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ABSTRACT: We determine the complete atomic-level 
structure of the amorphous form of the drug altuliflapon, 
a 5-lipooxygenase activating protein (FLAP) inhibitor, by 
chemical shift driven NMR crystallography. The 
ensemble of preferred structures allows us to identify a 
number of specific conformations and interactions that 
stabilize the amorphous structure. These include 
preferred hydrogen bonding motifs with water and with 
other drug molecules, as well as conformations of the 
cyclohexane and pyrazole rings that stabilize structure 
by indirectly allowing for optimization of hydrogen 
bonding.

1. Introduction

Amorphous solids are of high interest in pharmaceutical 
formulations as they can have increased solubility 
compared with crystalline formulations, which opens the 
chemical landscape available during the drug discovery 
step1-4. While amorphous formulations are promising, 
they are prone to recrystallization which limits their 
applicability. To identify the key stabilizing interactions 
of amorphous forms, the structure and chemical 
environment need to be characterized at the atomic 
level. 
The nature of disordered solids means that no single 
conformation or atomic environment can be used to 
describe the structure, and instead a set of chemical 
environments is needed to adequately describe the 
experimental ensemble. This disorder limits the 

structural information that can be obtained from typical 
structure determination techniques such as X-ray 
diffraction5-14, absorption fine structure15, electron 
diffraction16-18, electron microscopy19,20, and nuclear 
magnetic resonance21.
In contrast, it has recently been shown that NMR 
spectroscopy can be used to fully characterize 
amorphous molecular solids at the atomic level.22,23 
NMR is sensitive to the local chemical environment and 
is therefore not subject to the requirement of long-range 
order21,24-26. NMR crystallography methods are versatile, 
and have  been applied to molecular systems ranging 
from molecular solids27-30, enzyme active sites31-33, 
passivating layers in photovoltaic materials34-36, and 
cements37-39resulting in a complete chemical structure 
being determined.
The workflow for complete structure determination by 
chemical shift driven NMR crystallography consists in 
comparing computed or predicted chemical shifts for 
candidate structures to those observed in experiments, 
and ranking structures based on their agreement. In 
amorphous solids, it requires millions of candidate 
structures to find both molecular conformations and the 
surrounding environments which are consistent with the 
observed NMR shifts, and this scales exponentially as the 
conformational degrees of freedom and intermolecular 
hydrogen bonding interactions increase. For amorphous 
solids, NMR crystallography is able to identify sets of 
structures which highlight promoted conformations and 
intermolecular interactions. 
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In NMR spectra, the chemical disorder associated with 
amorphous solids manifests by peak broadening with 
linewidths an order of magnitude larger than for 
microcrystalline organics40,41. This broadening is what 
captures the structural distributions, and instead of an 
atom being assigned to a single chemical shift value, it is 
assigned to 

Figure 1: The 2D structure of atuliflapon is shown inset. (a) 
900 MHz 1D 1H spectrum of amorphous atuliflapon acquired at 
298K with an MAS rate of 62.5 kHz. (b) 125 MHz 1D 13C CPMAS 
spectrum acquired at 298K with a MAS rate of 22 kHz. (c) 2D 
1H-13C HETCOR spectra collected for the crystalline (red/black) 
and amorphous (blue) forms at 298K with a MAS rate of 22kHz 
at a 13C Larmor frequency of 125MHz.

