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Abstract

Tryptophan residues play a critical role in protein-ligand recognition owing to their 
unique aromatic character, high polarizability, and ability to participate in diverse 
noncovalent interactions, including π-π stacking, cation-π interactions, hydrogen 
bonding, and hydrophobic contacts. In this study, a two-stage approach was employed 
to elucidate the functional significance of tryptophan residues within ligand-binding 
sites across diverse protein systems. First, a large-scale statistical analysis was per-
formed using a curated dataset of protein-ligand complexes extracted from the BioLiP 
database. The dataset was analysed with respect to enzymatic classification and Gene 
Ontology enrichment, revealing a pronounced enrichment of tryptophan residues in 
the binding sites of hydrolases, oxidoreductases, and transferases, as well as strong 
associations with metal-ion binding, redox-related functions, and membrane or cy-
toplasmic localization. Within the G protein-coupled receptor (GPCR) superfamily, 
rhodopsin-like class A receptors were identified as the most prominently represented 
group featuring tryptophan-mediated ligand interactions. In the second stage, mo-
lecular dynamics simulations were conducted for selected serotonin 5-HT₂ receptor 
subtypes (5-HT₂A, 5-HT₂B, and 5-HT₂C) to provide atomistic insights into the role of 
the conserved tryptophan W6.48. The simulations reveal a stable spatial relationship 
between the ligand and W6.48, characterized by distances consistent with aromatic 
anchoring, supporting its role in maintaining ligand orientation and binding pocket 
organization. Collectively, these results highlight tryptophan as a key determinant of 
ligand recognition and stabilization across both enzymatic and receptor-mediated 
systems.
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Introduction 
Tryptophan (TRP, W) is an essential aromatic amino 
acid that plays a critical role in protein structure, sta-
bility, and molecular recognition [1]. The side chain, 
consisting of a fused benzene and pyrrole indole ring, 
features an extended π-electron system with high po-
larizability. This structure enables tryptophan to par-
ticipate in diverse noncovalent interactions, including 
π-π stacking, cation-π interactions, CH-π contacts, hy-
drophobic interactions, and hydrogen bonding via the 
indole NH group [2,3]. These interactions support the 
structural integrity and functional specificity of pro-
tein-ligand complexes. The distinct electronic prop-
erties of the indole ring set tryptophan apart from 
other aromatic residues, including phenylalanine and 
tyrosine, and account for its preferential localization in 
structurally and functionally important regions of pro-
teins, such as enzyme active sites, ligand-binding pock-
ets, protein-protein interfaces, and transmembrane 
domains of membrane proteins [4,5]. Tryptophan is 
not abundant in most proteins, but it can have an out-
sized effect on how proteins interact with other mol-
ecules. Studies show that aromatic amino acids, such 
as tryptophan, tend to cluster at sites on proteins that 
are key for binding partners, whether those partners 
are small molecules or other proteins. At the interfaces 
where antibodies and antigens meet, tryptophan and 
tyrosine often show up together and help stabilize the 
complex by forming clusters that use a mix of aromat-
ic, hydrophobic, and cation-π interactions. This careful 
arrangement reveals how important tryptophan is for 
recognizing and binding to the right molecules [5,6]. 
In membrane proteins, tryptophan residues often lo-
calize at the lipid-water interface, where they not only 
stabilize transmembrane segments but also engage in 
specific aromatic and polar contacts that contribute to 
structural ordering and functional interactions [7].

G protein-coupled receptors (GPCRs) are a key 
component of signalling pathways in eukaryotic cells, 
enabling the precise transmission of signals from 
the outside to the inside of the cell and regulating nu-
merous physiological processes [8,9]. Tryptophan res-
idues are critical for GPCR function. Highly conserved 
amino acids, primarily located in transmembrane 
domains, help maintain receptor structural stability 
and support effective signal transduction. Specifical-
ly, within ligand binding sites, tryptophan residues 
can interact directly with ligands. This interaction can 
stabilize ligand-receptor complexes and facilitate con-
formational changes required for receptor activation. 
Consequently, these residues may influence ligand 
affinity and selectivity [10,11]. In class A GPCRs, high-

