were saved at 1.0-ps intervals after

a 10.0-ps equilibration period; for each AIMD trajectory, J-
couplings were calculated as averages over 90 structures.

Calculating the J-coupling

Single-point calculations of the J-couplings were performed
with Q-Chem 4.4 (Shao et al. 2015) using the B3LYP den-
sity functional approximation and SWIG-PCM implicit sol-
vent model, which was also used in the TeraChem calcula-
tions. These J-coupling calculations used specialized basis sets
needed to describe the properties of the region of the wave
function close to the nucleus (Jensen 2006). Our procedure
follows (Helgaker et al. 2016), where it was demonstrated
that couplings calculated with B3LYP/pcJ-1 produced highly
accurate results with an RMSE of 0.18 Hz vs. experiment for
the strychnine molecule (Helgaker et al. 2016).

There are 4 physical mechanisms that contribute to the
calculated J-coupling: Fermi contact (FC), Paramagnetic spin
orbital (PSO), Diamagnetic spin orbital (DSO), and spin
dipole (SD; Ramsey 1953). The FC mechanism is the result
of the change in interaction energy between nuclear moments
and electron spins when the nuclear spin changes in response
to radiation (Minch 1994). The spin orbital mechanisms arise
from changing nuclear magnetic moments inducing orbital
electronic fields that influence the nuclear magnetic moment
of the coupled proton. The DSO mechanism arises from the
effect from electrons in the ground state, whereas the PSO
mechanism takes into account all excited states. Finally, the
SD mechanism takes into account the effect of the change
in the nuclear magnetic moment on its coupled nuclear
magnetic moment through changes in electric magnetic
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moments (Minch 1994). Of these mechanisms, FC is by far the
dominant component (San-Fabián et al. 1993), and is cheaper
to compute than the remaining 3 mechanisms that make up
the J-coupling (Bally and Rablen 2011). Previous studies have
demonstrated that the non-FC components of the J-coupling
can be calculated with a smaller basis set with the effect of
significantly reducing computational costs while sacrificing
little accuracy (Fukui et al. 1995;Bally and Rablen 2011 ;
Helgaker et al. 2016). In some studies, reasonably-accurate
J-couplings were predicted even when the non-FC components
were completely omitted from the calculations (Bally and
Rablen 2011; Helgaker et al. 2016). For this reason a hybrid
calculation was used in this study, where the FC was calculated
using the pcJ-1 basis set while the remaining components of
the coupling were calculated using the smaller pcJ-0 basis set
following the procedure developed by (Helgaker et al. 2016).
An additional set of calculations was performed on the energy-
minimized structures using the larger pcJ-1 basis set for the
entire J-coupling to test the validity of this approach. Sample
Q-Chem input files are available in Supporting Information,
Tables S3 and S4. For the energy-minimized structures with
implicit solvent, the RMSE for the hybrid basis approach
vs. pcJ-1 for all components is 0.131 Hz, which is small
compared with the standard deviation of ∼0.5 Hz that we
calculated from multiple experimental measurements of the
same J-coupling in the literature, such as angles 3, 10, 12, 13,
25, and 26 (Berking and Seeman 1971; Park et al. 1971; Koll
and Kopf 1976; Hamer et al. 1978; Cano et al. 1986; Mulloy
et al. 1988; Tvaroška et al. 1989; Tvaroska and Taravel
1995). Therefore, we deemed the hybrid basis approach to
be appropriate for including the non-FC contributions to the
J-coupling.

Statistics and analytical methods

To determine whether ensemble-averaging J-couplings from
multiple structures derived from AIMD improved agreement
with experiment, the RMSE for the ensemble-averaged J-
couplings was compared with the RMSE for the energy-
minimized ones. A 1-tailed t-test was performed to assess the
statistical significance of any observed improvement in agree-
ment with the experimental J-couplings when accounting for
ensemble-averaging. For a t-test to provide the most reliable
results, the 2 groups being compared typically need to meet
3 conditions: The groups must be of equal size, have equal
variance, and be normally distributed (Havlicek and Peterson
1974). If the groups are not normally-distributed, a reliable
t-statistic may still be used as long as the first 2 conditions are
met and the distributions are the same shape (Havlicek and
Peterson 1974). Since both the ensemble-averaged and energy-
minimized groups were of equal size, had roughly equal
variance, and had left-skewed distributions, the conditions for
the t-test were met.

