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Abstract 

G-protein coupled receptors (GPCRs) have enormous physiological and biomedical 

importance and therefore it is not surprising that they are the targets of many prescribed drugs. 

Further progress in GPCR drug discovery is highly dependent on the availability of protein 

structural information. However, the ability of X-ray crystallography to guide the drug discovery 

process for GPCR targets is limited by the availability of accurate tools to explore receptor-

ligand interactions. Visual inspection and molecular mechanics approaches cannot explain 

the full complexity of molecular interactions. Quantum mechanics approaches (QM) are often 

too computationally expensive to be of practical use in time sensitive situations, but the 

fragment molecular orbital (FMO) method offers an excellent solution that combines accuracy, 

speed and the ability to reveal key interactions that would otherwise be hard to detect. 

Integration of GPCR crystallography or homology modelling with FMO reveals atomistic 

details of the individual contributions of each residue and water molecule towards ligand 

binding, including an analysis of their chemical nature. Such information is essential for an 

efficient structure-based drug design (SBDD) process. In this chapter, we describe how to use 

FMO in the characterisation of GPCR-ligand interactions.  
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1. Introduction 

 

1.1 G-protein coupled receptor - ligand interactions are fundamental to almost all 

processes occurring in living organisms. Not surprisingly, therefore, 34% of all drugs 

approved by the FDA (US Food and Drug Administration) act on this group of proteins 

[1]. What is surprising is that, collectively, these drugs only target around 13% of the 

800 known GPCRs [2]. Thus, there is huge potential in terms of the number of new 

therapeutic targets within this family of receptors.   

 

1.2 Further progress in drug discovery for GPCRs is highly dependent upon gaining an in 

depth understanding of the structure-activity relationships (SAR) and the individual 

interactions between the receptor and a small molecule (drug candidate) [2-5]. The 

efficiency and cost-effectiveness of the drug-design process can be increased by the 

availability of structural data regarding the target protein and by the reliability of the 

computational tools used for data exploration [3-5].  However, even with the crystal 

structure, “visual inspection” and the force field-based molecular mechanics (MM) 

calculations often used for the rationalization of ligand-protein potency cannot always 

explain the full complexity of the molecular interactions [6].   

 

1.1. There is increasing evidence [6-9] that there are a number of non-intuitive interactions, 

such as CH/[10, 11], halogen/[12], cation/[13], non-classical H-bonds [14] and 

others, which play important roles in protein-ligand binding but that are not sufficiently 

parameterized in most popular force fields (FF) [8]. Quantum mechanical methods 

have been employed to improve the reliability of the exploration of protein-ligand 

interactions [15, 16].  Historically, the application of high level ab initio QM calculations 

was limited to molecular systems consisting of a small number of atoms, usually low 

molecular weight organic molecules. Recent and continuing advances in computer 
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science have enabled the method to be applied to much larger biological molecules 

such as GPCRs [17]. 

 

1.2. The fragment molecular orbital method [11, 16, 18] offers a considerable increase in 

computational speed over traditional QM methods [19]. One of the key advantages of 

the FMO approach is that the output from these calculations includes a list of the 

interactions formed between the ligand and the receptor along with a chemically 

intuitive breakdown of these interactions [17]. Such information is essential for 

medicinal chemists to be able to adopt a rational approach to the modification of lead 

compounds in order to enhance favourable interactions.   

 

1.3. FMO works by partitioning a system into smaller fragments (Figure 1).  For example, 

in a receptor, each residue can be represented as a fragment.  Similarly, the ligand 

can be represented by a single or multiple fragments, as necessary.  By performing 

QM calculations on the fragments, one is able to attain a high level of accuracy with 

increased efficiency.  