ly conserved tryptophan residues, particularly at the 
Ballesteros-Weinstein position 6.48 within the CWxP 
motif of transmembrane helix 6 (TM6), are essential 
for receptor conformational dynamics and activation. 
Structural and mechanistic studies indicate that this 
tryptophan is closely integrated into the network of 
microswitches that connect ligand binding to large-
scale rearrangements of the helical bundle, such as 
the outward movement of TM6 during receptor acti-
vation. The orientation and interactions of W6.48 are 
altered upon agonist binding, thereby linking ligand 
recognition to the conformational changes required 
for G-protein coupling and downstream signalling. 
This aromatic residue contributes to ligand affinity, 
functional selectivity, and signal transduction efficien-
cy across various GPCR systems [12–14]. Tryptophan 
residues are distributed across class A GPCR structures 
and play significant roles in ligand recognition, recep-
tor stability, and conformational transitions linked to 
activation. Structural and computational studies of the 
β2-adrenergic receptor reveal that aromatic residues 
within the transmembrane helices form interaction 
networks that stabilise receptor conformations and 
mediate responses to ligand binding [11]. As an illus-
tration, structural studies of the CC-chemokine recep-
tor CCR5 in both agonist-bound and inactive forms 
show that a conserved tryptophan residue in TM6 
(W248⁶.⁴⁸) is a component of a hydrophobic cleft at the 
base of the orthosteric pocket. This residue undergoes 
a conformational shift upon ligand binding, linking 
chemokine recognition to the outward displacement 
of TM6, which triggers activation of the canonical 
microswitch network, including the PIF, NPxxY, and 
DRY motifs [15]. Comparable ligand-induced changes 
involving conserved tryptophan residues in TM6 have 
been reported in additional receptors. For instance, in 
the neuropeptide Y1 receptor (Y1R), rotameric shifts 
of W6.48 are associated with structural transitions be-
tween active and inactive forms [13]. Similarly, in the 
adenosine A₂A receptor, W246⁶.⁴⁸ is involved in mi-
croswitch networks that promote TM6 movement and 
subsequent receptor activation [16]. Analogous roles 
have also been observed in serotonin (5‑HT) recep-
tors, where conserved tryptophan residues within TM6 
contribute to ligand binding, stabilize receptor con-
formations, and facilitate the conformational changes 
required for G-protein coupling and downstream sig-
nalling [17]. Collectively, these studies highlight the 
critical yet context-dependent roles of tryptophan res-
idues in stabilizing GPCR structures, mediating ligand 
recognition, and facilitating the conformational transi-
tions necessary for receptor activation.
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Materials and methods 
The study employed a two-stage approach combining 

large-scale statistical analysis and molecular dynamics 
(MD) simulations. The dataset for statistical analysis 
was extracted from the BioLiP database, a semi-manu-
ally curated repository of biologically relevant ligand–
protein interactions [18] (1). We also used its updated 
version, BioLiP2, which provides significantly greater 
coverage of structural data and enables analysis of large 
macromolecular complexes [19] (2). Proteins were clas-
sified according to Enzyme Commission (EC) numbers 
and Gene Ontology (GO) terms retrieved from the BioLiP 
and UniProt databases. This classification allowed for 
the identification of tryptophan residue frequencies 
within the binding sites of various functional and en-
zymatic classes. The BioLiP dataset was filtered to in-
clude only entries in which tryptophan (W) is present in 
the binding-site residues. To ensure data quality, small 
molecules such as water, ions (e.g., Na+, K+, Mg²+), and 
common crystallization agents (e.g., PEG, glycerol) were 
excluded. Redundancy was addressed by grouping in-
teractions by PDB ID and Ligand ID, retaining only one 
representative chain per complex.

Starting systems for the MD simulations of the 
5-HT₂A, 5-HT₂B, and 5-HT₂C serotonin receptors (in 
both active and inactive states) were prepared using 
the Multicomponent Assembler module in CHARMM-
GUI [20–22]. The receptors were embedded in a POPC 
lipid bilayer, and the systems were solvated with TIP3P 
water molecules containing 0.1 M KCl. The CHARMM36 
force field was used to describe the system parame-
ters, while ligand parameters were generated using 
the CGenFF  5.0. Simulations were performed using 
NAMD3 for 100 ns per system, maintaining a constant 
temperature of  298.15 K. This methodology is analo-
gous to established studies of molecular microswitch 
dynamics in GPCRs, such as the role of the conserved 
tryptophan rotamer W6.48 [11]. All geometric analyses 
of aromatic interactions, including centroid-centroid 
distances and angles between aromatic ring planes, 
were performed to determine the stability of the li-
gand-receptor complexes.