A closer examination of the distribution of data points in
the ensemble-averaged and energy-minimized groups revealed
data points far from the range where most data points were
clustered. Tukey’s rule was applied to identify potential out-
liers, where an outlier was defined as any data point >1.5
times the value of the interquartile range greater than the
value of the upper quartile (Hoaglin et al. 1986). Four data
points were identified as potential outliers, corresponding to
angles 13, 14, 23, and 25. The RMSEs of the J-couplings
are calculated twice by including and excluding the potential
outliers from the data set.

Fig. 2. Calculated vs experimental J-couplings. The level of disagreement
between theory and experiment is indicated by the vertical distance of
data points from the diagonal line. Potential outliers are labeled in black
with arrows indicating angle numbers.

Results and discussion

Accuracy of calculated
J-couplings—energy-minimized vs
ensemble-averaged

A total of 25 dihedral angles in this study had experimental
J-couplings available. For each angle, 2 J-coupling values were
calculated: A value taken from the energy-minimized structure
and an ensemble-averaged value from the MD snapshots. A
comparison of the calculated J-coupling and the experimental
J-coupling in each group can be seen in Fig. 2.

Overall, the RMSE in the MD-averaged group was 0.52 Hz,
which was lower than the RMSE of 0.77 Hz in the energy-
minimized group. A single-tailed t-test with 24 degrees of
freedom was performed to determine whether this differ-
ence was statistically significant. The t-statistic was −1.69
with a corresponding P-value of 0.052. This indicates that
there is a 94.8% confidence level that the difference in accu-
racy between the MD-averaged J-couplings and the energy-
minimized J-couplings are statistically significant. A second
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Fig. 3. Correlation between computed J-coupling and dihedral angles.
Points represent calculated J-couplings and dihedral angles for every
structure from the 90 MD snapshots for each angle. Points belonging to
each angle are grouped by color coding with an arrow pointing to the
corresponding angle number from Table 1. The “X” symbol represents
the average J-coupling and dihedral angle value in degrees for each angle.
Curve with solid line represents 3-parameter Karplus curve fitted to the
computational data.

set of statistical calculations was performed with the 4 poten-
tial outliers omitted to determine the effects of the outliers on
the results. Without outliers, the RMSE for the MD-averaged
J-couplings was 0.28 Hz and the RMSE for the energy-
minimized J-couplings was 0.45 Hz. This difference was again
statistically significant with a P-value of 0.011 indicating a
98.9% confidence level.

A possible origin of systematic error in J-coupling
calculations

The J-couplings calculated from the energy-minimized struc-
tures tended to be higher than the experimental J-couplings,
especially in angles where the experimental J-coupling was
in the range of 4–6 Hz. The ensemble-averaged J-couplings
derived from the MD samples were still higher than the exper-
imental J-couplings, but to a lesser extent. From these results,
it is possible that the experimental J-couplings are lower
than the energy-minimized computed ones due to ensemble-
averaging. A plot of calculated J-couplings vs dihedral angles
for all conformations examined was created to identify expla-
nations for this trend in Fig. 3.

In the scatter plot of the J-coupling vs dihedral angle
(Fig. 3), 2 distinct local minima and local maxima can be
observed as expected from the Karplus relationship. The areas
near −90 and +90 degrees correspond to lower computed J-
couplings, and in these regions the coupling does not change
by a large amount away from the local minima. For instance,
in the 60-degree areas ranging from −120 to −60 degrees
and 60–120 degrees, the J-coupling only ranges from approx-
imately −0.5 to 0.5 Hz. Therefore, in angles where the J-
coupling is low, the average J-coupling stays close to any single
J-coupling observed in a randomly-selected conformation.
This can explain why errors in the energy-minimized group
were smaller for angles with smaller J-couplings. In contrast,
the local maxima in the J-couplings have larger fluctuations
away from the average. In the 60-degree area ranging from

−30 to 30 degrees, the calculated single-point J-couplings
range widely, from 3.5 to 10 Hz. Although the average J-
coupling for angles in this region are close to 5 Hz, it would
be reasonable for a randomly-selected conformation to be
off by ∼2 Hz. Moreover, due to the downward curvature
in the Karplus relation in the neighborhood of the local
maxima, thermal fluctuations in the dihedral angle have the
effect of systematically lowering the calculated coupling, com-
pared with a single-point calculation near the maximum. This
may explain why errors in the energy-minimized group were
higher for angles with larger J-couplings and why account-
ing for conformational averaging significantly reduced this
error.

Effect of omitting non-Fermi-contact contributions

The FC makes up the largest contribution toward the total
J-coupling and represents only a small fraction of the total
computational cost of calculating the J-coupling using ab
initio calculations. If the contribution of the non-FC coupling
components is small enough, it may be possible to consider-
ably reduce computational costs by omitting the non-FC com-
ponents from the J-coupling calculation without significantly
reducing accuracy.