  

<FIGURE 1> 

 

Figure 1. Workflow for FMO calculations and details on each of the PIE terms that are 
computed [17].  The electrostatic component arises from the Coulomb interaction between 
polarized charge distributions of fragments. The exchange repulsion term is derived from 
the interaction between fragments situated in close proximity and is always repulsive; it is 
due to the Pauli repulsion and is related to the overlap of two occupied orbitals. The charge 
transfer term arises from the interaction between occupied orbitals of a donor and 
unoccupied orbitals of an acceptor. The dispersion arises as the interaction between 
instantaneous dipole moments of two fragments, it is hydrophobic (non-polar) in nature 
and is obtained in PIEDA from the correlation energy of electrons.  
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1.4. As illustrated in Figure 1, the pair interaction energy (PIE) between any two fragments 

calculated by FMO is the sum of four energy terms - electrostatic, exchange-repulsion, 

charge transfer and dispersion - and is calculated using pair interaction energy 

decomposition analysis (PIEDA) [20]. The electrostatic and charge transfer terms are 

predominant in salt-bridge, hydrogen bond and polar interactions, whilst the 

dispersion term generally corresponds to interactions that are predominantly 

hydrophobic in nature. The role of hydrophobic interactions is integral to biomolecular 

recognition but there is still no reliable non-QM predictive method for its quantification 

[6]. Exchange-repulsion is a high level QM term that quantifies the repulsion between 

electrons [17]. 

  

1.5. FMO is highly useful tool for structure-based drug design [11, 21, 22], as it provides 

an accurate and comprehensive list of strong, weak and repulsive interactions 

between the ligand and its surrounding residues. Such information is highly instructive 

in terms of modifications, scaffold replacement (scaffold hopping), linking (specifically 

in the case of fragment-based drug discovery) or extension of chemical moieties to 

form stronger or new interactions with the protein or alternatively to remove 

repulsions. FMO can also be applied in the analysis of ligand-water-protein networks 

to distinguish between energetically favourable and unfavourable water molecules, 

thus enabling the design of ligands that can interact with or displace certain waters.  

 

 

 

1.6. Application of the FMO method in the hit-to-lead and lead optimization stages of drug 

discovery is a highly valuable approach for the design, evaluation and filtering of 

targets for synthesis as it can significantly decrease the effort and cost of chemical 

synthesis (for more details see chapter 3 of this book).  
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1.7. As previously demonstrated [23], significant correlation between receptor-ligand 

affinities and FMO energy terms [24] indicates that the latter can be efficiently used 

as descriptors in QSAR modelling to predict the binding affinities of new molecules.  

FMO has been successfully applied in the discovery of novel Hsp90 inhibitors [21] 

and in many of our confidential drug discovery programs.   

 

1.8. Reported examples [24] comparing FMO and MM have shown that the FMO method 

clearly outperformed force field based scoring functions and demonstrated a high 

correlation with experimentally measured values of protein-ligand affinity [23]. The key 

differentiator between the FMO and MM methods is that the former accounts for 

polarization and charge transfer effects [11, 25]. The description of electrostatics in 

most force fields is based on static charges that neglect polarization and in systems 

such as proteins this is an approximation to the actual state. In addition, van-der-

Waals forces, despite being generally well parameterized on average, are not capable 

of detecting the directional nature of the dispersion terms involving halogens [26].   

 

1.9. In this chapter, we describe a number of examples of the application of FMO to the 

exploration of receptor-ligand interactions. 
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2. Methods 

2.1. Several QM packages, including GAMESS [27], ABINIT-MP [28] and PAICS [29], 

contain modules for performing FMO calculations. A typical FMO-MP2 calculation on 

a ligand-receptor complex takes approximately 4h on a 36 CPU cluster to complete, 

significantly faster than the weeks to a month (or more) for traditional QM approaches 

that have been used for estimating binding energies. Recent developments in 

methodology and integration with the density-functional tight-binding (DFTB) 

approach [30] have further increased the throughput. 