Results and discussion 
A statistical analysis of protein-ligand complexes from 
the Protein Data Bank was conducted to determine 
the frequency and types of interactions involving 
tryptophan residues. The dataset comprised protein 
structures from diverse functional classes, including 
enzymes and non-enzymatic ligand-binding proteins, 

such as GPCRs. Proteins were categorized according 
to EC numbers and functional annotations provided by 
the BioLiP and UniProt databases. 

Distribution of enzyme classes 
and prevalent enzymes
Within the analysed set of enzyme proteins, hydrolases 
represented the largest group (11,526 structures), fol-
lowed by oxidoreductases (10,554) and transferases 
(8,981). The remaining classes comprised lyases (1,282), 
isomerases (971), ligases (753), and translocases (597) 
(Figure 1A). This distribution indicates a predominance 
of enzymes involved in the decomposition of chemi-
cal compounds, transfer of chemical groups, and ox-
idation-reduction reactions. Among specific enzymes, 
nitric-oxide synthase (NADPH) (EC 1.14.13.39, 1,822 
structures), DNA-directed DNA polymerase (EC 2.7.7.7, 
1,147), thrombin (EC 3.4.21.5, 676), and RNA-directed 
DNA polymerase (EC 2.7.7.49, 543) were the most fre-
quent. The 20 most common enzymes are summarized 
in Figure 1B. The frequent occurrence of these en-
zymes in the dataset reflects their broad distribution in 
nature and their significant roles in interactions with 
the analysed ligands.

Figure 1. Distribution of enzyme classes and the most 
frequent enzymes in the dataset. (A) Number of structures 
per enzyme class; (B) The 20 most frequent enzymes with 

their respective counts

B

A
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Gene ontology analysis 
of tryptophan-containing 
proteins

To understand the functional and structural contexts of 
tryptophan residues in proteins, a Gene Ontology (GO) 
term enrichment analysis was performed. GO terms 
classify proteins by molecular function, biological pro-
cess, and cellular localization, enabling the identifica-
tion of cellular locations and functions where trypto-
phan residues are particularly abundant.

Tryptophan is most frequently present in proteins 
associated with metal ion binding (11,451), protein 
binding (8,796), and oxidoreductase activity (5,817). 
Within biological processes, proteins containing 
tryptophan are significantly represented in carbo-
hydrate metabolism (3,310), nitric oxide biosynthe-
sis (2,133), and photosynthesis (1,884). Regarding 
cellular localization, tryptophan occurs in proteins 
situated in the cell membrane (membrane, 9,920; 
plasma membrane, 4,026), cytoplasm (cytoplasm, 
9,076; cytosol, 6,798), cell nucleus (nucleus, 3,737; 
nucleoplasm, 2,076), extracellular structures (ex-
tracellular region, 3,156; extracellular space, 2,284), 
ribosomes (ribosome, 2,114; structural constituent 
of ribosome, 2,115), and mitochondria (2,659). The 
findings demonstrate that tryptophan is integral 
to enzymatic catalysis, ligand binding, and protein 
structural functions, particularly within ribonucleo-
protein complexes and membrane and signalling-re-
lated proteins. The presence of tryptophan in such 
diverse functions and locations underscores its uni-
versal importance in protein biology.

Figure 2. Gene ontology enrichment analysis of proteins 
containing tryptophan

Distribution and geometric 
analysis of ligand-tryptophan 
interactions in class A GPCRs

Records of class A GPCRs containing ligand-trypto-
phan interactions were grouped according to receptor 
families, and the number of structures in each group 
is shown in Figure 3. The highest number of records 
with ligand-tryptophan interactions was observed for 
histamine receptors and muscarinic acetylcholine re-
ceptors (27 records each). A high representation of in-
teractions involving tryptophan was also found among 
orphan class A receptors with developing pharmacolo-
gy (25 records) and opioid receptors (24 records). Other 
well-represented groups included dopamine receptors 
(19 records), prostanoid receptors (18 records), and 
chemokine receptors (17 records). Serotonin (5-hy-
droxytryptamine) receptors included 9 records con-
taining interactions involving tryptophan. A compara-
ble number of structures was found for adenosine and 
endothelin receptors (8 records each) and somatosta-
tin receptors (7 records). Other receptor families were 
represented by a small number of structures, often in-
volving a single case of ligand-tryptophan interaction. 
The distribution of records across individual families 
of class A GPCR receptors demonstrates that struc-
tures featuring ligand-tryptophan interactions occur 
in numerous receptor families. However, the number 
of available records varies among families, reflecting 
the uneven representation of ligand-bound structures 
in the database.

