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ABSTRACT 

We used a range of computational techniques to assess the effect of the selective C–H deuteration on the 

antagonist istradefylline affinity for the adenosine A2A receptor, which was discussed relative to its structural 

analogue caffeine, a well-known and likely the most widely used stimulant. The obtained results revealed 

that smaller caffeine shows large receptor flexibility and exchanges between two distinct poses, which 

agrees with crystallographic data. In contrast, the additional C8-trans-styryl fragment in istradefylline locks 

the ligand within a uniform binding pose, while contributing to the affinity through the C–H∙∙∙π and π∙∙∙π 

contacts with surface residues, which, together with its much lower hydration prior to binding, enhances the 

affinity over caffeine. In addition, the aromatic C8-unit shows a higher deuteration sensitivity over the 

xanthine part, so when both of its methoxy groups are d6-deuterated, the affinity improvement is –0.4 kcal 

mol–1, which surpasses the overall affinity gain of –0.3 kcal mol–1 in the perdeuterated d9-caffeine. Yet, the 

latter predicts around 1.7-fold potency increase, being relevant for its pharmaceutical implementations, but 

also those within the coffee and energy drinks production industries. Still, the full potential of our strategy is 

achieved in the polydeuterated d19-istradefylline, whose A2A affinity improves by –0.6 kcal mol−1, signifying a 

2.8-fold potency increase that strongly promotes it as a potential synthetic target. This knowledge supports 

deuterium application in the drug design, and while the literature already reports about over 20 deuterated 

drugs currently in the clinical development, it is easily foreseen that more examples will hit the market in the 

years to come. With this in mind, we propose that the devised computational methodology, involving the 

ONIOM division of the QM region for the ligand and the MM region for its environment, with an implicit 

quantisation of nuclear motions relevant for the H/D exchange, allows fast and efficient estimates of the 

binding isotope effects in any biological system. 
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INTRODUCTION 

Adenosine receptors (ARs) belong to the class A subfamily of G protein-coupled receptors (GPCRs) that 

consist of four subtypes, A1, A2A, A2B, and A3. Based on sequence similarity and G protein-coupling specificity, 

ARs can be divided into two groups: A1R and A3R that share 49% sequence identity and predominantly 

couple to G proteins of the Gαi/o family leading to the inhibition of cAMP production by adenylate cyclase, 

whereas the sequences of A2AR and A2BR are 59% identical and they couple to Gαs achieving the opposite 

effect.1 ARs are ubiquitously expressed in many cell types and are associated with several disorders including 

inflammatory processes (A2A and A3); respiratory pathological events such as allergic asthma (A2B and A3); 

vascular diseases (A2A); as well as arrhythmias and stroke (A1).2   

Among all subtypes, adenosine A2A receptor is of particular interest as it is one of the best structurally 

characterised GPCRs at the atomic level, with more than 30 crystal structures published to date.3 Besides 

that, A2AAR inactivation ameliorates neuropsychiatric and neurodegenerative symptoms, which led to these 

antagonists emerging as promising non-dopaminergic alternatives in the Parkinson's disease treatment, and 

have attracted much attention in the clinical development, particularly after istradefylline (Scheme 1) has 

been approved in Japan and the USA.4 Although the molecular mechanism behind the A2AAR antagonism is 

far from certain, there are reports showing that ARs can undergo homo- and heterodimerisation or even 

oligomerisation, in particular with D2, mGluR5, CB1, and A1, which may be correlated with a wide range of 

neurological symptoms. Therefore, A2AAR antagonists are gaining importance for the treatment of 

Huntington's disease, epilepsy, and cerebral ischemia, but also in improving tumour inhibition.5  

 

Scheme 1. Chemical structures and atom labelling for systems discussed in the text. 

 

Adenosine A2A receptor antagonists have been usually classified as xanthine or nonxanthine derivatives, the 
latter including a large class of systems having tri-, bi- and monocyclic scaffolds with various substituents.6 
Besides structural modifications, the past few years have witnessed an emerging trend in the use of 
deuteration in the medicinal chemistry as the most conservative example of the bioisosterism. The latter 
was particularly triggered in 2017, after the FDA granted market approval for the first deuterium-labelled 
drug – VMAT2 inhibitor Austedo (Scheme 1) for the treatment of chorea associated with the Huntington’s 
disease. This represented a major milestone in the advancement of this approach and its clinical and 
financial viability, and provided a framework for the approval of other deuterium enriched drugs.7 
Exchanging the six methoxy H atoms with D, alters Austedo metabolism, increasing its safety and tolerability 
by conferring upon it an extended half-life and a more stable plasma concentration, allowing a reduction of 
the recommended daily dosage in half relative to its non-deuterated tetrabenazine analogue.8,9 Very 
recently, in September 2022, another deuterated drug, deucravacitinib (Scheme 1), was registered in the 
USA as a first-in-class selective allosteric tyrosine kinase 2 inhibitor and the innovation in oral treatment for 
moderate-to-severe plaque psoriasis.10 To ensure the selectivity of the methyl amides in vivo, deuterium was 
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incorporated into the methyl group to block an N-demethylation metabolic pathway that generated a less 
selective primary amide metabolite. Unlike many other deuterated examples of improved pharmacokinetic 
properties that rely on already existing drug developmental candidates or marketed medicines, the novelty 
in this approach is that deuterium was incorporated during de novo design and optimisation process,11 which 
represents another crucial milestone in the development of deuterium-enriched drugs. In the field of 
xanthines, a very recent report showed that d9-caffeine with three deuterated methyls, exhibits prolonged 
systemic and brain exposure following oral administration.12 Specifically, it revealed that despite a lower 
lipophilicity, d9-caffeine maintains the ability to cross the blood-brain barrier, is negative in both the Ames’s 
bacterial reverse mutation assay and mammalian cell micronucleus assay, such that it may be considered 
non-genotoxic, and retains most of its physico-chemical properties similar to the non-deuterated analogue, 
thereby suggesting that most of their other drug-likeness features would likely be similar. In fact, this was 
subsequently confirmed in a double-blind, randomized, two-part, two-period crossover study on humans,13 
which revealed that d9-caffeine caused no adverse events of insomnia or clinically significant ECG or vital 
signs findings, promoting it as a safe and well-tolerated alternative to caffeine. 

