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Hydrogen bond dynamics and conformational flexibility in
antipsychotics

Jose E. M. Pereira,*? Juergen Eckert,”® Svemir Rudic, Dehong Yu,® Richard Mole,® Nikolaos
Tsapatsaris, 2 and Heloisa N. Bordallo. *f

Effective treatment of disorders of the central nervous system can often be obtained by using bioactive molecules of similar
moiety to those known to be effective. A better understanding of the solid-state characteristics of such molecules could
thereby create new opportunities for research on pharmaceutical preparations and drug prescriptions, while information of
their rich intramolecular dynamics may well add an important aspect in the field of in-silico drug discovery. We have
therefore investigated three different antipsychotic drugs: haloperidol (C,;H,3CIFNO,, HAL), aripiprazole (C3H,;Cl,N30,, APZ)
and quetiapine hemifumarate (C,;H,sN30,S - 0.5C4H,0,, QTP) based on similarities either in their structures, hydrophobic
and hydrophilic moieties, or in their mode of action, typical or atypical. Our aim was to test the structural and molecular
stability of these three different antipsychotics. To this end, we compared the molecular vibrations observed by inelastic
neutron spectroscopy for these systems with those from theoretical periodic calculations of the crystalline antipsychotics
using the Vienna Ab initio Simulation Package (VASP). While most of the observed features in the lattice region were
reasonably well represented by the calculations, the spectra overall were relatively complex, so that traditional assignment
procedures for the approximately 600 normal modes in the unit cell were not possible. These results indicate that in the
search for new drug candidates not only analysis of the flexibility of the receptor, but also the dynamics of the active

molecules play a role in improving the prediction of binding affinities.

Introduction

The market for antipsychotic drugs is one of the largest in the
pharmaceutical industry, valued in 2015 at USD 11.7 billion®. These
drugs are G-protein coupled receptors (GPCRs) ligands whose
binding sites can accommodate many different ligands, including
agonists and antagonists>?® A great deal of pharmacological and
bioanalytic information about these drugs is available*~”. By contrast
not much is known about their solid-state properties. For instance,
X-ray diffraction data of the structures of the various polymorphs are
generally patented, and only few papers on infrared (IR) and Raman
scattering (RS) of these particular drugs can be found in the open
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literature &6 despite the fact that these techniques have been
widely employed to characterize pharmaceutical compounds’-1°. As
there is a general lack of understanding of the conformational habit
of these molecules we have combined inelastic neutron scattering
(INS) and density functional theory (DFT) calculations to obtain a
stringent test of the molecular conformation of three different
antipsychotics, haloperidol (HAL), aripiprazole (APZ) and quetiapine
hemifumarate (QTP, marketed by AstraZeneca under the brand
name Seroquel), whose structures are represented in Figure 1.

HAL, APZ and QTP molecules were selected because they represent
different generations of antipsychotics drugs and also because their
function has been widely discussed. In solid state HAL is a flexible
molecule which contains a central cyclohexane ring with a tertiary
amine nitrogen, an alcoholic hydroxy, and ketone functionality. In
their crystalline form the molecules are assembled by means of
strong O—H--N hydrogen bonds between the tertiary amine nitrogen
and the hydroxy functionality and crystallize in monoclinc space
group P2,/n 0. APZ, on the other hand, has a rather simple molecular
structure with aliphatic chains and saturated rings which makes this
molecule susceptible to polymorphism. Patents show that APZ
exhibits not only polymorphism, but also exists as
pseudopolymorphs orin amorphous form. Detailed investigations of
their conformational habits and their stability were described by
Ayala et al. °and Braun et al. 13, Finally for QTP five solid-state forms
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have been reported to date: three polymorphs and two amorphs?®.
QTP generally contains many impurities, that can be isolated by
means of NMR, IR, mass spectrometry (MS) liquid chromatography
coupled with tandem MS (LC-MS/MS)?122, The presence of these
unwanted chemicals, even in small amounts, may influence the
efficacy and safety of the pharmaceutical products. From the
pharmacological point of view HAL is a typical antipsychotic agent
frequently used to treat schizophrenia. It works by blocking
receptors for the chemical dopamine in the brain causing neuron
apoptosis. APZ and QTP, on the other hand, are atypical
antipsychotics which bind to several different neurotransmitter
receptors?324, From a clinical point of view is widely accepted that
the D, dopamine receptor (DRD2) is the primary target for both
typical and atypical antipsychotics, however there is no clear
evidence that one type is more effective or better tolerated than the
other>725, It is also believed that HAL has high affinity dopamine
D, receptor antagonism, while the actions of APZ have been ascribed
alternately to either D, partial agonism or D, functional selectivity.
On the other hand, QTP is considered a weak D, antagonist as well as
a drug that presents “rich” pharmacology as a result of it
effectiveness with decreased side effects?®. In fact, the main
difference in the mechanism of action is related to the strength of
binding which in turn changes the dissociation constant, which is
lower than that of dopamine in HAL and higher in QTP?’. This agrees
with the idea that protein-ligand interactions are closely related to
binding affinity. However, because the exact nature of the multiple
receptor actions is critical but not well understood, it has been

