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. is to minimize the total energy to find the native structure. Fragment-based
|ntr0dUCt|0n methods, such as those used in the Rosetta software suite, break the protein
sequence into small fragments and search for the optimal combination of
Proteins, the molecular machines of life, are responsible for an array of  fragments that best fit the 3D structure. These methods combine the efficiency
biological functions, from catalyzing biochemical reactions to transmitting of sampling smaller pieces with the accuracy of using known structural
signals across cellular membranes. Their functions are intricately linked to motifs. Monte Carlo simulations are used to randomly sample the protein's
their three-dimensional (3D) structures, making accurate protein structure  conformational space, while molecular dynamics simulations simulate the
prediction one of the most fundamental challenges in computational biology.  physical movement of atoms over time. Both methods are computationally
Understanding a protein's structure is critical for drug design, disease intensive but can provide high accuracy when properly applied. Ab initio
understanding and biotechnology applications, among others. However,  prediction is computationally demanding and struggles with large proteins
experimentally determining protein structures through techniques like X-ray ~ or proteins with disordered regions, where structural determination is
crystallography, Nuclear Magnetic Resonance (NMR), or Cryo-Electron  particularly difficult. Threading, or fold recoghnition, is an intermediate method
Microscopy (cryo-EM) is resource-intensive, time-consuming and not always  that is used when a close homolog is not available. It works by matching the
feasible, especially for large proteins or membrane proteins. As a result, target sequence against a library of known protein folds, rather than relying
computational methods for Protein Structure Prediction (PSP) and protein-  on sequence similarity alone. The algorithm “threads” the target sequence
ligand docking have gained significant attention. These methods aim to  through a structural template, attempting to align it in such a way that it
predict a protein’s 3D structure from its amino acid sequence and to model  minimizes steric clashes and respects the protein’s secondary structure [3].
how proteins interact with small molecules, respectively. Protein-ligand
docking, in particular, is crucial for drug discovery, as it predicts the binding
affinity and orientation of ligands to their target proteins. This review delves
into the state-of-the-art algorithms used for protein structure prediction and
protein-ligand docking. We will discuss the theoretical foundations, different
approaches, key techniques, challenges and recent advancements in the field [1].

Threading is more effective than pure sequence alignment when sequence
similarity is low but structural similarity is still high. Modern threading methods
integrate scoring functions that assess the quality of the structural alignment
and can even predict the stability of the resulting model. Protein-ligand docking
refers to the computational prediction of the binding mode and affinity of a
ligand (typically a small molecule) to its target protein. This is a critical step
— in the drug discovery process, as it helps identify potential drug candidates
Descrlptlon and predicts their binding interactions before experimental validation.

Protein-ligand docking methods are primarily divided into two categories:

Protein structure prediction involves the determination of a protein’s 3D rigid docking and flexible docking. Rigid docking assumes that both the ligand
structure from its linear amino acid sequence. This challenge stems from the and the receptor protein are inflexible during the docking process. In this
fact that the protein folding problem is NP-hard, meaning there is no known approach, the protein's 3D structure is fixed and only the ligand is allowed to
algorithm that can efficiently predict protein structures for all cases. Over the move, rotating and translating in space to find the optimal binding position.
years, several computational strategies have emerged, which can be broadly Ligand Conformation Generation is often provided as a single conformation,
categorized into the following approaches: homology modeling, ab initio or a set of possible conformations, based on prior knowledge or rotatable
prediction and threading (also known as fold recognition). Homology modeling bonds in the molecule. Algorithms such as the Fast Fourier Transform (FFT)
is based on the idea that protein sequences that share a significant level of and genetic algorithms search the docking space to identify the optimal
similarity also share structural similarities. This approach involves identifying orientation and position of the ligand. Scoring functions are used to evaluate
a homologous protein (template) whose structure is already known, aligning the binding affinity of each ligand conformation by calculating the interaction
the target sequence with the template and then predicting the 3D structure energy between the ligand and the protein. These functions are critical for
of the target based on the template structure. Sequence alignment protein ranking different docking poses. Rigid docking is computationally efficient, but
sequence is aligned with the sequence of a known protein structure. This it is limited in its ability to accurately model the flexibility of the protein or the
alignment is crucial because even small differences in sequence can lead to ligand, which can impact docking predictions [4].
significant changes in the 3D structure [2].

Flexible docking methods allow both the protein and the ligand to

Energy-Based methods use force fields (mathematical models of atomic undergo conformational changes during the docking process, making them
interactions) to calculate the energy of a given protein conformation. The goal more accurate for systems where flexibility plays a key role in the binding
interaction. Flexible docking methods are typically more computationally
demanding, as they require the exploration of larger conformational spaces.
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learning approaches have been used to predict protein-ligand binding
affinities and refine docking poses, offering improved predictive accuracy.
Algorithms like AutoDock Vina and DOCK 6 have introduced enhancements in
scoring functions and conformational sampling, making docking simulations
faster and more accurate. In addition, hybrid docking methods that combine
both rigid and flexible docking principles have been developed to balance
computational efficiency with accuracy [5].

Conclusion

Protein structure prediction and protein-ligand docking are cornerstone
techniques in computational biology, with broad implications for drug
discovery, disease modeling and biotechnology. While homology modeling
and threading offer robust solutions when homologous templates are
available, ab initio methods remain the go-to approach for novel proteins
without structural templates. The integration of machine learning into docking
algorithms has led to significant improvements in both speed and accuracy
and hybrid approaches that combine rigid and flexible docking are becoming
more popular for tackling complex systems.

Despite significant advancements in computational techniques,
challenges such as protein flexibility, disordered regions and the accuracy of
scoring functions still limit the effectiveness of current methods. Nonetheless,
ongoing improvements in computational power, algorithm development
and data availability promise to further enhance the capabilities of protein
structure prediction and protein-ligand docking, ultimately bringing us closer
to achieving more accurate and efficient simulations for biomedical and
pharmaceutical applications. As the field continues to evolve, the combination
of experimental data, enhanced computational models and interdisciplinary
collaboration between biologists, chemists and computer scientists will likely
pave the way for transformative advancements in our understanding of protein
structures and drug interactions.
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