In general, deuterated drugs have proved useful in studying isotope effects, in permitting a better 
understanding of the drug action mechanisms, and in elucidating metabolic and biosynthetic pathways. The 
most important difference between the two isotopes manifests itself as a shortening of the covalent C−D 
bond relative to C−H, very often causing an increase in stability to metabolic oxidative processes, a 
phenomenon known as the kinetic isotope effect. Namely, D has twice the mass of H leading to a reduced 
vibrational stretching frequency and, therefore, lower ground state energy. This is accompanied by a higher 
activation energy required to reach the transition state for its bond cleavage and a slower reaction rate.14 
Therefore, the most straightforward application of deuterium substitution is to slow down drug metabolism, 
especially cytochrome P450 (CYP450)-mediated transformations that rely on C–H/D bond cleavage,15 which 
allows prolonged drug exposure, thereby permitting lower dosages and less frequent applications. One 
illustrative recent example is afforded by N,N-dimethyltryptamine (DMT, Scheme 1) in the treatment of 
psychiatric and neurological disorders, which exerts its activity by activating a variety of neuroreceptors, yet 
it is rapidly metabolised by MAO A through the rate-limiting hydride abstraction from α-methylene adjacent 
to amine.16–18 In this context, a recent report showed that d6-DMT with the deuterated –NMe2 group distant 
from the metabolic soft spot, retains the low half-life of the parent drug, while d8-DMT, additionally having 
the α-CD2 moiety, increases it by 2.1-fold,19 clearly due to a hindered MAO A conversion.  

In this context, although deuteration still is most often exploited to improve the pharmacokinetic features of 
drug candidates when incorporated at sites relevant to metabolic conversion, the differences in physico-
chemical properties between H and D can have a notable impact on the ligand binding to the receptor as 
well. Compared to hydrogen, deuterium displays a smaller molar volume (by 0.140 cm3 mol−1 per atom), is 
less lipophilic (Δlog Poct = −0.006), and typically exhibits slightly different pKa values.14,20 Since the ligand 
binding to a biological macromolecule is a process comparable in some respects to the extraction of a solute 
from water into a media of lower polarity, the rate and extent of that interaction are broadly related to the 
ligand lipophilicity,21 which means that the H/D substitution may in some cases have marked biological 
consequences.22–25 Along these lines, our earlier work revealed modified affinities of several histamine H2 
receptor agonists and antagonists following the nonselective incubation in D2O. Specifically, a joint 
experimental and computational study reported increased affinities for agonists histamine (ΔΔGBIND = –0.75 
kcal mol−1)26 and 4-methylhistamine (ΔΔGBIND = –0.49 kcal mol−1), and lower for 2-methylhistamine (ΔΔGBIND = 
2.08 kcal mol−1), while no change was observed for antagonists cimetidine and famotidine.27 This underlines 
an important conclusion that the deuteration effect on receptor affinities is not general and cannot be 
predicted in a simple way. Instead, it needs to be individually examined, yet therapeutic improvements can 
be achieved. 
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With this in mind, here we employed a range of computational techniques, involving docking studies, 
classical molecular dynamics simulations, and quantum-chemical as well as combined quantum-
mechanics/molecular-mechanics ONIOM calculations, to provide a more precise insight into the effect of the 
selective deuteration on the potency of adenosine A2A receptor antagonists caffeine and istradefylline 
(Scheme 1). Both ligands share xanthine skeleton characteristic of various A2AAR antagonists, but show 
dissimilarity in the selectivity towards different AR subtypes: caffeine possesses roughly equally low affinities 
for all adenosine receptors, while istradefylline, due to the additional C8-trans-styryl fragment, is highly 
selective for A2AAR (Table 1),28 with affinities exceeding those for caffeine, thereby making it an excellent 
candidate for further development. As a first-in-class drug, istradefylline has been shown to be effective in 
improving the "wearing-off" phenomenon in patients with Parkinson’s disease (PD) on levodopa-containing 
therapy.4 Namely, the majority of current PD medications aim to restore dopamine signalling and thereby 
reduce the severity of the motor symptoms by directly replacing dopamine with L-DOPA or by targeting 
related biological systems such as monoamine oxidase B, catechol O-methyl-transferase and dopamine 
transporters or receptors. Despite their benefit at the beginning, their use is associated with a loss of 
efficacy over time (fluctuations in response such as "wearing-off") as well as many undesirable side effects 
(dyskinesia, hallucinations, "on-off") that become more severe and problematic with the prolonged 
treatment. In addition, the most non-motor manifestations, including neuropsychiatric conditions 
(depression, cognitive decline, sleep disturbance) and postural instability that frequently accompany PD, are 
only partially responsive to dopaminergic drugs, leaving a high degree of unmet need which offer an 
opportunity for discovering new targets and addressing a wider spectrum of symptoms.6,29 Based on 
preclinical and clinical data, the majority of novel approaches focus precisely on the selective A2AR 
antagonism, which shows great potential in the treatment of both motor and non-motor disorders as well as 
indications for disease modification, however, the full potential of this drug class remains to be explored. 
Moreover, istradefylline already represents the starting point towards even safer and more potent structural 
analogues.30 The presented analysis is likely to contribute to the identification of structural and electronic 
features of the studied ligands important for receptor antagonism with the aim to provide the molecular 
interpretation of the observed affinity differences upon deuteration. 

 
Table 1. Experimentally measured Ki values for caffeine and istradefylline towards the adenosine receptor 

subtypes as taken from refs. 5,31. 

receptor subtype 
Ki (nM) 

caffeine istradefylline 

A1 10.700 841 

A2A 23.400 5.7 

A2B 33.800 > 10.000 

A3 13.300 4.470 
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RESULTS AND DISCUSSION 

Molecular Docking Simulations 

To determine the relevant caffeine and istradefylline binding positions, we conducted docking simulations 

employing the inactive structure of the adenosine A2A receptor obtained by homology modelling. Based on 

the docking scores, the most favourable poses of both ligands correspond to the orthosteric binding site 

located in the upper third region of the 7TM core between the third and sixth α-helices (Figure 1).2 

Superposition of the identified ligand poses to the crystal structure with caffeine (PDB entry: 5MZP]1) reveals 

that the istradefylline xanthine ring occupies the binding mode A in which O13 establishes the hydrogen 

bond with Asn2536.55, while the orientation of O11 towards His2787.43 enables the formation of water-

mediated interactions. In contrast, the caffeine docking pose matches up with the mode B where O11 and 