Fluorophenyl
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Hydroxyclorophenilpiperidino

Ethoxyethanol

Dibenzo thiazepin
Fig. 1 Molecular structure of HAL (Cy;H»3CIFNO,), APZ (Cy3H,;Cl;N30,) and QTP
(Ca1H26N30,5* - 0.5C4H,04%)
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suggested that the term “dirty” drug should be used instead of “rich”
pharmacology?® .

In this work, the crystal structures of the three biomolecules were
first confirmed by X-ray powder diffraction (XRPD), while RS was used
to check the polymorphic form of APZ prior to carrying out the INS
studies and DFT calculations. Structural transformations and purity
were determined using differential scanning calorimetry (DSC) and
thermogravimetric analysis coupled with Fourier transform infrared
spectroscopy (TGA-FTIR).

Experimental details

Antipsychotic samples

Powder samples of APZ (C,3H,,Cl,N30,) and QTP (Cy1H5N30,S -
0.5C4H40,4) were purchased from CHEMOS GmbH, while HAL
(C,1H»3CIFNO,) was acquired from Sigma Aldrich. All samples were
used without further purification.

X-rays powder diffraction

XRPD was performed at ambient conditions using a Bruker D8
Advance diffractometer with Cu Ka radiation (1.5418 A) in 6/6
geometry to confirm the purity as well as the polymorphic structure
of each sample, Figure S1.

Raman scattering

Raman spectra for APZ and HAL were collected at room temperature
using a RamanRxn1 spectrometer with CCD detector (Kaiser Optical
Systems), Figures S6 and S7.

Calorimetric studies

The purity of each sample was further checked by the
thermogravimetric analysis instrument PERSEUS TG 209 F1 Libra
from NETZSCH coupled with a Fourier transform infrared
spectrometer by BRUKER Optics Inc. (TGA-FTIR). Changes in the mass
of the sample as a function of temperature observed by TGA gives
insight in the sample decomposition, while the slope of the mass loss
indicates how rapidly the decomposition occurs. The gases released
during the heating process for each sample are characterized by the
attached FTIR Spectrometer to determine the nature of the
decomposition products. When combined with differential scanning
calorimetry (DSC) (NETZSCH DSC 214 Polyma) these measurements
give a complete picture of thermal effects on the crystalline stability
of these bioactive molecules.

Samples were placed in alumina crucibles for the TGA experiments
and heated from room temperature (RT) to 300 °C at a constant
heating rate of 10 “C/min. A stream of nitrogen flowing at 20 ml/min
was used throughout the experiment. FTIR spectra of the evolved
gases were recorded every 3 °C to facilitate the understanding of the
decomposition process.

This journal is © The Royal Society of Chemistry 20xx
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DSC data were collected on samples sealed in aluminium crucibles,
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FIG. 2 TGA-FTIR and DSC data for haloperidol (HAL), aripiprazole (APZ), and quetiapine hemifumarate (QTP). The left side of the figure shows the TGA and DSC
curves while on the right side the FTIR collected during the heating process is shown. The arrows in the left side correspond to the specific temperature at which
respective FTIR data have been depicted. The black arrow in (c) indicates a dehydration in APZ.

and placed in a nitrogen atmosphere purged at 40 ml/min. An empty
crucible was used as reference material. The instrument was
calibrated with indium as a standard. Heating rates between 2 and
15 °C/min were used for all the samples, see Figure S2. HAL and APZ
were measured between RT (25 °C) and 180 °C, while data for QTP
were collected up to a temperature of 300 °C.

Inelastic neutron scattering (INS)

The dynamics of polycrystalline antipsychotic compounds were
studied by INS vibrational spectroscopy using the spectrometers
PELICAN?® at the Australian Nuclear Science and Technology
Organisation - ANSTO (Australia) and TOSCA3C at the ISIS Neutron
and Muon Source at the Rutherford Appleton Laboratory (United
Kingdom). The INS data were compared and interpreted using the
simulated spectra obtained from DFT calculations described below.