2.2. In FMO calculations, a biological system is partitioned into fragments (Figure 1) [11, 

16]. Each residue is typically characterised as a fragment and the interaction energies 

reported herein correspond to actual amino acid residues as opposed to residue 

fragments. The ligand can be represented as a whole or subdivided; some ligands are 

very large and dividing such molecules into multiple fragments has the benefit of both 

reducing the computational cost and providing a more detailed analysis.  An in depth  

description of the FMO strategy and methodology can be found in previously 

published reports [11, 16, 20], including detailed mathematical formulae that are 

beyond the scope of this manuscript.   
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2.3. An FMO calculation consists of the following steps: (a) Fragmentation (i.e., assigning 

atoms in a system to a fragment); (b) Fragment self-consistent field (SCF) calculations 

in the embedding polarizable potential, so that fragments mutually polarize each other 

in a self-consistent fashion whereby intra-fragment charge transfer and other quantum 

effects are accounted for; (c) Fragment pair SCF calculations, bringing in inter-

fragment charge transfer; (d) Total property (energy, gradient, etc.) evaluation. By 

performing QM computations on fragments one can achieve high efficiency, often 

resulting in linear scaling. The FMO method has been parallelized for PC clusters [19].  

By default we use the MP2 method (second order Møller-Plesset perturbation theory 

[31]) with the 6-31G* basis set.  This basis set  is often considered a good compromise 

between speed and accuracy [24]. 

2.4. As illustrated in Figure 1, the pair interaction energy (∆𝐸𝑖𝑗
𝑖𝑛𝑡, 𝑜𝑟 PIE) between fragments 

i and j is a sum of 4 terms: electrostatics (∆𝐸𝑖𝑗
𝑒𝑠), exchange-repulsion (∆𝐸𝑖𝑗

𝑒𝑥), charge 

transfer (∆𝐸𝑖𝑗
𝑐𝑡) and dispersion (∆𝐸𝑖𝑗

𝑑𝑖): 

  

    (1) 

2.5. The PIE is not a difference between the energies of the receptor-ligand complex and 

the sum of the ‘free’ protein and ligand, but rather represents the ‘strength’ of the 

interaction between the ligand and protein residues in the complex.  The  denotes 

the differences in total QM energy of a fragment pair ij and two individual fragments i 

and j, both computed in the receptor-ligand complex.  In the present work, fragment i 

is the ligand and the other n fragments are receptor residues and water molecules. In 

the equations below there is no self-interaction (the sums exclude j=i). The total PIE 

calculated by the FMO method describes the stability of the receptor-ligand complex. 

This stability correlates with, but is not the same as, the binding energy [24].  The 

difference lies in the polarization factors - the ligand is polarized by the protein and 
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vice versa [19]. Based on previous reports [11], we recommend that only interactions 

with an absolute PIE greater than or equal to 3.0 kcal/mol should be considered as 

significant. 
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3. Notes   

 

3.1 We originally applied the FMO method to investigate the interactions in 18 class A GPCR-

ligand crystal structures, which represent different branches of the GPCR family and 

include both active and inactive states [23].  

 

3.2 The purpose of this investigation was to explore the chemical nature of GPCR-ligand 

interactions and to test whether FMO can provide insights beyond the conventional ‘visual 

inspection’ or MM-based assessments [16]. We were also interested in exploring which of 

the three potentially attractive PIE terms (electrostatics, charge-transfer and dispersion) is 

dominant in the receptor-ligand binding and if there is a consensus among the whole class 

A GPCR family.  

 

3.3 To illustrate the typical outcome of an FMO calculation we give five examples (Figures 2-

6) taken from an earlier report [23]. The results are shown as panels where the left hand 

figures (A) show 3D images of the receptor-ligand complexes. The carbon atoms of the 

ligands are shown in light orange and those of the receptors are coloured according to the 

PIE values calculated by FMO. Nitrogen atoms are shown in blue, oxygen in red, sulfur in 

yellow and chlorine in light green. The right hand plots (B) show the sorted PIE values of 

the most strongly interacting residues on the top and the PIEDA of these key interactions 

on the bottom. PIE terms: electrostatics, dispersion, charge-transfer and exchange 

repulsion are colour coded yellow, blue, red and green, respectively.  