O13 locations are approximately interchanged. The fused rings of both ligands are engaged in the π∙∙∙π 

hydrophobic interactions with Phe16845.52, characteristic for the polyheteroaromatic scaffolds within a 

planar and narrow cavity of the binding pocket. This confirms the validity of the employed docking 

procedure, being further promoted by the calculated affinities of −5.7 kcal mol−1 for caffeine and −7.6 kcal 

mol−1 for istradefylline that are found in a reasonable qualitative agreement with the experimental values of 

−7.732 and −11.2 kcal mol−1,31 respectively. In order to inspect receptor dynamics and conformational 

changes upon the ligands binding within the orthosteric site, we utilised the identified docking structures as 

starting points for MD simulations of the A2A receptor immersed in the membrane.33   

 

  
ISTRADEFYLLINE CAFFEINE 

 

Figure 1. A) Side view of the most favourable binding pose of istradefylline (left) and caffeine (right) within 

the A2A receptor as predicted by molecular docking simulations. B) Superposition of the caffeine-bound 

crystal structures (PDB entry: 5MZP, in orange) with the relevant docking pose (in magenta) corresponding 

to the mode A for istradefylline and mode B for caffeine. Residues are labelled according to the Ballesteros-

Weinstein numbering scheme. C) Extracellular view of the most favourable binding pose within the 

orthosteric site between TM3 and TM6 α-helices. ECL1 and ECL2 are omitted due to clarity. 
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Molecular Dynamics Simulations 

In order to examine A2A receptor conformational changes following the antagonists orthosteric binding, we 

constructed three simulation models: one apo-A2AAR and two holo-A2AARs based on the previously discussed 

docking analysis, all embedded in a homogeneous membrane consisting of 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC). Apart from its important role in modelling the behaviour of biomembranes,34,35 the 

choice of that particular bilayer is supported by the experimental and computational studies that suggest 

different phospholipid environments can act as positive, negative or neutral allosteric modulators of the 

class A GPC receptors.36–39 Positive effects are mainly mediated by the hydrogen bonding contacts between 

the protein and phospholipid headgroups within the negatively charged DOPG. The lack of such groups in 

DOPC allows a slow destabilisation of the active state making it a neutral allosteric modulator (Figure 2). 

 

 

Figure 2. Initial structure for MD simulations of the apo-A2A adenosine receptor immersed in the DOPC 

membrane with transmembrane domains differently coloured: TM1 in light blue, TM2 in magenta, TM3 in 

yellow, TM4 in dark blue, TM5 in light purple, TM6 in green, and TM7 in orange.  Intra- and extracellular 

loops, as well as the helix 8, are represented in dark grey and labelled separately, while DOPC molecules are 

shown in light grey with phospholipid headgroups represented as spheres. The inset image shows the 

structure of a single DOPC molecule.  

 

Unbiased 600 ns of MD simulations were performed in quadruplicate, and the validity of this approach was 

justified through the corresponding RMSD graphs of the protein backbone atoms, which reveal converged 

trajectories (Figure S1). To study the antagonist induced A2AAR conformational dynamics, we mainly focused 

on highly conserved motifs and secondary loop structures, whose rearrangements modify the receptor 

functionality, thus ensuring active, intermediate or inactive states. Among them, the "ionic lock", the 

"rotamer toggle switch" and specific transmembrane domain movements have been identified as 

characteristic structural determinants between active and inactive protein conformations in the GPCR 

family. The ionic lock pertains to the electrostatic interaction between Arg1023.50 of the conserved D[E]RY 

motif (D3.49, R3.50, Y3.51) and Glu2286.30, thus forming a link between intracellular ends of TM3 and TM6 which 
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stabilises the inactive state. For apo-A2AAR, MD simulations reveal that the ionic lock mainly remained 

preserved in all four replicas with the average hydrogen bond occurrence between Arg1023.50 and Glu2286.30 

of 73%, and the distance between their Cα atoms of 8.2 Å, being almost identical to the inactive crystal 

structure distance of 8.1 Å (PDB entry: 5IU4).39 In both holo-receptors, the stability of the R3.50∙∙∙E6.30 salt 

bridge is even more pronounced with the average hydrogen bond occurrence of 85% and the distance 

between Cα atoms of 7.5 Å for caffeine-bound A2AAR, as well as 83% and 7.4 Å for istradefylline-bound 

A2AAR, respectively (Table S1, Figures S2, S3). Furthermore, considering that upon activation the most 

significant changes also occur at the cytoplasmic ends of TM5 and TM7, we monitored their fluctuations 

relative to the TM3. In both apo- and holo-A2AARs, the measured average distances closely match those 

observed in the crystal structure of the inactive state,39 which confirms the stability of the inactive receptor 

conformation in all three studied models (Table S1, Figures S2, S3). For the sake of comparison, an outward 

movement of TM6 by 5 Å breaks the ionic lock in the active state, which is, along with outward and inward 

latteral motions of TM5 by 7 Å and TM7 by 4 Å, thought to prime the receptor for the G protein coupling.40,41 

Analogous to the ionic lock, a highly conserved CWxP motif (C6.47, W6.48, L6.49, P6.50) contains Trp2466.48 whose 

orientation had been hypothesised as a marker for the activation state of GPCRs.2 Namely, agonist binding 

deep into the pocket leads to a steric clash with Trp2466.48 that causes the conformational switch from 

gauche(+) (χ1 = −60°) to trans (χ1 = 180°), and subsequently induces positional changes of TM5 and TM6. 

Over the all four replicas of apo-, caffeine-bound and istradefylline-bound A2AAR simulations, we noticed 

that Trp2466.48 maintains the most stable gauche(+) form characteristic of the inactive state in which the 

gamma side chain atom is opposite to the main chain carbonyl group when viewed along the Cβ-Cα bond, 

with the average χ1 values of −75°, −72° and −69°, respectively (Figure S4). All of this confirms the inactive 

state of the A2A receptor as predominant in all three cases and the antagonistic features of both ligands 

during employed MD simulations. 