To test this idea 2 sets of ensemble-averaged J-couplings
were compared with the experimental values: One set where
all components were calculated, and one where only the FC
contribution was calculated. The RMSE between the experi-
mental J-coupling and the total J-coupling was 0.52 Hz, and
the R2 value was 0.92. In contrast, when the FC-only J-
coupling was compared with experiment, the RMSE increased
only slightly to 0.57 Hz, whereas the R2 value was reduced
to 0.91. Even after neglecting the non-FC contributions, the
ensemble-averaged values were still more accurate than the
energy-minimized results, which had an RMSE with experi-
ment of 0.77 Hz and an R2 value of 0.83. The loss in accuracy
when calculating only the FC portion of the J-coupling was
relatively minor. In exchange for the slightly reduced accuracy,
the FC-only calculations in α-cyclodextrin took 33% less CPU
time to complete than the hybrid pcJ-1 and pcJ-0 approach.
In the smaller molecules labeled A through C, the FC-only
calculations only took 50% as much CPU time to complete
than the hybrid approach. It may therefore be justifiable to
omit the non-FC coupling components from the J-coupling
calculations to save computational costs without sacrificing
much accuracy, especially for smaller molecules where greater
savings can be expected.

Deriving a new Karplus equation for predicting
J-couplings from MD simulations

A 3-parameter Karplus equation was fitted to the dihedral
angles and J-couplings derived from the conformations
extracted from the MD simulations. There were a few regions
in Fig. 3 that had greater data point density than others.
Weights were applied to each data point to prevent a fitting
bias in the denser regions of the plot, with the value of each
weight determined by counting the number of points within 5
degrees of each point and defining the weight for each point
by the reciprocal of that count. The resulting equation can
be seen superimposed over the MD-derived data in Fig. 3
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depicted by a black line. The resulting equation for the 3-
parameter curve is:

J = 6.735cos2φ − 0.538 cos φ + 0.173

The fit of the new Karplus equation was evaluated by cal-
culating the RMSE of the curve vs the data points. The
resulting RMSE for the newly fitted curve was 1.177 Hz.
RMSEs were also calculated for existing empirically derived
Karplus equations for the COCH angle. These equations were
developed by Tvaroška et al. (1989), Mulloy et al. (1988), and
Anderson and Ijeh (1994). Supporting Information Fig. S1
(see online supplementary material for a color version of this
figure) shows these experimental Karplus curves as well as
the newly fitted Karplus curve over the dihedral angle and J-
coupling data from the MD simulations. The (Tvaroška et al.
1989) equation had the lowest RMSE of the empirical equa-
tions at 1.257 Hz, which was ∼6% higher than the RMSE
for the newly fitted equation. This demonstrates that the
newly-developed Karplus equation is suitable for predicting
J-couplings from MD-derived data.

There are a few possible reasons for the success of the
new Karplus equation. One explanation is that more data
were available to complete the curve fitting. In the fittings
of the pre-existing empirical Karplus relations, for example,
crystal structures with angles in the −60 to 60 degree region
were rare (Tvaroška et al. 1989), resulting in limitations
in predicting J-couplings in this region. Another factor is
the aforementioned use of experimental crystal structures
from which the dihedral angles were obtained for fitting the
NMR J-couplings, rather than taking an ensemble average
of structures, which is more representative of experimental
conditions.

Effects attributed to incomplete sampling or
approximate potential energies

The MD-averaged J-couplings tended to estimate the exper-
imental couplings more closely than the energy-minimized
results. However, in angle 14 there was a significant differ-
ence between the MD-average J-coupling and the experimen-
tal J-coupling, and the energy-minimized result was actually
more accurate for this angle by ∼1.3 Hz. Errors in the
single-point J-coupling calculations for the angle 14 con-
formations are not suspected, because the data points for
angle 14 in Fig. 3 are consistent with the surrounding data
for other angles and follow the expected sinusoidal pattern;
if the single-point J-coupling calculations were performed
incorrectly, the Karplus-like relationship would likely not be
preserved.