 

 

<FIGURE 2> 

 

Figure 2. Human Angiotensin II type 1 receptor (AT1R) in complex with ZD7155 (PDB 
entry 4YAY [32]) – AT1R is primarily involved in blood pressure regulation. Several anti-
hypertensive drugs have been developed as AT1R blockers. However, the structural basis for 
AT1R ligand binding and function had previously been poorly understood. The recently 
developed method of serial femtosecond crystallography at an X-ray free-electron laser was 
successfully applied to determine the crystal structure of the human AT1R - ZD7155 complex.  

FMO calculations detected 3 major interactions involved in ZD7155 binding, formed by the 
residues Tyr351.39, Trp842.60 and Arg1674.64. [32] The PIEDA analysis showed that the 
interactions formed by Tyr351.39 and Arg1674.64 are mainly electrostatic albeit with a significant 
portion of dispersion. This balance of terms is characteristic of salt-bridges or hydrogen 
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bonding [11]. On the other hand, the interaction with Trp842.60 is mainly driven by dispersion, 

which fits more with -stacking or hydrophobic forces [11]. These results are consistent with 
published SDM data [32], which showed a salt-bridge with Arg1674.64, hydrogen bond with 

Tyr351.39 and face-to-face -stack with Trp842.60 are critical for ZD7155 binding. The other six 
interactions formed by residues Ser1053.29, Val1083.32, Ser1093.33, Phe182ECL2, Ile2887.39 and 
Tyr2927.43 are also consistent with the published analysis of this crystal structure.  
 

<FIGURE 3> 

Figure 3. Human chemokine CCR5 receptor in complex with Maraviroc (PDB entry 4MBS 
[33]) – FMO calculations detected 11 significant interactions with ten residues - Tyr371.39, 
Trp862.60, Tyr1083.32, Phe1093.33, Phe1123.36, Phe182ECL2, Thr1955.39, Trp2486.48, Tyr2516.51 and 
Glu2837.39 - and one water molecule; HOH1207. These interactions were consistent with 
published analysis of the crystal structure [33, 34].  It is interested to note that, in contrast to 
other class A GPCRs, in this receptor the salt bridge with the ligand is formed by the negatively 
charged residue located at position 7.39 and not at 3.32. While all of these interactions were 
suggested in the analysis of the crystal structure, additional interactions with residues 
Gln1945.38, Ile1985.42, Thr2596.59 and Met2877.43, postulated from published reports, were also 
characterised as significant by FMO. 

 

<FIGURE 4> 

 

Figure 4. Human serotonin 5-HT1B receptor in complex with Ergotamine (PDB entry 4IAR 
[35]) – FMO calculations highlighted 13 significant interactions with residues Asp1293.32, 
Ile1303.33, Thr1343.37, Val200ECL2, Val201ECL2, Ser2125.42, Phe3306.51, Phe3316.52, Ser3346.55, 
Met3376.58, Leu3487.32, Phe3517.35, Asp3527.36 and Tyr3597.43.  The vast majority of these 
interactions were consistent with published analysis of the crystal structure [36].  However, 
three non-classical hydrogen bonds [14] formed by the ligand with Ser2125.42, Phe3306.51 and 

Leu3487.32 (backbone carbonyl) and two hydroxy- interactions [37] with residues Ser3346.55 

and Phe3517.35 were newly detected by FMO. FMO also emphasized the two interactions of 
Asp3527.36, which forms both strong electrostatic attraction with Ergotamine and, via its 
backbone atoms, a non-classical hydrogen bond with the ligand (marked as a dashed yellow 
line). An additional interesting interaction detected by FMO is the classical hydrogen bond 
formed between the backbone of Val201ECL2 and the ligand (also marked as a dashed yellow 
line).  