Regarding the behaviour of the extracellular part of the receptor, the most pronounced flexibility can be 

observed in the ECL2 loop which, due to its size and structural diversity, proved to be the most functionally 

significant of the three ECLs (Figure S1). Recent literature has implicated ECL2 in many key aspects of 

receptor function, such as ligand selectivity and kinetics,42 as well as direct involvement in the binding as 

part of orthosteric and allosteric sites, thereby allowing it to control a complex process of signal 

transduction, including biased signalling and constitutive activity.43,44 Comparing RMSD graphs of the 

backbone atoms for the entire protein to those from the ECL2 loop, we perceived that receptor 

conformational changes most likely come from the large flexibility of the ECL2 loop, which is especially 

favoured in the apo-state (Figure S5). This was confirmed by the average fluctuation of ECL2 residues (RMSF) 

across the four replicas with values of 98.4 ± 4.5 Å in apo-A2AAR, and 102.3 ± 5.6 Å and 90.53 ± 2.7 Å in 

caffeine- and istradefylline-bound A2AAR simulations, respectively (Figure S1). The higher stability achieved in 

the latter holo-model is ascribed to the 3,4-dimethoxyphenyl group of istradefylline, which stabilises ECL2 by 

occupying the allosteric subsidiary site closer to the surface and located between α-helixes H1, H2 and H7,40 

while the smaller caffeine binds only into a deeply buried orthosteric pocket allowing the loop flexibility 

comparable to that of apo-A2AAR. Nevertheless, the salt bridge between Glu169 on ECL2 and His264 on ECL3, 

which is known to affect the ligand kinetics by acting as a binding site lid,40 is equilibrated between the 

formed and broken interaction with a much lower occurrence in the apo-receptor (approximately 26% of the 

simulation time) compared to both holo-models (46% in CAF-A2AAR and 40% in IST-A2AAR) (Figure S6). The 

relatively persistent electrostatic bond stabilises the position of the antagonists within the binding pocket 

and prolongs their residence time by slowing the off-rate from the receptor.  
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Figure 3. Representative structures of A) istradefylline and B) caffeine within the A2AAR binding site with the 

most dominant residues and water bridge molecules individually labelled, as obtained from the MD 

simulations. 

 

The most prominent interactions formed among antagonists and the residues within the binding pocket 

were identified by the MM-GBSA approach, and their individual contributions to the affinities are given in 

Tables S2 and S3. Caffeine and istradefylline share a common xanthine moiety that in both cases form π∙∙∙π 

stacking interactions with Phe168ECL2 on one side and CH∙∙∙π interactions with Leu2496.51 on the other, which 

makes these two residues the most dominant for the binding (Tables S2–S3, Figures 3, S7, S8). Specifically, 

caffeine establishes the mentioned π∙∙∙π contacts during two thirds of the simulation time (68%), while the 

CH∙∙∙π interactions were observed in 43% of structures. In contrast, both hydrophobic interactions are more 

pronounced in istradefylline, 92% and 94%, respectivelly, thereby making significant contributions to its 

higher A2AR affinity. Given that two different binding modes were obtained by docking simulations as the 

most favourable, A for istradefylline and B for caffeine, it is to be expected that O13 in the first case and O11 

in the latter form hydrogen bonds with the Nδ2 atom of Asn2536.55. However, MD analysis of the observed 

interactions reveals a greater positional freedom of the smaller caffeine within the binding site, which is 

reflected in a higher average RMSF value of 2.37 ± 0.16 Å compared to 2.05 ± 0.21 Å for istradefylline (Figure 

S1). As a result, the caffeine xanthine core rotates and forms hydrogen bonds through both O11 and O13 

atoms, assuming 49% and 25% of the simulation time, respectively, which confirms the experimentally 

observed equivalence of the two crystallised modes (Figure S9).1 On the other hand, these interactions are 

also more significant in istradefylline, which, due to a more uniform binding pose, forms the mentioned 

hydrogen bonding contacts only with its O13 site that are observed in 86% of the recorded structures. 

Although these bonds are considered pivotal to the ligand binding,45 it is interesting to observe that residues 

such as, already mentioned Phe168ECL2 and Leu2496.51, as well as Met2707.35, Ile2747.39, Met1775.38, His2506.52 

and His2787.43  jointly, and some of them individually, surpass the Asn2536.55 contribution, thus confirming 

the suggestion that hydrophobic groups dictate the strength of xanthines connection with A2AARs (Tables S2 

and S3).1 Their importance stems not only from van der Waals interactions, but also from their involvement 
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in the water-mediated hydrogen bond network, whose flexibility and the ability to reorganise can optimise 

ligand binding46 and play an important role in the transition to a fully active receptor state.47 Our simulations 

with holo-A2AARs reveal that the first water molecule (1) indirectly connects O11 with Thr883.36 and 

His2506.52 through the second water (2), as well as with Ser2777.42 and His2787.43 through the third water (3) 

(Figure 3). In addition, His2506.52 further stabilises antagonists by the hydrophobic CH∙∙∙π interactions with 

the istradefylline N1-ethyl and all three caffeine N-methyls occasionally, due to their free rotation within the 

binding site (Figure S10). It is worth emphasising that the structural differences between agonists and 

antagonists come to the fore precisely in this part of the orthosteric pocket, since the existence of the ribose 

moiety allows adenosine to bind directly to S2777.42 and H2787.43 via the hydroxyl groups at positions C2 and 

C3, which suggests that the simultaneous engagement of these residues may be a key determinant of 

agonist activity.40,41,48  

Due to an additional chemical moeity bound to the C8 site, istradefylline can exploit the subsidiary binding 

site located among TM1, TM2, and TM7 on the extracellular surface of the receptor. The aromatic ring of the 

3,4-dimethoxyphenyl group achieves the strongest interactions with Leu1675.28 (22% of structures) and 

Met2707.35 (50% of structures) through CH∙∙∙π bondings, followed by contacts with Ile662.64, Leu2677.32, 

Ala632.61, Ser672.65, Tyr2717.36 and Tyr91.35, similar to other antagonists (Table S3 and Figure S11).40,49  