Figure 3. Distribution of ligand-tryptophan interactions 
across class A GPCR families

An analysis of interactions between ligands and 
tryptophan residues across 277 unique PDB structures, 
including 288 cases of TRP-ligand interactions meeting 
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quality criteria, showed that aromatic interactions ex-
hibit a clearly preferred geometry. Aromatic interac-
tions were classified based on geometric criteria: π−π 
stacking was defined by a centroid-centroid distance 
≤5.5 Å, and an angle between the ligand and TRP ring 
normal ≤30°. T-shaped interactions were identified 
when the distance was ≤6.0 Å and the angle was ≥60°. 
Among the interactions analysed, T-shaped arrange-
ments dominated (58%), while classic π-π stacking was 
observed much less frequently. The distribution of an-
gles between the planes of aromatic rings was charac-
terized by a median of ~96°, with T-shaped interactions 
exhibiting significantly larger angles (average ~130°) 
than other configurations (~42°). The centroid-cen-
troid distances were mainly in the range of 3.9–5.2 Å 
(median ~4.25 Å), while the minimum atom-atom dis-
tances oscillated around 3.5 Å, which is consistent with 
typical aromatic interaction parameters. These results 
indicate that tryptophan residues more often stabilize 
ligands through perpendicular aromatic interactions 
than through parallel π-π stacking. While this study 
focuses exclusively on tryptophan, its unique electron-
ic properties—such as the high polarizability of the 
indole system and its specific capacity for hydrogen 
bonding via the NH group—distinguish it from other 
aromatic residues, such as phenylalanine and tyros-
ine. These features account for its specialized role in 
ligand anchoring and in stabilizing specific binding 
geometries. Although a comparative analysis with oth-
er aromatic residues represents a promising direction 
for future research, the current work prioritizes the 

distinct functional contribution of tryptophan within 
these complex binding environments.

Tryptophan in the 5-HT₂ 
receptors binding pockets

5-HT₂ receptors are class A GPCRs that mediate sero-
tonin signalling in both central and peripheral tissues 
[15,23]. Their ligand-binding pockets are formed by 
a combination of aromatic and polar residues that de-
termine ligand orientation, binding stability, and re-
ceptor activation. Among these residues, tryptophan 
plays an important role due to its extended indole ring, 
which enables it to stabilize aromatic and electrostatic 
interactions with bound ligands. In addition to contrib-
uting directly to ligand binding, tryptophan residues 
influence receptor conformational dynamics by cou-
pling interactions in the binding pocket to conserved 
activation motifs [24,25]. To examine these effects at 
the atomic level, molecular dynamics (MD) simula-
tions were performed to analyse ligand-tryptophan 
interactions and their impact on the conformational 
behaviour of the 5-HT₂ receptor. To provide a more 
comprehensive structural perspective, W6.48-ligand 
distances were analysed across all available crystallo-
graphic structures of 5-HT₂ receptors retrieved from 
GPCRdb [26]. The distance was defined as the cen-
troid-centroid distance between the aromatic ring of 
the ligand and the indole ring of the W6.48 residue. 

Table 1. Analysis of W6.48-ligand distances in all available crystallographic structures of 5-HT₂ receptors  
from the GPCRdb database

Receptor PDB ID State Ligand Name Ligand 
Modality

TRP-Ligand 
distance [Å]

5-HT₂A
8ZMG Inactive Pimavanserin Inverse agonist 6.24

5-HT₂C
8ZMF Inactive 1-[(4-Fluorophenyl)methyl]-1-(5-methyl-5-

azaspiro[2.5]octan-8-yl)-3-[[4-(2-methylpropoxy)
phenyl]methyl]urea

Inverse agonist 6.94

5-HT₂A
8V6U Active 4-{(3R)-1-[(1R)-1-(pyrimidin-2-yl)ethyl]piperi-

din-3-yl}phenol
Agonist 8.31

5-HT₂A
8UWL Active Lisuride Agonist 8.60

5-HT₂A
8JT8 Inactive 1-(4-fluorophenyl)-4-[(7R)-2,5,11-triazatetracyc-

lo[7.6.1.0^2,7.0^12,16]hexadeca-1(15),9,12(16),13-
tetraen-5-yl]butan-1-one

Agonist 10.53

5-HT₂A
7RAN Active 3-[(3R)-3-methyl-1,2,3,6-tetrahydropyridin-1-ium-

5-yl]-1H-pyrrolo[2,3-b]pyridine
Agonist 9.02

5-HT₂A
7WC7 Inactive Lisuride Agonist 9.71

5-HT₂A
7WC4 Inactive 5-hydroxytryptamine Agonist 10.75
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Receptor PDB ID State Ligand Name Ligand 
Modality