PELICAN is a cold neutron time-of-flight spectrometer that gives
access to vibrational motions in the energy range 0 — 40 meV. With
an incident wavelength of 4.72 A, corresponding to an incident
energy of 3.61 meV, excitations are measured by energy gain of the
neutron, or the energy loss of the sample, i.e. on the anti-Stokes side
of the spectra. The data were collected at temperatures of 60 K, 100
K, 150 K, 200 K, 250 K and 300 K and processed using the Large Array
Manipulation Program (LAMP)3! as follows. The spectra were first
normalized to a vanadium standard, followed by subtraction of the
spectrum of an empty sample holder to correct for background, and

This journal is © The Royal Society of Chemistry 20xx

structure factor, S(Q, w), where Q is the magnitude of the scattering
wave vector and w is the energy transfer. This scattering function is
dominated by vibrational motions of the hydrogen atoms and
correlated to the generalized density of state (GDOS, G(é,w)), andin
turn to the thermal populations of the excitations. Here it is
interesting to mention that INS can also be considered an important
tool in the development of deuterated pharmaceuticals which in
some cases are superior to their protonated counterparts3233, Direct
information on the variations of intermolecular and intramolecular
distances might shed light on how and if the strength of these

interactions influences the ligand binding to the receptor.
Information contained in S(Q, w) was derived as follows:
n S(é,(x)) 1.2
G(8,w) =———B(w,T) (22)

S(é,w) is the scattering function calculated at each energy transfer
value for the averaged scattering angle, 8, obtained by summing the
signal from the first to the last considered detector, 8;, as:

(1.2)

,\ 1
S(eﬁw) = N_DZ Si(eilw)l
i

B(w, T) = hw(1 _ e—ﬁw/kr)’ (1.3)
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B(w,T) is a function accounting for the population of the vibrational
modes at the temperature, T 34. The temperature dependence of the
GDOS will give rise to broadening in the harmonic motions of the
molecular groups in HAL, APZ and QTP.

TOSCA is an indirect geometry time-of-flight neutron spectrometer
with a fixed final energy of the neutrons for observing vibrational
spectra in neutron energy loss. The instrument covers the entire
frequency range for molecular vibrations. INS spectra for all samples
were recorded at 10 K and converted to the incoherent dynamics
structure factor, S(Q, w) using Mantid software3>.

DFT computational details

The INS spectra were generated from periodic calculations of
crystalline antipsychotics using the Vienna Ab initio Simulation
Package (VASP) with the Perdew-Burke-Ernzerhof (PBE) functional
along with Vanderbilt ultrasoft pseudopotentials®®, and with the
plane wave kinetic energy cutoff at 450 meV. Additional periodic
calculations were carried with a 4 x 4 x 4 Monkhorst-Pack mesh of k-
points3’ to improve the agreement at lower frequencies. The atomic
coordinates were optimized with the unit cell fixed at the
experimental values, followed by harmonic frequency calculations.
The resulting vibrational amplitudes and frequencies were used to
derive a simulated INS spectrum with the aCLIMAX software38,
Energies of the single molecule were calculated with the same
methodology by placing each molecule in a large box surrounded by
vacuum. The lattice energy was then estimated from the difference
between the isolated molecule energy and that of the same molecule
in the crystal structure.

Results and discussion

Structural characterization of HAL, APZ and QTP at room
temperature

The XRPD data, (results shown in the supplementary information,
Figure S1), show diffraction patterns for HAL and APZ which are in
agreement with the previous results from the Cambridge
Crystallographic Data Centre (CCDC) files 150416 (monoclinic form,
space group P 21/n)3? and 690585 (triclinic form lIl, space group P-
1)13, A comparison of the Raman spectrum of APZ collected at room
temperature (results also shown in the supplementary information,
Figure S6) from 720 to 790 cm™ and between 1000 and 1070 cm™
with the data reported in Ref [*3] suggests that the kinetically highly
stable Form Il is predominant. The data for QTP are consistent with
those previously reported in file number 2206876 from
Crystallography Open Database (monoclinic form, space group
P2,/c).