Particularly important among them is Met2707.35, which was elucidated through mutagenesis studies to play 

a key role in establishing the ligand selectivity between A1 and A2A receptors. Namely, the M270T mutation 

in A2AAR caused a decrease in the affinity of A2AAR-specific ligands, while at the same time it increased the 

affinity of those specific for A1AR.1,50 Considering its position on the extracellular end of TM7, Met2707.35 has 

been speculated to act as a "gatekeeper" regulating the orthosteric site ligand access that could have 

implications in the development of drugs that target individual AR subtypes with sufficient specificity to limit 

off-target side effects.40  

In concluding this part, we can emphasise that the employed MD simulations and the subsequent MM-GBSA 

analysis consistently indicate a high flexibility of a smaller caffeine within the A2AR binding site, which is 

reflected in the ability of its carbonyl O11 and O13 atoms to exchange in forming hydrogen bonding contacts 

with Asn2536.55, but also in alternating significance of the receptor residues in the four independent MD 

replicas for its accomodation within the binding pocket (Table S2). This leads to a lower affinity between the 

two studied antagonists, and underlines an important message that an extensive ligand flexibility within the 

binding pocket can, unlike expected mobility to optimise contacts with protein residues and improve the 

binding, occasionally reduce the overall affinity. We observed a similar bahaviour for histamine and its ring 

N-methyl derivative, where a higher flexibility of a smaller histamine within the metabolysing MAO B 

enzyme facilitates unproductive active site orientations, resulting in a complete absence of its catalytic 

conversion.51 In constrast, less flexible N-methylhistamine positions only in productive orientations leading 

to its fast metabolic oxidation to the corresponding aldehyde. Accordingly, the additional istradefylline C8-

trans-styryl fragment serves the purpose of locking the ligand within a uniform binding pose, evident in only 

O13 interacting with Asn2536.55, and a more regular distribution of the crucial residues in all four replicas 

(Table S3). While doing that, the C8-aromatic unit predominantly interacts with Met2707.35 that typically 

even surpasses the positive contribution from Asn2536.55, in line with other reports, underlying its 

importance for the istradefylline accomodation.52   
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Combined QM and QM/MM Calculations 

In order to computationally evaluate the effect of the selective antagonist deuteration, we carried out a 

series of calculations on different levels of theory, employing an implicit quantisation of C–H bonds as a 

method for studying the H/D isotope substitution.26,27 Considering that antagonists primarily reside in the 

aqueous solution before reaching the receptor, we had to assess how deuteration affects both contributions 

to the total binding energy (ΔEBIND), the one from the hydration of antagonists (ΔEHYDR) and the other from 

their interaction with the receptor (ΔEINT), as explained in the Computational Details section. 

As mentioned, the deuterium substitution at C–H sites modifies their lipophilicity, an effect that can be 

divided into two parts, volume (or cavity) and polarity contributions, leading to changes in the interaction 

energy in which these bonds participate.21 Since the overall binding isotope effect (BIE) comprises the 

hydration and protein interaction terms, it can, at the end, be either positive or negative, depending on the 

physico-chemical properties of the ligand and the host system.20 As an illustrative example, Cherrah et al.24 

studied the binding of different caffeine deuterium isotopomers to human serum albumin by the equilibrium 

dialysis, and showed that Ka values for caffeine-1-CD3 and caffeine-1,3,7-(CD3)3 differed negligibly, while 

those for caffeine-3-CD3, caffeine-1,7-(CD3)2, and caffeine-3,7-(CD3)2 were slightly lower than for the non-

deuterated analogue. Relative to that, through the reversed-phase HPLC, Bechalany et al. showed that 

lipophilicity decreased when going from unlabelled caffeine to the three isomeric d3-caffeines, then to the 

three isomeric d6-caffeines, and finally to d9-caffeine. In addition, position-specific effects were also proven 

since caffeine-7-CD3 experienced a smaller isotope effect than its 1- and 3-CD3 isomers (Table S4).21 These 

results indicate that the binding isotope effect is a complex phenomenon that cannot be interpreted only by 

changing the molecule lipophilicity, but rather depends on the intricate interplay between ligand behaviour 

in polar aqueous and nonpolar receptor environments, therefore, a thorough approach to examine the 

impact on affinity is required for each individual system. 

Our ONIOM and DLPNO-CCSD(T) results are given in Table 2, which displays absolute values for ΔEHYDR and 

ΔEINT contributions to the total affinity (ΔEBIND), and relative changes to the latter following deuteration of all 

H-atoms within a particular alkyl moiety (ΔΔEBIND). The first appealing aspect is that both ONIOM and DLPNO-

CCSD(T) methodologies accurately predict the higher affinity of istradefylline over caffeine, thereby agreeing 

with experiments. Although data for istradefylline are somewhat exaggerating the binding, –18.6 kcal mol–1 

within ONIOM[2] and –17.7 kcal mol−1 within DLPNO-CCSD(T), relative to the experimental value of –11.2 

kcal mol−1, it is interesting to observe an almost perfect agreement between ONIOM[2] calculated (–7.6 kcal 

mol−1) and measured affinity (–7.7 kcal mol−1) for caffeine, which lends some credence to the utilised ONIOM 

approach. Still, such a large general discrepancy between calculated and measured affinities is probably not 

surprising, and likely emerges as a consequence of the arbitrary nature of the subdivision among regions in 

the ONIOM[2] approach or the choice of the truncated receptor model in DLPNO-CCSD(T) calculations, Yet, 

unlike in ONIOM[1], which comes with a more straightforward QM/MM ligand-receptor separation, the 

former two methodologies were implemented because, apart from differences in ΔΔEBIND values that are in 

focus of our attention for the drug-design purposes, they allow the calculation of their contributions, ΔEINT 

and ΔEHYDR. The latter offer a powerful interpretation tool, since they reflect the intrinsic stability of a ligand 

within both the receptor interior and the aqueous solution preceding the binding, respectively. However, 

both values, together with their overall affinity (ΔEBIND), should primarily be used to discuss ligand 

differences in relative terms. 

When the contributions to ΔEBIND are considered, one arrives to interesting insights. The hydration energy, 

ΔEHYDR, which describes the stability of each ligand in the pure aqueous solution, is significantly higher for 
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caffeine. This is reasonable knowing that it is much more hydrophilic over istradefylline. Specifically, already 

when the common xanthine fragment is compared, caffeine bears three small methyl moieties on each of 

the three tertiary amines, which are replaced by two larger and more hydrophobic ethyl groups in 

istradefylline, let alone the fact that the additional C8-trans-styryl fragment is significantly aromatic and 

hydrophobic on its own. All of this justifies the higher ΔEHYDR value for caffeine.  

