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Pharmacophore modeling continues to be a central tool in rational drug discovery, allowing for 

the identification of key molecular features accounting for biological activity. Both ligand-

based and structure-based approaches have formed the basis for pharmacophore modeling, 

which has expanded to encompass sophisticated forms like 2D and 3D pharmacophores, 

dynamic models, and QSAR-integrated systems. These models play a critical role in speeding 

up virtual screening, lead optimization, and prediction of ADMET properties for cost- and time-

efficient drug development pipelines. Pharmacophore modeling, though widely applied, has 

various challenges such as the limitations in data quality, model validation, and interpretability. 

The presence of high-fidelity structural data and rigorous validation protocols continues to be 

of utmost importance for model trustworthiness.New developments in machine learning, deep 

learning, and advanced computational methods, such as molecular dynamics and cloud-based 

simulations, are reshaping the pharmacophore-based design landscape. They provide better 

feature selection, predictivity, and scalability. As pharmacophore modeling becomes even more 

integrated with AI, quantum chemistry, and multi-omics data, it will be an increasingly 

adaptive, accurate, and intelligent platform for contemporary drug discovery. Ongoing 

optimization and validation of these approaches are needed to maximize their potential in 

translational pharmacology and personalized medicine. 
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1. Introduction 

Pharmacophore modeling is the key function of contemporary drug development, enabling the 

identification of vital molecular interactions that govern biological activity. In this review, the 

methodologies and applications of pharmacophore modeling will be discussed with major 

emphasis on its importance in optimizing drug discovery and lead identification.[1] In 

addition, the combination of pharmacophore modeling with sophisticated computational 

methods like molecular dynamics simulations and machine learning algorithms has 

transformed the lead optimization process in drug discovery. Such advancements enable 

researchers to accurately predict the drug candidate's behavior in biological systems, thus 

increasing the knowledge of its pharmacokinetic properties and possible side effects. In 
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addition, through the use of parallel screening techniques, pharmacophore models are able to 

speedily screen numerous compounds, efficiently identifying candidates with the best 

bioactivity profiles. With advancing years, the collaboration of pharmacophore modeling with 

such emerging technologies is set to not just enhance the efficiency of drug development but 

to also enable the discovery of new therapeutic drugs designed to combat multidisease 

syndromes. The constant innovations in pharmacophore modeling have the potential to bring 

major breakthroughs in drug discovery and development, especially in treatment of 

multifactorial diseases. The purpose of this review is to emphasize the revolutionary effects of 

Pharmacophore modelling in drug discovery, especially in increasing the efficiency of virtual 

screening and lead optimization processes.[1,2,3,4] 

1.1 Definition of Pharmacophore 

“The set of steric and electronic functionalities required to guarantee the best supramolecular 

interactions with a particular biological target structure and to induce (or inhibit) its biological 

response”.[3] 

1.2 Importance of Pharmacophore Modeling in Drug Discovery 

Pharmacophore modeling is a key drug discovery and drug design tool. Its value is its 

capability to discover, design, and improve upon bioactive compounds by targeting the critical 

molecular characteristics necessary for biological activity, even without a known target 

structure.[4] 

1.3 Important Points 

1.3.1 Ligand-Based and Structure-Based Drug Design: 

Pharmacophore modeling can be employed when either the target's 3D structure is unknown 

(ligand-based) or is known (structure-based), and hence it is versatile. 

1.3.2 Virtual Screening: 

Pharmacophore models are utilized for screening large chemical libraries to discover new 

compounds that match the needed interaction patterns, saving considerable time and cost. 

1.3.3 Lead Optimization: 

It assists in optimizing hits by determining which chemical functionalities are critical and 

which can be altered to enhance potency, selectivity, and pharmacokinetics. 

1.3.4 Identification of Novel Scaffolds: 

Pharmacophore models can uncover novel chemical structures that can bind to a biological 

target, leading to innovation in therapeutic development. 