 

<FIGURE 5> 

Figure 5. Rat muscarinic M3 muscarinic acetylcholine receptor in complex with 
Tiotropium (PDB entry 4DAJ [38]) – FMO calculations detected 10 significant interactions 
with residues Asp1473.32, Tyr1483.33, Ser1513.36, Asn1523.37, Trp1994.57, Phe2395.47, Trp5036.48, 
Tyr5066.51, Asn5076.52 and Tyr5297.39. The majority of these interactions were suggested 
previously. [34, 36, 39] However, as in the M2:QNB complex, the interactions with Asn1523.37 

and Phe2395.47 were newly detected by FMO. The backbone nitrogen of Asn1523.37 and a 
hydrogen from the methylene linker of Phe2395.47 form hydrophobic and non-classical 
hydrogen bonds [14], respectively, with the ligand (marked as dashed yellow lines).  
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<FIGURE 6> 

Figure 6. Human histamine H1 receptor in complex with Doxepin (PDB entry 3RZE [40]) 
– FMO calculations highlighted 10 significant interactions with residues Asp1073.32, Tyr1083.33, 
Ser1113.36, Thr1123.37, Asn1985.46, Phe1995.47, Trp4286.48, Tyr4316.51, Phe4326.52 and 
Tyr4587.43. The majority of these interactions are consistent with previously reported analysis 
[40]. Several hydrophobic interactions postulated from a previous report [40] (with Ile1153.40, 
Trp1584.56, Thr1945.43 and Phe4356.55) were not detected as significant by FMO. The 
importance of hydrophobic interactions between Doxepin and H1, emphasized here by FMO,  
are consistent with published observations that the tricyclic moiety of Doxepin adopts a deep 
binding position occupying a highly conserved hydrophobic pocket [34]. 
 

 

3.1. PIEDA calculations across all 18 GPCR-ligand systems showed [23] the utility of FMO 

and highlighted the importance of hydrophobic interactions, non-classical hydrogen 

bonds [14], interactions with the backbone atoms and water molecules for GPCR-

ligand binding. According to this analysis, electrostatic and hydrophobic contributions 

to the ligand binding are approximately equal across all systems, on average [23]. 

 

3.2. We also observed [23] general trends in ligand binding for different proteins belonging 

to the same family. For example, the residues in positions 3.32, 3.33, 6.48, 6.51, 6.52, 

7.39 and 7.43 (located on TM3, TM6 and TM7) make considerable contributions to 

receptor-ligand binding and are quite conserved (>70%, in the 18 tested cases). The 

residues in positions 3.33, 6.48, 6.51, 6.52 and 7.43 form interactions of a mainly 

hydrophobic nature while the residues in positions 3.32 and 7.39 form mainly 

electrostatic interactions. Published mutations in these positions frequently affect 

selectivity [41] and ligand binding affinity [42]. This observation is also consistent with 

a previous report [41] that residues in these positions highly frequently make contact 

with diverse ligands across nearly all class A GPCRs. Residues in the other positions 

are less frequently involved in interactions only with specific ligands [41].  These key 

positions in TM3, TM6 and TM7 form a consensus core of the ligand-binding pocket 

with any variation in the amino acids occupying the topologically equivalent positions 
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contributing to ligand specificity in different GPCRs. This is in spite of the observation 

that the amino acids present in these positions are not conserved as been previously 

reported for 18 tested systems [23]. According to PIEDA, the predominant contribution 

in the majority of these conserved positions is, in fact, hydrophobic [23]. 

 

3.3. Overall, we have demonstrated how the FMO method can provide new insight into 

the nature of key chemical interactions required for receptor-ligand recognition. We 

anticipate that this approach can be used to provide insight into many protein-ligand 

interactions, and specifically to the design of new compounds. 
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Some sections of this chapter are reprinted (adapted) with permission from the Journal of 
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