 

Table 2. Calculated values of the hydration energy (ΔEHYDR), A2AAR interaction energy (ΔEINT), and the overall 

receptor binding energy (ΔEBIND) for caffeine and istradefylline, as well as relative deuteration-induced 

changes in the ΔEBIND as obtained by three different approaches explained in the Computational Details 

section (in kcal mol–1). The experimentally determined ΔGBIND,EXP are taken from refs. 31,32.  

 CAFFEINE ISTRADEFYLLINE 

 

  

 ONIOM[1]1 ONIOM[2]2 
DLPNO-
CCSD(T)3 

ONIOM[1]1 ONIOM[2]2 
DLPNO-
CCSD(T)3 

ΔEHYDR 
/ 

−43.5 −22.6 
/ 

−13.0 −25.7 
ΔEINT −51.1 −32.5 −31.6 −43.4 

ΔEBIND −7.6 −9.9 −18.6 −17.7 

Deuterated 
position 

Deuteration−induced changes, ΔΔEBIND 

1 −0.1 −0.1 0.0 −0.2 −0.2 −0.2 
3 −0.1 −0.2 −0.1 −0.1 −0.1 −0.1 
7 −0.1 −0.1 0.0 0.0 −0.1 0.0 

1, 3, 7 −0.3 −0.4 −0.2 −0.2 −0.3 −0.3 
1, 3 −0.2 −0.3 −0.1 −0.2 −0.2 −0.3 
1, 7 −0.2 −0.2 −0.1 −0.1 −0.2 −0.2 
3, 7 −0.2 −0.1 −0.1 −0.1 −0.1 −0.1 
3’    −0.3 0.0 0.0 
4’    −0.3 −0.1 −0.2 

3’, 4’    −0.4 −0.4 −0.2 
POLY-D    −0.6 −0.6 −0.5 

1 QM region: antagonist on the M06-2X/6-31+G(d) level; MM region: the rest of the system on the AMBER level 
2 QM region: antagonist, 5 the most dominant amino acid residues and 3 water molecules on the M06-2X/6-31+G(d) level; 

MM region: the rest of the system on the AMBER level 
3 (CPCM) DLPNO-CCSD(T)/cc-pVTZ//M06-2X/6-31+G(d) QM-only calculations on the cluster from the ONIOM[2] model  

 

On the other hand, when the interaction efficiency of both ligands with the binding site residues is 

concerned, ΔEINT are consistently higher than ΔEHYDR, which confirms ligand ability to leave the aqueous 

solution and enter the receptor. In addition, within the ONIOM[2] approach, interaction energies ΔEINT are 

drastically, 38% higher for caffeine (–51.1 kcal mol−1) over –31.6 kcal mol−1 calculated for istradefylline. This 

can appear misleading as, based on this aspect alone, one could expect a higher overall caffeine affinity, 

which is not the case. Instead, when taken together, it turns out, interestingly, that the higher istradefylline 

affinity predominantly originates in its much poorer water solvation prior to entering the receptor binding 

site. In other words, it seems that istradefylline is less comfortable in the aqueous solution, which is relieved 

once it finds its way into the receptor interior.  
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This motivated us to take a closer look into these aspects from MD simulations and record the number of 

relevant hydrogen bonding contacts with water molecules for each ligand in both phases (Table 3). 

Interestingly, although the unsaturated N9 nitrogen represents the most basic caffeine site,53 it is 

significantly less hydrated than its carbonyl oxygens O11 and O13. While for the latter, the results indicate a 

permanent location of one water molecule around both oxygen sites, for N9 this occurs in only around half 

of structures (46%). In istradefylline, both O11 and O13 retain such a solvation pattern, while the N9 

solvation is even further lower, where it takes place in every fifth structure (20%) that contributes to the 

lower overall ligand hydration. When both ligands are located within their A2AR binding positions, the 

proportion of direct ligand-water hydrogen bonding contacts drops significantly, since these are replaced by 

ligand-receptor interactions. This is manifested in all three relevant positions (N9, O11, O13), especially at 

the O13 site in istradefylline, where it is overtaken by an almost permanent O13∙∙∙Asn2536.55 contacts (86% 

of structures, Figure S9) that dominates its binding. As an even more illustrative example, we note that the 

istradefylline N9 site experiences no direct water contacts within the A2A binding site, being entirely 

surrounded by the receptor residues. Lastly, when both methoxy oxygens O3' and O4' are inspected, it 

appears that they retain their hydrogen bonding ability in both phases, as their cumulative effect assumes 

between 56–58% in both environments, which is not surprising given their exposure to the surrounding 

solvent water molecules even in the ligand bound state.  

 

Table 3. The percentage of hydrogen bonding contacts with water molecules during MD simulations in the 

aqueous solution and A2A adenosine receptor, involving selected positions on both antagonists, calculated 

based on the total number of structures in individual simulations, 150.000 in water and 300.000 in the 

receptor. 

 Caffeine Istradefylline 

 

  
Position Water A2A receptor Water A2A receptor 

N9 46%  20%  20%  0%  
O11 96%  38%  92%  40%  
O13 103%  85%  103%  14%  
O3' – – 43%  32%  
O4' – – 13%  26%  

 

The focus of our work resides in estimating the effect of the selective deuteration on the affinity of both 

ligands and whether this bears any significance for potential clinical applications. When ONIOM[1] data are 

considered, we can observe that deuterium substitution is predominantly accompanied by a small, but 

genuine increase in affinity, which is encouraging. For caffeine, the results are even additive, which further 

supports its consideration as a reference molecule in this work. Specifically, trideuteration of a single methyl 

group in each of the three nitrogen sites, increases the overall affinity by –0.1 kcal mol−1, meaning that all 

three d3-caffeine derivatives share the same increased potency towards the A2A receptor. Along these lines, 

when their d6-analogues are considered, each bearing two of its methyl group deuterated, the affinities 

consistently increase by –0.2 kcal mol−1. Lastly, when the perdeuterated d9-derivative is concerned, with all 
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three methyl sites fully deuterated, the resulting caffeine affinity is increased by –0.3 kcal mol−1. This is both 

significant, since this affinity difference translates to around 1.7-fold increase in the potency, and applicable 