Structural stability determined by thermal analysis

DSC results for HAL, APZ and QTP are shown in Figures 2a, 2c and 2e,
as well as in Figure S2. Clear and sharp endothermic events related
to the melting points at 155 and 178 °C are observed in the DSC data
for HAL and QTP, respectively. The weak endothermic event at 120
°C for APZ is related to the loss of hydration water and correlates
directly with the weak mass loss observed in the TGA curve above 90

4| J. Name., 2012, 00, 1-3

°C as indicated by the black arrow in Figure 2c. The shape of the DSC
curve for APZ indicates that the kinetically highly stable room
temperature triclinic form Il (space group P-1) is mixed with form |
(monoclinic, P24)13. Gases evolved during the decomposition steps,
indicated by arrows in the TGA curves, give rise to absorption peaks
in the infrared spectra (Figures 2b, 2d and 2f), where the strong
bands observed between 1450 and 1600 cm™, and between 2700
and 3100 cm™ are likely from the aromatic rings mixed with C H and
C N vibrations, and those and between 2700 and 3100 cm™! to C-H
stretching modes.

Additional detailed DSC measurements using the same heating rate
for each compound, presented in the supplementary information,
see Figures S3-S5, lead to the conclusion that HAL maintains its stable
monoclinic crystalline form after a series of heating processes, while
APZ changes its structure after the first heating cycle, and the
metastable form Il predominates thereafter. QTP degrades since it
loses hemifumarate (C4H,04) which is needed for stabilizing the
structure. This is further confirmed by the presence of a second
endothermic transition at about 235 °C in the DSC data (Figure 2e)
and the observation of the strong CO, asymmetric stretch at 2300
cm in the infrared spectrum at 255 °C (Figure 2f). Our calorimetric
data agree well with previous reports 494! and confirm the
polymorphic form for each sample in conjunction with the XRPD and
RS results.

Vibrational spectra of HAL, APZ and QTP as function of
temperature

The most fundamental difference between optical spectroscopy
techniques, such as RS, IR and INS, lies in the nature of the interaction
between the probe and the sample. Whereas photons interact with
the electron density, neutrons are scattered by the atomic nuclei, so
that there are no symmetry-based selection rules for INS spectra.
Moreover, neutrons have mass and consequently the scattering
process also involves momentum transfer. Neutrons can be
scattered with or without a change in their energy, i.e. inelastically
or elastically, and this process can be coherent or incoherent. The
coherent part of the inelastic scattering gives information about
collective lattice vibrations, typically at energies less than 40 meV,
while internal molecular vibrations at higher frequency are mainly
observed in the incoherent inelastic scattering involving motions of
H atoms. INS intensities of vibrational bands are a sensitive test for
validation of force fields in MD simulations, and of methodology used
in DFT calculations*?.

INS spectra collected on PELICAN (Figures 3-5) in neutron energy gain
are considerably broadened at higher temperatures as a result of the
Debye-Waller factor, which is particularly noticeable in APZ between
200 and 300 K. Furthermore, the observed experimental intensities
of some bands are found to increase strongly upon cooling in all the
samples (Figures 3, 4 and 5), a feature common to orientationally
disordered crystals®344,

This journal is © The Royal Society of Chemistry 20xx
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Comparisons of the experimental INS spectra for HAL, APZ and QTP
with those calculated by DFT are intended to provide information
about the flexibility of the molecular groups in each sample and to
connect this flexibility to the stability of the crystalline structures.
Indeed, the calculation does seem to account for most of the
observed features in the lattice region, despite the fact that it does
not include the appropriate reciprocal space average over full
phonon dispersion curves. For instance, we note that the INS spectra
collected using TOSCA at 10 K are quite well reproduced by the
theoretical results, while the energy gain spectra at 100 K for HAL
(cooling cycle on PELICAN) mainly appear to correspond to the
calculated results below 20 meV. However, considering that the
spectra are relatively complex, as a result of the low symmetry of
these molecules and their large unit cells, standard assignments
were not possible. Actually, in these systems, a single INS low
frequency band may consist of several normal modes. Vibrational
features can therefore be mainly described by viewing animations of
the normal modes rather than by unambiguous traditional
assignments, even in cases where the agreement between calculated
and experimental data is sufficiently good. Consequently,
descriptions of the molecular motions involved in the main
vibrational bands were achieved by visualizing the molecular
vibrations of the modes obtained by VASP using the Jmol software 4>
. These features may be better understood by viewing video clips
provided in the supplementary information. Following this
procedure, our analysis of the vibrational modes in the solid suggests
that for APZ and QTP most of the intensity below 40 meV (i.e. ~320
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cm?) results from mixed external modes of the molecule in the
lattice. Among the most intense bands found in the calculated
spectra the mode at 8 meV in HAL can be described in terms of
displacements of the hydrogen atoms in the benzene and piperidine
rings, while some of the low frequency modes result from
deformations of the alkyl group connecting the hydrophobic
(hydroxyclorophenylpiperidino) and hydrophilic (fluorophenyl)
heads. (denoted as groups 1 and 4, in Figure 1). In the case of APZ
the vibrational spectra are relatively well structured. This is an
interesting point since form 1I*3 of this molecule is intrinsically
disordered yet kinetically stable. In this sample the observed modes
can be described as collective motions of the whole molecule with
respect to one another, and mostly dominated by displacements of
the diclorophenylpiperazine (denoted as group 3 and 4 in Figure 1)
and quinolone (denoted as group 1 in Figure 1) rings. Finally, the
main low frequency bands in QTP at 7 and 20 meV arise from a
deformation (alternate ring stretch) of the dibenzo thiazepin
(denoted group 1 in Figure 1), while the mode at 16 meV results from
wagging on the ether group ( O ) on the ethoxyethanol side chain
(denoted as group 2 in Figure 1).