1.3.5 Understanding Structure-Activity Relationships (SAR): 

It helps in mapping the relationship between a drug’s chemical structure and its biological 

activity, guiding rational drug design. 

 

2. Historical Perspective 

The phrase "Pharmacophore" was originally coined by Paul Ehrlich in 1909, who 

characterized it as the set of atoms within a molecule which is responsible for its biological 

activity. He referred to it as the "toxicophore" or "pharmacophore"—a region of a molecule 

which can interact with a biological receptor.[5] 



                                      Pharmacophore Modeling In Drug …  Akhilesh Kumar Bilaiya, et al. 289 

 

Nanotechnology Perceptions 20 No. 1 (2024) 287-298 

2.1 Mid-20th Century – Theoretical Development 

During the 1960s and 1970s, QSAR and 3D molecular modeling advancements further built 

upon the concept of pharmacophores. Computational methods were first used by researchers 

to find consensus features present in active molecules, thus leading to ligand-based 

pharmacophore modeling.[6] 

2.2 1980s–1990s – Computational Pharmacophore Modeling 

With the growth in computing power, pharmacophore modeling emerged as a structured, 

algorithmic method. Pharmacophore identification and virtual screening were automated using 

software packages such as Catalyst (subsequently part of Discovery Studio) and DISCO.[7] 

2.3 2000s to Date – Integration with Structural Biology 

Availability of high-resolution protein structures (e.g., from X-ray crystallography and cryo-

EM) enabled structure-based pharmacophore modeling with increased accuracy. 

Contemporary tools now combine machine learning, molecular dynamics, and AI to create 

dynamic pharmacophore models.[8,9,10,11] 

 

3. Types of Pharmacophore Models 

 

3.1 2D Pharmacophore Models 

A 2D Pharmacophore model is a reduced model of molecular features necessary for biological 

activity based on 2D structural information in place of spatial (3D) configurations. It 

recognizes characteristics like hydrogen bond donors/acceptors, aromatic rings, 

positive/negative ionizable groups, and hydrophobic areas within the molecular topology 

irrespective of precise 3D geometry. It is a Feature-based modeling based on molecular 

structure diagrams with a focus on connectivity, functional groups, and topological distances. 

It is quicker than 3D modeling and ideal for large-scale screening when 3D data are not 

available and commonly utilized at the early stages of drug discovery or data mining of large 

compound collections.[4,12,13] 

 

Table 1: Pharmacohore features 

Feature Type Symbolic Representation 

Hydrogen Bond Donor —NH₂, —OH 

Hydrogen Bond Acceptor =O, —O—, —N= 

Aromatic Ring Phenyl, Heteroaromatic 

Hydrophobic Group Alkyl chains, phenyl 

Positive Ionizable —NH₃⁺ 

Negative Ionizable —COO⁻ 
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3.2 3D Pharmacophore Models 

A 3D pharmacophore model provides a three-dimensional description of the spatial location 

of the important molecular interaction features required for biological activity. These models 

include geometric and chemical features and represent a versatile tool for virtual screening, hit 

discovery, and lead optimization.[14] 

 

 

Figure 1: Steps of 3D Pharmacophore generation 



                                      Pharmacophore Modeling In Drug …  Akhilesh Kumar Bilaiya, et al. 291 

 

Nanotechnology Perceptions 20 No. 1 (2024) 287-298 

4. Methodologies in Pharmacophore Modeling 

 

4.1 Ligand-Based Approaches 

Pharmacophore models ligand-based are developed when there is no known 3D structure of 

the target protein. They are instead based on a list of known active ligands, identifying 

common chemical features that are crucial for biological activity and their spatial relationship. 