to various areas, from medicine to coffee and energy drink production. Namely, caffeine as a substance in 

food has long been utilised for its various physiological effects; primarily, increased alertness and mental 

performance with decreased fatigue, over its undesirable effects that may occur upon overconsumption, 

including insomnia, anxiety, tachycardia, and an increased blood pressure.54 These effects are hypothesised 

to be driven by caffeine's downstream metabolites,55 and our findings reveal that selective deuteration at 

any of its N-alkyl sites, let alone all three of them, could mitigate these undesirable outcomes, while 

improving the positive effects of the caffeine consumption. Accordingly, our results are found in line with 

reports demonstrating that the half-life of the perdeuterated d9-caffeine following oral administration to rats 

increases 3 times in both plasma and the brain,12 suggesting that despite an obvious reduction in the 

lipophilicity associated with deuteration, d9-caffeine freely crossed the blood-brain barrier as its non-

deuterated analogue. Taken together, this underlines a relevant and very interesting case when the selective 

deuteration exhibits positive and desirable effects on the ligand potency and its metabolic stability at the 

same time, which can be easily harnessed towards its improved therapeutic potential. 

The magnitude of the calculated effect, ΔΔEBIND = –0.3 kcal mol−1 for the d9-derivative, deserves a few 

comments. Although, at first sight, this appears small and insignificant, the fact that it translates to around 

1.7-fold potency increase bears significant pharmacological consequences and reveals a notable potential of 

deuterated drugs. Such a small effect is expected, knowing that our earlier experiments on the fully D2O-

incubated histamine H2 receptor,26 when all acidic X–H bonds within the receptor and the ligand are 

exchanged to X–D, offered an increase in the histamine affinity of ΔΔEBIND = –0.75 kcal mol−1, thereby 

confirming that the effect exerted on only nine caffeine C–H bonds should be smaller. Also, Cherrah and co-

workers used gas chromatography/mass spectrometry to investigate the affinity of caffeine and several of its 

deuterated isotopomers towards the human serum albumin and observed that all deuterium-enriched 

derivatives are linked with slightly lower affinities that stretch between 81 M–1 (ΔΔGBIND = 0.1 kcal mol−1) and 

219 M–1 (ΔΔGBIND = 0.4 kcal mol−1) in the matching Ka values (Table S4).24 In addition, based on a recent 

pharmacokinetic study in rats and in vitro human adenosine receptor models, Parente and co-workers 

measured IC50 values and demonstrated that the perdeuterated d9-caffeine maintains the same receptor 

subtype preference (A2A > A2B > A1 > A3), however, without providing an unequivocal conclusion about the 

effect on affinity.12 Namely, although their reported concentration-response curves show significant overlap 

for the remaining three receptor subtypes, the one presented for the A2A subtype reveals untypical shapes 

with the largest measurement confidence intervals among subtypes, hinting at a lower affinity at very small 

d9-caffeine concentrations (including the zero inhibition), and an increased affinity at concentration 

exceeding 50 μM. This led authors to conclude that "d9-caffeine is likely to exhibit an essentially identical, 

but prolonged, physiologic effect as compared to an equivalent dose of the non-deuterated caffeine", but 

we believe their report confirms our conclusion. Lastly, a very recent work by Hang Lai, Toussaint et al.31 

presented a development of an improved in vivo PET imaging of the brain A2A receptor using [18F]FLUDA, a 

metabolically stable radiotracer with four methylene C–D bonds, whose A2AR affinity is by –0.1 kcal mol−1 

higher than that of its non-deuterated [18F]FESCH. All of this gives us confidence to the validity of our 

calculations and the trends in the A2AR affinity following caffeine deuteration. 

Istradefylline is a larger system containing two additional sites inspected for deuteration, O3' and O4' 

methoxy group, together with a change from perdeuterated d3-methyl moieties at sites N1 and N3 to 

perdeuterated d5-ethyl units. Although istradefylline shares a certain partial structural similarity with 

caffeine, the results presented so far have clearly indicated notable differences in their features. Along these 
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lines, the only conserved site amenable to deuteration, the N7-methyl group, reveals no sensitivity to the 

isotope substitution whereas the same site in caffeine showed ΔΔEBIND = –0.1 kcal mol−1, while istradefylline, 

although associated with a more unique binding pose, reveals no additive trends in the selective site 

deuterations. Among the three xanthine nitrogen sites, N1-ethyl deuteration seems to exert a somewhat 

larger effect relative to other positions, which holds even in polydeuterated derivatives that include d5-ethyl 

at the N1 position. Yet, when the entire xanthine part is polydeuterated, as in d13-istradefylline, although 

containing four D-atoms more than in the analogous caffeine derivative, the overall effect on the affinity is 

smaller at ΔΔEBIND = –0.2 kcal mol−1, while it was ΔΔEBIND = –0.3 kcal mol−1 in caffeine. Still, a very heartening 

insight is offered through both methoxy units, where the effect on any of them already matches the entire 

affinity increase in d9-caffeine at ΔΔEBIND = –0.3 kcal mol−1. We find this very encouraging, since the synthetic 

efforts to introduce deuteration at O3' and O4' methoxy groups are somewhat simpler than within the 

xanthine core.56 Even more so, not only that both methoxy substituents show identical response to 

deuteration, when they are jointly deuterated as in the corresponding d6-istradefylline, the overall effect 

increases to ΔΔEBIND = –0.4 kcal mol−1, which surpasses caffeine and indicates a twice larger potency over 

non-deuterated istradefylline. All of this points to a conclusion that deuteration has a slightly larger effect on 

the 3,4-dimethoxyphenyl core over the xanthine part, which could be useful in guiding the design of new 

antagonists. This could be explained by the fact the structural variations in that part of the molecule, in the 

sense of introducing new groups or changing physico-chemical properties, have a more significant impact on 

the affinity than modification of the xanthine moiety, since they can affect the way how ligands occupy 

subsidiary binding sites outside the orthosteric pocket.40,49 At last, when the polydeuterated d19-istradefylline 

is considered, the improvement in the affinity further increases to ΔΔEBIND = –0.6 kcal mol−1, which translates 

to a 2.8-fold potency increase in such analogue relative to the unlabelled drug (Table 2, ONIOM[1] entries). 

