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ABSTRACT: We propose a method to quantify position-
al uncertainties in crystal structures determined by
chemical-shift-based NMR crystallography. The method
combines molecular dynamics simulations and density
functional theory calculations with experimental and
computational chemical shift uncertainties. In this manner
we find the average positional accuracy as well as the
isotropic and anisotropic positional accuracy associated
with each atom in a crystal structure determined by NMR
crystallography. The approach is demonstrated on the
crystal structures of cocaine, flutamide, flufenamic acid, the
K salt of penicillin G, and form 4 of the drug 4-[4-(2-
adamantylcarbamoyl)-S-tert-butylpyrazol-1-yl]benzoic acid
(AZD8329). We find that, for the crystal structure of
cocaine, the uncertainty corresponds to a positional
RMSD of 0.17 A. This is a factor of 2.5 less than for
single-crystal X-ray-diffraction-based structure determina-

tion.

S tructure—activity relationships play a central role in
chemistry, and the possibility to determine three-dimen-
sional molecular structures has been key to molecular science
over the past 50 years. Many molecules or materials have been
characterized by single-crystal X-ray diffraction (XRD).
However, when the sample is a powder, structural character-
ization remains a challenge. This is important, for example, in
pharmaceutical applications, where the determination of the
structures of drug polymorphs is an intrinsic part of the
development process. Solid-state nuclear magnetic resonance
(NMR) can overcome this bottleneck through its sensitivity to
the local atomic environment regardless of the degree of long-
range order, and much progress has been made with methods
that, for example, directly measure dipolar couplings.”” In this
area, the combination of solid-state NMR and computational
methods has also made tremendous progress over the past
decade.”™” The scope of this combined approach has rapidly
increased, and today there are many examples of structure
validation by chemical shift measurements combined with
density functional theory (DFT) calculations.*™'® Recently
there have been examples of de novo structure determination
combining NMR shifts, DFT shift calculations, and crystal
structure prediction.m_17 However, in contrast to XRD
methods, there exists no protocol to quantify the positional
errors on individual atoms for structures determined by

chemical-shift-based NMR crystallography.
Here, we introduce a method, based on molecular dynamics
(MD) simulation, DFT, and machine learning methods, to
estimate the correlation between the root-mean-square
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deviation (RMSD) of the experimental and calculated shifts
and the variances of atomic positions of individual atoms in
structures determined by NMR crystallography, thereby making
them directly comparable to structures determined by other
methods. The approach is demonstrated on multiple crystal
structures recently characterized by NMR crystallogra-
phy. 131516

First we generate an ensemble of slightly perturbed crystal
structures with MD simulations at finite temperatures. By
“slightly perturbed” we refer to structures that remain within
the same local minima and do not undergo any significant
conformational shifts. The temperature ranges used and the
associated computational costs are detailed in the Supporting
Information (SI). Predicted "H and "*C chemical shifts are then
calculated for the members of the ensemble using plane wave
DFT and the GIPAW® method. Given the estimated errors in
the measured and predicted chemical shifts, we then correlate
this directly with the atomic positions that are compatible with
the measured chemical shifts to within the error, yielding a
distribution of positions for each atom. The positional
distributions are then converted into anisotropic displacement
parameters (ADPs),"” which can be represented by ellipsoids
on the determined structure. The results of this process are
given in Figure 1 for cocaine, flutamide, flufenamic acid, the
drug 4-[4-(2-adamantylcarbamoyl)-S-tert-butylpyrazol-1-yl]-
benzoic acid (AZD8329),"” and the K salt of penicillin G.

To obtain the correlation between the chemical shift
uncertainty and the ADPs, first the chemical shift RMSD
between each structure in an ensemble and a reference
structure from the ensemble is calculated. Next the positional
deviations between each structure and the reference structure
are calculated. For each individual atom the principal axis
system (PAS) of the ensemble of positional deviations is
determined using principal component analysis (PCA) as
detailed in the SI This results in a scatter plot of the type
shown in Figure 2a.