a distribution that is determined experimentally. 
Candidate structures are generated using molecular 
dynamics simulations to capture the largest possible 
landscape of possible chemical environments (referred 
to in the following as the MD set). Recently enabled by 
machine learning methods42,43, chemical shifts can today 
be predicted for millions of structures within a few days 
with accuracy similar to that of DFT. These predicted 
shifts are then compared to the experimental 
distributions where a small (e.g. 5009) subset of the 
structures in best agreement with the data corresponds 
to the experimentally determined preferred structures 
(that compose what we refer to as the NMR set).
Previously, this methodology was first applied to the 
drug molecule atuliflapon (or AZD5718)22 to understand 
the change in mean chemical shift observed of a single 
hydrogen bonded 1H atom between the crystalline and 
amorphous form. It was shown how hydrogen bonding 
to water plays a critical role in mechanisms of stability 
for these solids.22,23 The first complete structure 
determination of an amorphous solid was then done for 
AZD462523, determined by using all the assigned 
chemical shifts. 
Here we expand on the previous work on amorphous 
atuliflapon, a 5-lipooxygenase activating protein (FLAP) 
inhibitor,22 to provide a complete determination of the 
chemical structure using all of the assigned 1H and 13C 
chemical shifts. The MD set comprises nearly 3 million 
chemical environments, and we are able to characterize 
the preferred conformational space described in the set 
of 5009 structures in best agreement with the NMR 
chemical shift distributions. We find that the 
cyclohexane ring is held in the chair conformation with 
both of the large attached functional groups in the 
equatorial position. From three-dimensional average 
atomic density plots, we observe that O13 and O20 
preferentially point in opposite directions, despite O20 
having very little selection in the NMR set as compared 
to the MD set. To improve the statistical significance of 
our observations, we use a local approach to 
characterizing the hydrogen bonding interactions of H6 
where only the heavy atoms and corresponding 
hydrogens within 3 bonds are used for the selection of 
environments. This highlights the use of partial 
assignments for structure determination which is a 
valuable insight as molecules become larger and more 
complex.

2. Methods
MD Simulations
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The MD simulations used here have been reported 
previously22. As described previously, the GROMACS 
program (version 2016.4)44 was used for all MD 
simulations. The systems were initially equilibrated for 1 
ns using the canonical (NVT) ensemble at 298 K. A second 
equilibration was done for 10 ns using an isothermal- 
isobaric ensemble (NPT) at 298 K and 1 bar. Production 
simulations were carried out for 600 ns using the NPT 
ensemble at 298 K and 1 bar where the temperature and 
pressure were held constant. A particle mesh Ewald 
scheme45 was used to compute the electrostatic 
interactions with a 10 Å cutoff for the real space. The 
same cutoff was used for van der Waals interactions, 
with long-range dispersion correction applied to both 
energy and pressure. Bond lengths to hydrogens were 
constrained using the LINCS algorithm46. Models of the 
amorphous structure were obtained by extracting 1001 
evenly spaced snapshots from the last 100 ns of each MD 
simulation, corresponding to 100 ps time steps between 
the extracted snapshots. Further details, and a link to all 
the raw data, can be found in ref 22 .

Chemical Shift Predictions
The molecular environments were constructed with a 
central molecule and all molecules with at least one 
atom within 7Å of the central molecule. The chemical 
shifts of these environments were predicted using 
ShiftML242. To convert from shielding to shift,  an offset 
of 30.78 and 170.04 for 1H and 13C, were used 
respectively23. 

Calculation of Formation Energies 
The formation energies of local molecular environments 
were computed as described in Ref 23. The environments 
were defined as described above but with a cutoff 
distance of 7 Å. The difference in energy between the 
environments with and without the central molecule 
provides both the conformational energy of the central 
molecule and the energy of intermolecular interactions 
with the environment. The energies were computed 
using the DFTB-D3H5 semiempirical level of theory using 
the 3ob-3-1 parameter set and the DFTB+ software 
version 24.47-53

The energies of all NMR selected molecular 
environments were computed and compared to the 
energies of a set of 2200 randomly selected molecular 
environments form the MD set (100 environments 
selected per MD run).

Three-dimensional atomic density maps
To visualize the atomic environments, average density 
maps54 were constructed as described in 54 for the NMR 

set and for a subset of randomly selected environments 
from the MD set. Gaussian functions with a width of 0.5 
Å were placed at all atomic positions and evaluated on a 
cubic grid with 12Å sides, centered on the first aligned 
atom. The Gaussians were normalized such that if an 
atom is present in each environment at the same point 
in space, then the maximum intensity at this point in 
space is one. 

NMR Assignment
The assignment for the crystalline form of atuliflapon has 
been previously determined22, and these assignments 
were then used as starting points for the assignment of 
the amorphous formulation here. The remarkable 
overlap of the 13C CPMAS spectra of the crystalline and 
amorphous forms, and the 1H-13C HETCOR, shown in 
Figure 1c, made for a straightforward assignment of the 
amorphous form here. The crystalline assignment was 
used as a starting point to fit gaussian distributions in the 
13C CPMAS spectrum of the amorphous form, with the 
peaks being assigned to the mean chemical shift closest 
to the assigned crystalline shifts. Using the mean 
position of the now assigned amorphous peaks, the 1H-
13C HETCOR was used to determine gaussian 
distributions for the 1H distributions for any correlation 
peaks observed at the respective mean 13C chemical 
shift. The full list of assigned distributions obtained in 
this way is given in the supporting information together 
with the experimental details used to obtain the spectra. 
(Note that here we simplify the analysis by assuming the 
chemical shift distributions are all Gaussian, but in 
principle the experimentally measured distributions can 
also be used directly).