Although one cannot neglect the synthetic challenges and difficulties associated with the preparation of this 

derivative, the obtained results strongly promote deuteration as a viable tool to advance istradefylline and, 

perhaps, other A2AR antagonists, towards more potent and longer-lasting drugs. It is in this context that we 

bring this research into the focus of the interested industries and highly advise experimental efforts to 

confirm our observations.  

 

CONCLUSIONS 

We developed an efficient and accurate computational methodology to address the effect of the selective 

deuteration on the receptor-ligand affinities, which relies on the ONIOM QM/MM calculations and the 

implicit quantisation of the nuclear motions. Although the impact of this work is broader and can be directly 

applied to any biological system, here we focused on the adenosine A2A receptor antagonist istradefylline 

and its improved potency following the deuteration of various N- and O-alkyl groups, which was discussed 

relative to its structural analogue caffeine, a well-known and likely the most widely used stimulant. The 

devised approach treats the entire ligand at the QM level, while the rest of the ligand environment, whether 

the pure aqueous solution or the hydrated receptor structure, is accounted through the MM force field 

description. In our case, this led to the M06-2X/6-31+G(d):AMBER level of theory, whose validity was 

confirmed through (i) analogous ONIOM calculations with an extended QM region that included five active 

site residues most dominant for the binding, and three active site water molecules in direct hydrogen 

bonding contacts with ligands, and (ii) DLPNO-CCSD(T) local coupled cluster calculations within the same 

QM-only system, referred to as a "gold standard" quantum-chemical approach.57 The starting point for these 

calculations was based on extracting representative structures following the unbiased docking and molecular 

dynamics simulations, while the isotope substitution is implicitly introduced through shortening of the 
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relevant C–H bonds by 3% and keeping them frozen during the optimisation of all other geometry 

parameters. Given that our primary model is most straightforward and does not critically depend on 

ambiguities in dividing the protein structure between QM/MM regions, we propose that this computational 

strategy can be safely used in the future research for the most efficient assessment of the binding isotope 

effect – a very promising tool to advance the existing drugs towards more potent and metabolically more 

stable compounds that is gaining in popularity in the medicinal and pharmaceutical chemistry over the years.  

We note that our model relies on assuming identical binding orientations of deuterated and non-deuterated 

analogues, while changes in the lipophilicity and volume within the isotopically altered ligand could 

potentially modify its binding pose. Still, as presented in the Computational Details section, we do not have a 

computational methodology at hand to address this explicitly, especially while pertaining to the ligand-

protein interactions involving large biological systems. Instead, we rely on numerous experiments that are 

consistent in reporting very small changes in the measured affinities upon isotope substitution,24,26,31 or 

demonstrate a very similar adenosine receptor antagonist potency of d9-caffeine over caffeine,12,13 which all 

suggest that the binding orientation among isotopomers is likely mostly preserved.  

Our analysis showed that caffeine exhibits a pronounced flexibility within the A2A receptor and exchanges 

between two distinct binding poses that are found in agreement with crystallographic data. Although this 

allows caffeine to optimise its contacts with the active site residues, most of its interactions are based on 

weak hydrophobic contacts and not on stronger hydrogen bonding interactions, which might be anticipated 

given its polar and heteroaromatic structure with several potential hydrogen bonding acceptor sites. This 

leads to a lower affinity over istradefylline, and our ONIOM predicted value of −7.6 kcal mol−1 is found in an 

almost perfect agreement with −7.7 kcal mol−1 measured experimentally. On the other hand, the additional 

C8-trans-styryl fragment in istradefylline serves the effect of locking the ligand within a uniform pose, while 

contributing to the binding through the C–H∙∙∙π and π∙∙∙π interactions with residues closer to the surface 

entrance. This, together with a much less favourable hydration prior to binding, enhances the affinity 

relative to caffeine. In both cases, the ligand-receptor recognition is dominated by Phe168, Leu249, Asn253, 

Leu249 and Met270 residues, as elucidated through the MM-GBSA analysis, which agrees with earlier 

literature reports and confirms the hydrophobic character of the binding site, thereby underlying important 

guidelines for the future design of potent A2A receptor antagonists. 

Caffeine reveals higher consistency and additive effects following its deuteration in a way that any 

deuterated N-methyl moiety enhances the affinity by –0.1 kcal mol–1, which culminates in the perdeuterated 

d9-caffeine having by –0.3 kcal mol−1 higher A2AR affinity than its non-deuterated analogue. This translates to 

around 1.7-fold potency increase, which is likely relevant for its pharmaceutical implementations, but also 

for the application in the industries related to the coffee and energy drinks production.  

On the other hand, istradefylline displays a much higher deuteration sensitivity within its C8-trans-styryl 

unit, where the effect following the isotope substitution in both of its methoxy positions, d6-istradefylline, 

already surpasses that of the perdeuterated d9-caffeine, and assumes ΔΔEBIND = –0.4 kcal mol−1. However, the 

full potential of this strategy is achieved in the polydeuterated d19-istradefylline, whose affinity towards the 

A2A receptor improves by ΔΔEBIND = –0.6 kcal mol−1, thereby indicating a 2.8-fold potency increase, thus 

motivating us to suggest this as a potential target for synthetic organic researchers. 

Lastly, let us emphasise that our results provide convincing support that the H/D exchange within alkyl 

moieties in caffeine and istradefylline is accompanied by the A2A adenosine receptor affinity increase, which 

is genuine and, despite its diminutiveness, may, in cases of polydeuterated ligands, have marked biological 

consequences considering the augmentation in binding strength by around two and three times, 
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respectively, relative to their parent non-deuterated compounds. This knowledge opens the door for the 

implementation of deuterium in the development of new drugs which could, besides its effect on the 

affinity, positively modify cumulative clinical profiles of the already marketed substances. Nevertheless, the 

impact on pharmacokinetics, metabolism, safety profiles and human inter-individual differences of these 

polydeuterated antagonists have yet to be extensively investigated. Still, the success of the clinically 

approved deutetrabenazine (Austedo) and deucravacitinib (Sotyktu) has given industry the confidence to 

invest in the expansion of deuterated drugs. As a result, more than 20 deuterated drugs are currently in the 

clinical development, with several of them having reached Phase III clinical trials,7 while it is easily foreseen 

that a number of them will follow these examples and hit the market in the years to come. 
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