Additional ab initio calculations relevant to high frequencies in the
Raman and INS spectra were carried out on isolated molecules of
APZ and HAL using the Gaussian software*® along with aCLIMAX38 for
normal mode intensities. Assignments of select high frequency
modes are given on Table S1 (see supplementary material). Finally,
comparison of the calculations for the isolated molecules modes with
that of the crystal shows an overall good agreement. These results
are given in the supplementary information, Figures S6-S9.

Conclusions

In the present study we compared one typical (HAL) and two atypical
antipsychotic compounds (APZ, QTP), which have shown to be
pharmaceutical solids with intriguing and complex dynamical
behaviour on the molecular scale. The structural conformation of
powder samples of the bulk compounds was characterized by XRPD,
RS and calorimetric analysis (DSC and TGA/FTIR). Our results were
found to be in accordance with previously published datal®12, The
molecular vibrational modes in the solids were analysed using INS
spectra collected by a thoughtful combination of both indirect- and
direct-geometry spectrometers covering a sufficiently broad spectral
range with adequate resolution and as a function of temperature.
The vibrational spectra were simulated by means of DFT methods
both in the gas phase, and in the periodic system. The soft nature of
the crystalline lattices creates rich intramolecular dynamics, which
results in INS spectra of extreme complexity for the large number of
normal modes in the crystal, which makes it impossible to make
simple assignments of the observed bands to any particular
vibrational mode.

Even if computational methods have the capability to provide
atomistic detail to simulate processes of ligand binding to a GPCR, it
is often the lowest energy conformation of the ligand which is

6 | J. Name., 2012, 00, 1-3

assumed to be solely responsible for binding and activation of the
receptor?. It is clear that consideration of ligand receptor flexibility
can considerably improve the accuracy of algorithms used to
estimate binding affinities between a potential therapeutic drug and
its target*®. However, while the number of available crystal
structures of GPCRs has increased considerably*?, an extensive set of
crystal structures with different and relevant conformations of the
bound and unbound GPCR receptor is not yet fully available2. On the
other hand, the results described in this manuscript clearly show that
small active biomolecules have very complex dynamics, which will
hopefully give rise to efforts to add the findings offered by vibrational
spectroscopy of low frequency deformations of such molecules to
computational tools normally used in the in-silico calculations in drug
discovery. This approach may provide a new perspective on the
understanding of how biomolecular recognition mechanisms and
conformational selection account for the dynamic association
process of a bioactive drug molecule. While protein flexibility may
well be the most important factor in the suitability of binding sites, it
is also of great interest to identify how this interaction with the drug
molecule is affected by the drug flexibility. It was in fact recently
discussed that keeping biomolecules flexible, as opposed to having
them rigid when they bind to their receptors, reduces the entropy
penalty and thereby creates stronger binding and hence improved
drug delivery®®, One of the most important physicochemical
properties for pharmaceutical use of small organic molecules, is their
aqueous solubility, which is generally calculated approximately by
considering only the experimental melting data. It may therefore be
useful to find different approaches to predict lattice energies in order
to greatly advance drug design®!. We have therefore calculated the
lattice energies of the three compounds analyzed in this study, and
obtained values for APZ (109 kcal/mol) < HAL (235 kcal/mol) <
QTP 859 kcal/mol (the latter being much higher because the
structure is ionic). The order of the lattice energies follows that of
the experimental data for the measured enthalpy of fusion
(ArusH): (AfusH (APZ) (10 kcal/mol) < (AssH (HAL) (12 kcal/mol) <
(AsusH (QTP) (18 kcal/mol)131252, Qur results therefore suggest that
the predicted lattice energies of APZ HAL and QTP follow the
behavior of AssH, and as such the may be an alternative method for
predicting solubility behavior.
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Deciphering the dynamics of the bioactive molecules using neutron spectroscopy to assist in
the prediction of binding affinities.