3. Results and Discussion

The assignment of the amorphous form was determined 
as described above. Then, to determine the set of 
structures promoted by NMR, the same methodology as 
used by Cordova et al. for AZD462523 is employed here. 
A pool of 2.8 million molecules with diverse 
conformations and molecular environments was 
obtained from MD simulations. For each 1H and 13C site 
in each of the molecules in the MD snapshots, the 
chemical shift was predicted using ShiftML2,43,55 and 
local molecular environments were obtained from the 
MD simulations as described above. The predicted shifts 
for a molecule in a given local molecular environment 
were then used to calculate a global probability that that 
environment matches the NMR data.23 The histogram of 
probabilities for all the molecular environments to 
match the NMR experiments is shown in Figure S2. The 
NMR set was constructed by selecting structures with a 
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global probability above p = 0.237, representing the top 
0.18% (5009 out of 2,818,816 molecular environments) 
of structures that best match the NMR data. This NMR 
structure can now be analyzed to determined preferred 
conformations and hydrogen bonding patterns in order 
to determine mechanisms that stabilize the amorphous 
form.

Figure 2: (a) Percentage of hydrogen bond occurrences with 
H6 in the MD set (blue), the NMR set using all shifts (red), and 
the NMR set using shifts occurring within 3 bonds (orange). (b) 
Three-dimensional atomic density map aligned on N6 
(indicated with asterisks) showing the average density for the 
NMR set. The preferred H-bonding interaction between an 
oxygen and NH6 is clearly seen top left. The colors gray, blue, 
teal, and red represent carbon, nitrogen, hydrogen, and oxygen 
density respectively.

Hydrogen Bonding
We first examine the hydrogen bonding partners of H6, 
which was the focus of the previous study,22 by 
comparing the MD set to the NMR set in Figure 2. 
Atuliflapon has 6 potential hydrogen bond acceptors, 
O13, O20, O29, N5, N24 and N25, and water. Using all 
the assigned chemical shifts, we see no specific 
promotion of hydrogen bonding motifs in the NMR set 
as compared to the background MD set, which is against 
chemical intuition. The mean hydrogen chemical shift for 
H6 is 11.9 ppm, which strongly suggests a preferred 
hydrogen bonding interaction56,57 To examine this 
interaction in detail, we use a subset of the chemical 
shifts to evaluate the local structure, specifically 

corresponding to the carbon atoms within 3 bonds of N6 
and their attached hydrogen atoms resulting in 8 out of 
46 chemical shifts being used (W3 in the notation of 
Cordova et al.58), to improve specificity for H6. We see a 
stark change, shown in Figure 2, where environments 
with hydrogen bonding interactions are now strongly 
promoted, and the environments without a hydrogen 
bond acceptor are demoted. The contrast in results 
stems from allowing all assigned chemical shift to weigh 
equally for all portions of the molecule, or in favoring 
more local shifts. With this in mind, we suggest that 
conformational changes beyond 5 Å have little impact on 
the chemical shift unless an intramolecular interaction is 
being formed. In the case of N6, there is no evidence of 
intramolecular hydrogen bonding, so the local approach 
is justified. We further justify this by comparing the p-
values for the best 5,175 structures. In the W3 selection, 
the minimum p-value for the best structures is 0.441 and 
for the selection including all atoms, the minimum p-
value is 0.237. The range of minimum p-values with a W3 
selection for the other hydrogen bond acceptors and 
donors is 0.322-0.390. Using this local approach, we 
observe the intermolecular hydrogen bonding to O13, 
O20, and O29 are strongly promoted to 22.51%, 22.18%, 
and 15.32% in the NMR-set compared with 
18.01%,16.45%, and 10.64% in the MD-set. We see the 
demotion of no interactions from 25.99% to 10.80% in 
the MD set and NMR set respectively. Within the NMR 
set the formation energy decreases by at least 5 kJ/mol 
in environments where a hydrogen bond is formed. 