TRP-Ligand 
distance [Å]

5-HT₂A
7WC5 Inactive Psilocin Agonist 11.17

5-HT₂A
7WC8 Inactive Lumateperone Agonist 10.43

5-HT₂A
7WC9 Inactive (10~{R},15~{S})-12-[3-(2-methoxyphenyl)

propyl]-4-methyl-1,4,12-triazatetracy-
clo[7.6.1.0^{5,16}.0^{10,15}]hexade-
ca-5(16),6,8-triene

Agonist 10.31

5-HT₂A
7WC6 Inactive Lysergic acid diethylamide Agonist 9.48

5-HT₂A
7VOD Inactive Cariprazine Partial agonist 9.40

5-HT₂A
7VOE Inactive Aripiprazole Partial agonist 6.69

5-HT₂A
6WGT Inactive Lysergic acid diethylamide Agonist 9.13

5-HT₂A
6WH4 Inactive Metitepine Inverse agonist 4.87

5-HT₂A
6WHA Active 4-(2-{[(2-hydroxyphenyl)methyl]amino}

ethyl)-2,5-dimethoxybenzonitrile
Agonist 6.50

5-HT₂A
6A94 Inactive Zotepine Antagonist 4.94

5-HT₂A
6A93 Inactive Risperidone Antagonist 4.69

5-HT₂B
7SRQ Intermediate Lysergic acid diethylamide Agonist 9.83

5-HT₂B
7SRS Active Lysergic acid diethylamide Agonist 10.10

5-HT₂B
7SRR Active Lysergic acid diethylamide Agonist 10.02

5-HT₂B
6DRZ Intermediate Methysergide Antagonist 8.90

5-HT₂B
6DRY Intermediate Methylergonovine Agonist 9.04

5-HT₂B
6DS0 Intermediate (8alpha)-N-[(2S)-1-hydroxybutan-2-yl]-1,6-dime-

thyl-9,10-didehydroergoline-8-carboxamide
Antagonist 8.70

5-HT₂B
6DRX Intermediate Lisuride Antagonist 9.48

5-HT₂B
5TUD Active Ergotamine Agonist 7.88

5-HT₂B
5TVN Intermediate Lysergic acid diethylamide Agonist 9.88

5-HT₂B
4NC3 Intermediate Ergotamine Agonist 8.15

5-HT₂B
4IB4 Intermediate Ergotamine Agonist 7.77

5-HT₂C
8DPH Active Lorcaserin Agonist 8.47

5-HT₂C
8DPG Active Psilocin Agonist 10.61

5-HT₂C
8DPF Active Lorcaserin Agonist 8.66

5-HT₂C
8DPI Active Lorcaserin Agonist 8.92

5-HT₂C
6BQG Active Ergotamine Agonist 11.19

5-HT₂C
6BQH Inactive Ritanserin Inverse agonist 8.58

The analysis reveals a distribution of W6.48-ligand 
distances reflecting variability in ligand type, receptor 
state, and structural context. Nevertheless, inactive 
receptor states generally exhibit shorter W6.48-ligand 
distances than active conformations. Representative 
structures used for MD simulations were selected as 
well-resolved examples of both states, enabling a con-
sistent comparison while acknowledging the limited 

structural sampling. Trends observed in MD simula-
tions are consistent with those derived from crystallo-
graphic data. To compare the active and inactive states 
of the 5-HT₂ receptors, TRP-ligand distances were ana-
lysed using MD simulations based on experimentally 
determined structures (Figure 4). For the 5-HT₂AR re-
ceptor, W6.48-ligand distances were larger in the active 
G protein-coupled conformation {PDB ID: 7RAN, bound 
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Figure 4. Aromatic interactions between ligands and W6.48 in 5-HT₂ receptors during molecular dynamics simulations (A, D, G); 
Representative binding poses of ligands in the orthosteric binding pockets of the 5-HT₂AR receptor, 5-HT₂BR receptor, and 5-HT₂CR 
receptor, highlighting W6.48. (B, C, E, F, H, I); Time evolution of the angle between the ligand aromatic ring and the indole ring of 