When there is an unknown target protein structure.[4,14,15,16,17] 

 

Figure 2: Ligand based Pharmacophore Modeling 
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4.2 Structure-Based Approaches 

Structure-based pharmacophore models are based on the 3D structure of a target protein (When 

the structure of the target protein is known usually achieved through X-ray crystallography, 

cryo-EM, or NMR) in complex with a known ligand. Pharmacophore features are determined 

from intermolecular interactions between the active site residues and the ligand. [8, 18, 19, 20] 

 

Figure 3: Structure based Pharmacophore modelling 

4.3 Hybrid Approaches 

4.3.1 Dynamic Pharmacophore Modeling 

Dynamic pharmacophore modeling is an advanced technique that captures the flexibility of 

both the ligand and the target protein during molecular interactions. In contrast to static 

pharmacophore models (from one protein-ligand complex), dynamic pharmacophore models 

are generated from Molecular Dynamics (MD) simulations, allowing more realistic and better 

portrayal of important interaction features over time.[21,22] Dynamic pharmacophore 

modeling was employed by Spyrakis et al. (2018) in discovering new Mtb enoyl-acyl carrier 

protein reductase inhibitors (InhA), with consistent hydrogen bonding and hydrophobic 

interactions observed across 50 ns MD simulations, enhancing screening accuracy over static 

models.[22] 
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Figure 4: steps in Dynamic Pharmacophore Modeling 

4.3.2 3D-QSAR Integrated Pharmacophores 

3D-QSAR-integrated pharmacophores integrate 3D-QSAR analysis with pharmacophore 

modeling to predict quantitatively biological activity from spatial arrangements of chemical 

features. In contrast to traditional qualitative pharmacophore models, 3D-QSAR-integrated 

pharmacophores provide a quantitative prediction of how feature change affects biological 

activity.[23, 24] 
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Figure 5: Steps of 3D-QSAR Integtated Pharmacophore Modeing 

5. Applications of Pharmacophore Modeling 

Pharmacophore modeling is a foundation approach in computer-aided drug design (CADD). 

It generalizes the key features required for molecular recognition between a ligand and 

biological target and aids in identifying and optimizing drug candidates.[4] 

 

5.1 Virtual Screening 

Pharmacophore models are employed as 3D queries to search large chemical libraries (millions 

of compounds) for new molecules that would bind to a target of interest. It is a Cost-effective 

and High-throughput technique to Identifies novel scaffolds ("scaffold hopping") [10] 
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5.2 Lead Optimization 

Once a hit compound is established, pharmacophore models facilitate optimization in that they 

can increase potency, enhance selectivity and alter features without altering activity. It 

Understand structure-activity relationships (SAR), prioritize functional group adjustments and 

optimize pharmacophoric features to optimize efficacy[14] 

 

5.3 Predicting ADMET Properties 

Pharmacophore models assist in the detection of molecular attributes pertaining to Absorption, 

Distribution, Metabolism, Excretion and Toxicity. It assists in predicting cytochrome P450 

inhibition, hERG channel blockers avoidance, and removal of toxicophoric attributes prior to 

synthesis. Pharmacophores of human CYP3A4 and CYP2D6 inhibitors are commonly 

employed to rule out potential metabolic liabilities.[25] 

 

6. Challenges and Limitations 

Pharmacophore modeling is a very effective computational tool in drug discovery, but as with 

any predictive tool, it has some challenges that can strongly influence its utility and accuracy. 

Pharmacophore models are only as good as the data used for them. Low-quality or inadequate 

data can produce spurious or non-generalizable models. Insufficient availability of active 

ligands with known bioactivity decreases reliability of feature extraction. Data noise (incorrect 

positives/negatives from bioassays) prevents generalization across compound classes.[26,27] 

 

6.1 Model Validation and Interpretation 

Despite a good pharmacophore, validating its predictivity and interpreting it correctly are 

significant problems. 