A continuous correlation function is obtained by maximizing
the log-likelihood between the correlation points and a
Gaussian distribution:

| () = 1, (8))?
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where (r) denotes the positional deviation, (§) the chemical
shift RMSD, X the scaling of the variance, and y the scaling of
the mean. The indices | and i denote the atom and the principal
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Figure 1. ORTEP plots drawn at the 90% probability level for the
NMR-determined crystal structures of (a) cocaine, (b) flutamide, (c)
flufenamic acid, (d) AZD8329, and (e) the K salt of penicillin G. The
ellipsoids correspond to positions within a 'H chemical shift RMSD of
0.49 ppm.

axis, respectively. The fit parameters are 2 and y. The detailed
procedure is given in the SI. The result of this procedure for the
O1 atom of cocaine is shown in Figure 2. Please note that the
uncertainty prediction method described here is not limited to
the use of a Gaussian distribution function (details in the SI).

The principal values of the ADPs in the PAS are calculated as
the mean-square displacements, which for Gaussian distribu-
tions is given as the variance, as a function of the chemical shift
RMSD,

iﬁ?s = Eiz,l<5>2 )
The amplitudes of the second-rank tensors describing the
ellipsoids at a given probability W are calculated in the PAS,

where they are diagonal, as,

2574

Q
~

04}

0.2F

0.0

-0.2F

positional deviation / A ——

04f

0 0.A1 0..2 O..S O..4
"H chemical shift RMSD / ppm

o

o g
S o
S 2

probability —>

o©
o
S
o

0.5 0
positional deviation / A —>

0.5

Figure 2. (a) Contour plot of the Gaussian fit of the correlation
between the positional displacement (A) and the 'H chemical shift
RMSD (ppm) along one principal axis of the anisotropic displacement
tensor for the Ol atom for the cocaine crystal structure. (b)
Probability distribution of the positional displacement (A) for a 'H
chemical shift RMSD of 0.49 ppm.

Tip" = p,(W, (5))" 3)
where p;(W,(6)) denotes the Wth percentile of the fitted
Gaussian for a chemical shift RMSD (8). These are the
quantities that are usually plotted in so-called ORTEP plots as
anisotropic displacement ellipsoids, and this is what is shown in
Figure 1.

Note that, for simplicity, or for cases with insignificant
anisotropy in the displacements, the second-rank ADP can be

replaced by the equivalent isotropic displacement parame-
20,21
ter:™”

1 1 _pas PAS
Ueq = g(Un,l + U22,l

PAS
+ Ussp) @)
Note also that, from the equivalent isotropic displacement
parameters, we can derive a global measurement of the
positional uncertainty (Ueq and Teq) for the whole structure,
which is given as the average of the equivalent isotropic
displacement parameters over all N atoms in the structure,

U,

I
eq — E21=1Ueq

©)

The radii of the isotropic spheres and of the average isotropic
spheres at a certain probability W are calculated analogously to
the axes of the anisotropic displacement ellipsoids (eq 3; the
formula is detailed in the SI). The isotropic spheres and the
average isotropic spheres are shown for cocaine in Figure 3b,c.
The average positional RMSD (r,,) for a given chemical shift
RMSD (6) is then calculated as

) = 3

(6)
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Figure 3. ORTEP plot of the cocaine structure drawn at the 90%
probability level. (a) Anisotropic ellipsoids, corresponding to a 'H
chemical shift RMSD of 0.49 ppm. (b) Equivalent isotropic spheres,
corresponding to a 'H chemical shift RMSD of 0.49 ppm. (c) Average
isotropic spheres for a chemical shift RMSD (6) = 0.49 ppm,
corresponding to an average positional RMSD (r,,) = 0.169 A.

The factor \/ 3 results from the fact that the isotropic
displacement parameter is given as in eq 4, while the RMSD
is calculated as (r) = \/sz + Ay* + AZ%

As indicated in Figure 4, we find that the positional RMSD
(r,,) shows an approximately linear correlation with the average
chemical shift RMSD (&) for each of the five structures, but
that the slope of the correlation is different for each structure.
For example, for a given chemical shift RMSD the structure
determined for penicillin has more than a factor two less
uncertainty than that for flutamide. This is not surprising. The
sources of this variation depend on the rigidity of the molecule,
its hybridization, and the electron density gradients in the
crystal structure. A detailed investigation of these factors will be
the subject of future studies. Also, the positional uncertainty
depends on how internal dynamics (such as methyl rotation) is
accounted for (detailed in the SI), as one of the main
contributors to the positional RMSD. The positional
uncertainty presented here should therefore be viewed as an
upper limit.