W6.48 (left axis) and the distance between the ring centres (right axis) during MD simulations of ligand-receptor complexes

to (3R)-3-methyl-5-(1H-pyrrolo[2,3-b]pyridin-3-yl)-1,2,3,6-
-tetrahydropyridin-1-ium (ligand ID: 3IQ), ~9 Å} than in 
the inactive structure bound to an antagonist [PDB ID: 
6A94, bound to zotepine (ligand ID: ZOT), ~4 Å], indicat-
ing a more compact binding pocket in the inactive state. 
A comparable trend was observed for the 5-HT₂BR recep-
tor. The active structure with agonist and G protein [PDB 
ID: 7SRR, bound to lysergic acid diethylamide (ligand 
ID: 7LD)] displayed expanded TRP-ligand separations 
(~9-11 Å), whereas the antagonist-bound intermediate 
structure [PDB ID: 6DRX, bound to lisuride (ligand ID: 
H8G)] showed shorter distances centred around ~6-7 Å. 
For the 5-HT₂CR receptor, TRP-ligand distances were 
similarly larger in the active  G protein-coupled struc-
ture [PDB ID: 8DPF, bound to lorcaserin (ligand ID: T4U), 

~8.5-10 Å] compared with the inactive antagonist-bound 
conformation [PDB ID: 6BQH, bound to ritanserin (li-
gand ID: E2J), ~4-5 Å], consistent with a compact inac-
tive binding pocket. Analysis of TRP-ligand orientation 
revealed angles predominantly in the range of ~90°–120°, 
consistent with T-shaped aromatic interactions rather 
than parallel π–π stacking. In inactive receptors, shorter 
distances combined with this geometry suggest stabilis-
ing edge-to-face contacts between the ligand and W6.48. 
In the inactive 6A94 structure, angular values around 

~60° suggest a tilted aromatic interaction between the 
ligand and W6.48. Conversely, upon receptor activation, 
increased TRP-ligand separation is observed, reflecting 
the displacement of W6.48 and expansion of the ortho-
steric binding pocket.
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Conclusions
In this study, a large set of protein-ligand complexes was 
analysed to characterise the occurrence and interaction 
patterns of tryptophan residues in different protein class-
es. It was shown that tryptophan plays an important role 
in ligand binding and enzymatic functions, particularly 
among hydrolases, oxidoreductases, and transferases, as 
well as in proteins associated with the cell membrane 
and signalling. Gene Ontology analysis confirmed its im-
portance in metal ion binding, protein-protein interac-
tions, and redox-related biological processes. Geometric 
analysis of interactions between ligands and tryptophan 
revealed a clear preference for aromatic T-shaped con-
figurations, i.e., perpendicular to the ligand rings, com-
pared to classical π-π stacking, at distances consistent 
with stabilising aromatic interactions.

Within class A GPCRs, tryptophan-ligand interac-
tions occurred in many receptor families. Molecular 
dynamics simulations of 5-HT₂ receptors reveal a con-
sistent trend in which TRP-ligand distances vary across 
activation states. While these findings provide atom-
istic insights into the spatial relationships within the 
orthosteric pocket, they should be viewed as an illus-
trative comparison of representative states rather than 
a definitive mechanistic proof. 

A limitation of this study is that the comparison 
between active and inactive receptor states is based 
on a single representative crystal structure for each 
receptor subtype. As a result, the observed differ-
ences in TRP–ligand distances may be influenced by 
structure-specific factors, including the nature of the 
co-crystallized ligand and experimental conditions. 
While the consistent trends observed across the ana-
lysed 5-HT₂ receptor subtypes suggest that these find-
ings may reflect general structural tendencies, the 
limited structural sampling should be considered when 
interpreting the results. Future studies incorporating 
a broader set of experimentally determined structures 
could provide a more comprehensive and statistically 
robust characterization of these interactions.

In summary, these findings underscore the structural 
and dynamic roles of tryptophan in protein–ligand inter-
actions, particularly within GPCR signalling. This work 
establishes a foundation for future structural investiga-
tions focused on ligand design and the development of 
compounds with defined pharmacological profiles.
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