The MD trajectory of molecule A5 containing angle 14 was
observed to identify potential sources of error. Approximately
50 ps into the simulation, a ring flip was observed in the 5-
membered ring that angle 14 was part of. The 5-membered
ring almost immediately reverted to its original state after
the ring flip. During this brief conformational change, the
value of the dihedral angle for angle 14 changed from ∼144
to ∼79 degrees, and the corresponding calculated couplings
decreased from 6.32 to −0.11 Hz. The simulation length
was extended to 300 ps to determine if the flipped ring
conformation became stable and to capture any alternative
conformational data that may not have been captured in the

original 100-ps simulation time and could have contributed
to a higher ensemble-averaged J-coupling in an experimental
setting. The brief ring flip was observed approximately every
50 ps; however the flipped conformation did not stabilize
throughout the extended simulation and the MD-averaged J-
coupling for angle 14 remained approximately the same for
the 100 and 300 ps trajectories. Since the MD-averaged J-
coupling did not improve even when the simulation length was
extended 3-fold, no strong evidence was found to indicate that
the observed error was the result of a lack of conformational
sampling.

Additional angles in molecule A5 were investigated to deter-
mine whether the brief fluctuations in the conformation of
the 5-membered ring were responsible for the increased error
seen in angle 14. Supporting information Fig. S2 (see online
supplementary material for a color version of this figure)
shows the values of the dihedral angles for angles 12, 13, and
14. The 2 angles that were part of the 5-membered ring, 13
and 14, have brief and significant changes in dihedral angles
that accompany a ring flip observed in the trajectory. Angle
12, which was not part of the 5-membered rings, did not
display such large fluctuations. Compared with the energy-
minimized J-couplings, the MD-averaged J-couplings for both
13 and 14 were both lower by ∼1.5 Hz. In angle 13, where
the energy-minimized J-coupling overestimated the experi-
mental value by ∼2.3 Hz, the lowered MD-average J-coupling
resulted in a better fit with the experiment. However in angle
14 the energy-minimized J-coupling was already lower than
the experimental J-coupling, which made the lowered MD-
average J-coupling a poorer fit. Therefore, we think that the
observed ring flipping does not worsen (or improve) overall
agreement with experiment.

A surprising result apparent from Fig. 3 is the significant
fluctuation of the J-couplings away from the ensemble aver-
age at a given dihedral angle, with a significant number of
structures deviating by 2 Hz or more from the fitted Karplus
curve. Because any fluctuations in the J-couplings would have
to originate from the other degrees of freedom in the chemical
environment of the coupled nuclei, we looked for correla-
tions between the coupling and local degrees of freedom (i.e.
C–O, O–C, C–H bond stretching; C–O–C, O–C–H angle
bending) for structures selected from a narrow window of the
dihedral angle (10 degrees) (Supporting information, Fig. S3,
see online supplementary material for a color version of this
figure). When angles 20 and 25 were examined within a 10
degree window of ∼155 degrees and −15 degrees, respec-
tively, we found a significant negative correlation between
the J-coupling and the central O–C bond stretch. We cre-
ated a modified model to incorporate the central O–C bond
length into the estimation of the J-coupling in the form: J =(
Acos2φ+B cos φ+C

)(
1+b

(
r−r0

))
. The fitted equation was

found to be:

J = (8.870cos2φ−0.751 cos φ+0.319) (1−2.557 (r − 1.330))

A visual representation of this relationship can be seen in
Fig. 4. Incorporating the central O–C bond length into the
model lowered the RMSE with our data by ∼0.15 Hz com-
pared with the Karplus relation without the bond length term.
Although the lowering of the RMSE is significant, we expect it
could be lowered further by incorporating more features of the
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Fig. 4. J-coupling vs dihedral angle and central bond length. Modified
Karplus curve with distance parameters is demonstrated by 3-D contour.
Level curves are shown on XY plane.

chemical environment, possibly using neural network models
following longstanding methods for predicting chemical shifts
(Han et al. 2011; Yang et al. 2021). These are promising areas
for future study.

Conclusion

The present study indicates that ensemble-averaging using
AIMD simulations has a significant effect on computed J-
couplings and could lead to improved agreement with experi-
ment. The Karplus relation developed in this study is expected
to be more reliable for estimating J-couplings from simula-
tions, because the data used to fit the relation came from
single-point calculations on different individual structures,
rather than a single ensemble-averaged value.

Accounting for conformational sampling with QM meth-
ods may still prove difficult in more flexible molecules; since
less-rigid molecules have greater degrees of freedom in move-
ment, it may not always be possible to access the molecule’s
full range of conformations within ab initio MD-accessible
timeframes without using additional approximations. For
more challenging cases, umbrella sampling approaches may
provide accurate estimates of relative free energies between
rotamers, and hybrid QM/MM simulations that use polariz-
able solvent models could improve the description of solvent
effects beyond the implicit solvent employed here. Overall, the
ability to compute J-couplings more accurately will provide
greater physical insight into the structures of glycoproteins
and carbohydrate-protein interactions as well as their biolog-
ical functions.
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