From eqgs 2 and 4—6, the correlation between the chemical
shift RMSD () and the average positional RMSD (r,,) is

_ Ly 525
<rav> - Nzi,lzi,l <5> - Z<5> (7)

For the crystal structure of cocaine we find a direct correlation,
Y = 0.345. Given an average chemical shift RMSD (§) = 0.49
ppm, which is the current estimated upper limit for the
accuracy in 'H chemical-shift-based crystallography methods,"*

this leads to an average positional RMSD (r,,) ~ 0.169 A,
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Figure 4. (a) Correlation between positional RMSD (A) and "*C
chemical shift RMSD (ppm) for five ensembles of perturbed crystal
structures generated by MD. (b) Correlation between positional
RMSD (A) and 'H chemical shift RMSD (ppm) for five ensembles of
slightly perturbed crystal structures.

corresponding to an average equivalent displacement parameter
U,y = 0.0095 A%, Compared to other structure determination
methods, for example, XRD, which yielded an average
positional RMSD (r,,) = 0.458 A for the crystal structure of
cocaine,”” we find an increase in positional accuracy by a factor
2.5. It is interesting to note that, for XRD, the positional
uncertainty mainly results from the thermal motion of the
atoms and is a direct result of the decrease in scattering
amplitude due to vibrations. In contrast, in NMR spectroscopy,
thermal motion and fast lattice vibrations lead to motional
narrowing of the measured signal and, if anything, are likely to
increase accuracy; thus, we see that the different techniques
naturally have different limits on the positional accuracy.

We remark that the methods used to create the ensemble of
structures and to calculate the chemical shifts are important in
determining the positional errors. We have evaluated the use of
different force fields in the MD simulation, a fixed versus a
variable unit cell as discussed in the SI, and we find that they
have no significant effect on the uncertainty quantification.

Comparable calculations were also done for an ensemble of
perturbed cocaine crystal structures generated by random
uncorrelated displacement of the atoms (i.e., this corresponds
to systematic uncorrelated bond stretching). For this ensemble
the correlation predicts much larger deviations in chemical shift
for a given average displacement (see Figure S13 in SI), which
would lead to much higher apparent positional accuracy. This is
expected, due to the generation of physically improbable
structures resulting in an unreasonable electronic density. A
possibility to overcome this would be to weight the random
structures with a Boltzmann factor based on their calculated
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energy, but this should provide no direct advantage compared
to the MD method. The MD method, on the other hand,
searches the conformational space more efficiently and
implicitly weights the generated structures with a Boltzmann
factor. The random displacement method thus severely
underestimates the positional errors. The MD ensemble allows
for a significantly larger uncertainty in position than the
random displacement method for a given chemical shift RMSD,
and it is thus a better representation of the uncertainty in
positions in the experimentally determined structures. We are
currently exploring other methods to generate physically
reasonable ensembles, for example, through the exploitation
of vibrational modes of the crystal structures.

Finally, it is possible that the choice of the DFT functional
might have an influence on the calculated uncertainties. The
PBE™ functional used here is the current standard for the
computation of chemical shifts in crystals,”* and we remark that
the systematic error in chemical shift calculations has shown to
be similar for different functionals.”” This systematic error likely
results from the difficulty for DFT to correctly describe polar
groups and long-range dispersion forces, e.g., H-bonds.
However, here we would not be sensitive to this systematic
error, but only to any systematic variation within the error,
which is likely to be small.

In conclusion, we have introduced a method to quantify
positional uncertainties in crystal structures derived from NMR
chemical shifts. The structures quantified here were determined
by chemical-shift-based NMR crystallography, but in principle
structures determined by other methods, e.g,, XRD, could be
refined with this method. An ensemble of structures around the
experimentally determined structure is generated in silico, and
the predicted chemical shift deviations for this ensemble are
compared to the positional deviations. In this way we
determine the average positional error of the experimentally
determined structure for each atom in the crystal structure. We
find that the average positional uncertainty in the five structures
studied here yields an RMSD of 0.17 A, or an average value of
the equivalent displacement parameter of 0.0095 A% We find
that chemical-shift-based NMR crystallography methods
provide a gain in positional accuracy of around a factor 2
compared to XRD structure determination. This is mainly
because thermal vibrations are not limiting for chemical-shift-
based NMR methods.
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