Cyclohexane Ring
We examine two dihedral angles in the cyclohexane ring 
to identify promoted molecular conformations in the 
NMR set. In Figure 3, we clearly see a strong promotion 
for the chair conformation, which places the large 
functional groups connected to C14 and C19 in the 
equatorial positional along the ring. In the NMR set, the 
formation energy is ~15 kJ/mol lower as compared to 
similar dihedral angles in the MD set. We note that the 
selection for the NMR set is guided only by the chemical 
shift distributions and does not consider energy. This 
additional stabilization likely comes from the ability that 
this ring conformation lends to form hydrogen bonds to 
neighboring molecules. In the three-dimensional atomic 
density maps54 shown in Figure 3b, O13 and O20 are 
positioned in opposite directions which might  explain 
the overall stabilization due to the chair conformations. 
In the MD set we see a significant carbon density 
observed above C19 (in the cyclohexane ring), with 
oxygen density above the ring, which is reduced in the 
NMR set, indicating a reduced presence of the axial 
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orientation in the NMR set. This is an interesting 
observation as C20 itself shows very little selection of the 
chemical shifts in the NMR set (Figure S4) but a change 
in position is observed in the atomic density maps. This 
highlights that the positions of individual atoms are 
experimentally determined by an ensemble of the local 
chemical shifts.

Figure 3. (a) Histogram of dihedral angles for the C14-C19 bond 
in the MD set (blue), NMR set with all shifts (red) (b,c) Three-
dimensional atomic density map aligned about the C14-C19 
bond showing the density for the NMR set and the MD set. The 
colors gray, blue, teal, and red represent carbon, nitrogen, 
hydrogen, and oxygen respectively.

Pyrazole Ring Orientation
The pyrazole ring contains N6 which has a diverse set of 
hydrogen bond acceptors as discussed above and shown 
in Figure 2, and likely samples orientations that can 

accommodate hydrogen bonding. In Figure 4 we 
examine the torsion angle of the pyrazole ring with 
respect to the benzyl group. In the NMR set, there is clear 
promotion of dihedral angles centered about 0 and 180°, 
with demotion of conformations centered around -90 
and 90°. These promoted regions are stabilized by up to 
30 kJ/mol compared to random selections of the MD-set. 
While the promoted conformations are abundant in 
both the MD set and the NMR set, it is important to note 
again that the NMR set is only driven by the agreement 
with the experimental chemical shifts. However, we see 
consistently that the energy of the NMR set is lower than 
that of the random selection of the MD set. This drives a 
hypothesis that conformational changes that are 
themselves low in energy can play a crucial role in 
stabilizing other more beneficial interactions such as 
hydrogen bonding. 

Figure 4. (a) Histogram of the dihedral angle for the C4-C7 bond 
in the MD set (blue) and NMR set with all shifts in (red) (b) 
relative cluster energy as a function of dihedral angle for 
random selection of the MD set (blue) and the NMR set (red)

4. Conclusion
We have determined the complete atomic-level 
structure of the amorphous form of the drug atuliflapon 
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by chemical shift driven NMR crystallography. The 
ensemble of preferred structures determined by NMR 
allows us to identify a number of conformations and 
interactions that stabilize the amorphous structure. 
Specifically, H6 is found to interact with water molecules, 
and to have promoted intermolecular interactions with 
the carbonyl groups. The stabilization is reflected in the 
energies being at least 5 kJ/mol lower for environments 
forming hydrogen bonds. The cyclohexane ring remains 
largely in chair conformation positioning O20 and O13 in 
opposite directions, allowing H21 to orient close to O13. 
Lastly, the pyrazole ring has a clearly preferred 
orientation, that is stabilized by ~10  kJ/mol, likely 
reflecting adjustments in the conformation so that H6 
can form hydrogen bonds.
  
SUPPORTING INFORMATION 

Experimental, fitting, and computational details for the 
MD simulations, assignment details, additional NMR 
spectra, and comparative histograms between the MD 
and the NMR sets, and a link to all the raw NMR data. 
Supplementary data to this article can be found online at 
[link to be added upon publication].
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