Key Issues: 

• Lack of generally applicable validation standards 

• Problems in the selection of true negative datasets 

• Overfitting during model training 

• Subjective selection of pharmacophoric features 

 

6.2 Validation Methods (indecisively applied): 

• Receiver Operating Characteristic (ROC) curves 

• Enrichment factor (EF) 

• Test with decoy sets (e.g., DUD-E) 

• Cross-validation with external datasets 

 

6.3 Interpretation Problems: 

• Misleading confidence in the model if tested on a narrow dataset 

• Several conformations can be accommodated by a model but are distinct biologically. 

 



296   Pharmacophore Modeling In Drug …  Akhilesh Kumar Bilaiya et. al. 

 

Nanotechnology Perceptions 20 No. 1 (2024) 287-298 

7. Future Directions 

Pharmacophore modeling has come a long way, but its future is in more and more integration 

with AI/ML and in high-end computational techniques that improve accuracy, efficiency, and 

scalability. These innovations have the goals of surmounting conventional constraints and 

bringing pharmacophore modeling closer to real-time, big-scale, and precision-based drug 

discovery. 

 

7.1 Integrating Machine Learning [28] 

Machine learning (ML) is being used more and more to enhance pharmacophore generation, 

validation, and screening procedures by learning from large chemical and biological data sets. 

 

Key Benefits: 

• Automated feature selection: ML algorithms are able to select key pharmacophoric features 

without human bias. 

• Predictive modeling: Decision trees and neural networks can model activity based on 

intricate feature interactions. 

• Improved virtual screening: ML-enhanced pharmacophore filters enhance hit discovery and 

decrease false positives. 

• Multitask learning: Propose multiple properties (e.g., activity, toxicity, selectivity) with 

common features. 

Examples: 

• Pharmaceutical chemistry models that incorporate pharmacophore fingerprints for 

forecasting activity. 

• Random forests employed in prioritizing pharmacophore hypotheses based on past screening 

outcomes. 

 

7.2 Improvements in Computational Methods[29] 

Computational power, algorithms, and software tools are now improving the scope and 

accuracy of pharmacophore modeling. 

Notable Advances: 

• GPU-enhanced pharmacophore screening: Facilitates rapid processing of large compound 

libraries. 

• Cloud-based modeling platforms: Enable scalable, collaborative, and reproducible 

pharmacophore pipelines. 

• Dynamic pharmacophore models: Inculcate time-dependent interaction information from 

molecular dynamics (MD) simulations. 

• Quantum mechanical insights: Employed to optimize pharmacophoric features and binding 

affinities with greater precision. 

• Integration with multi-omics data: Provides context-aware pharmacophore models by 

including genomics, proteomics, and metabolomics data. 

Tools Driving Progress: 

• GROMACS (MD-based modeling) 

• AutoPharm, LigandScout (dynamic feature extraction) 

• AWS, Google Cloud (pharmacophore-as-a-service) 
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8. Conclusion 

Pharmacophore modeling has become a keystone in contemporary drug discovery as it 

facilitates the identification, optimization, and assessment of drug candidates by both ligand- 

and structure-based means. Sophisticated models using 2D, 3D, dynamic pharmacophores, 

and QSAR-integrated models have further progressed the accuracy of virtual screening, lead 

optimization, and ADMET prediction. 

The creation of ligand-based and structure-based pharmacophore models, each with its own 

strengths and workflows, adds to an integrated vision of molecular interactions. Though these 

models have transformed virtual screening and predictive pharmacology, problems remain—

particularly in the area of data quality, model interpretability, and validation criteria. 

Nevertheless, coupling with machine learning, cloud computing, and molecular dynamics 

simulations is overcoming these limitations and predestining more vibrant, accurate, and 

scalable modeling methodologies. 

Moving ahead, the convergence of AI-facilitated analytics, quantum-informed functionality, 

and multi-omics data promises much for the future of pharmacophore-based drug design. 

Notwithstanding challenges, the horizon looks bright for pharmacophore modeling, with a 

data-driven, mechanistic, and translational paradigm for rational drug discovery. 
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