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Course description: 

This course aims to provide students with concepts that will introduce them to the interface of 

structural biology, macromolecular informatics, and artificial intelligence. Knowledge of structural 

architecture and associated computational tools is a necessity for students to understand, predict, and 

engineer the complex molecular functions of living systems. This course will provide detailed 

information on the spatial and chemical nature of biological macromolecules, the biophysical 

pipelines used to resolve them, and the physics-based simulations of their dynamics (wherever 

applicable). Further, this course will provide a conceptual understanding of the deep learning 

architectures and generative AI models driving the revolution in de novo protein design and structure-

based drug discovery. 

Course objectives:  

1.To familiarize students with macromolecular architecture, structural databases, and advanced 3D 

visualization platforms. 

2.To acquaint students with the physical principles and computational reconstruction pipelines of X-

ray crystallography, NMR, and Cryo-EM. 

3.To introduce students to physics-based modeling, empirical force fields, and molecular dynamics 

trajectory informatics. 

4.To provide students with the fundamentals of geometric deep learning, evolutionary coupling, and 

generative AI models used for structural prediction and protein engineering. 

Course contents 

Module  Topic L T P 

Module 1: Macromolecular Architecture & Structural Informatics 

1.1. Biophysical Foundations of Macromolecules 

Protein Structural Hierarchy, Intrinsically Disordered Proteins & Structural 

Flexibility, Structure-function relationships in biology, and an overview of 

structural biology techniques. Protein Folding Thermodynamics: Anfinsen's 

dogma, Levinthal’s paradox, and the energy landscape theory ("folding funnels"). 

Forces Driving Stability: Hydrophobic collapse, hydrogen-bonding networks, van 

der Waals forces, and electrostatic interactions. Nucleic Acid Architectures: 

Polymorphism in DNA, non-canonical structures (G-quadruplexes, Holliday 

7 0 0 



junctions), and complex RNA tertiary folds. 

1.2. Data Curation and Structural Databases 

The Protein Data Bank (PDB): Evolution from the legacy .pdb format to the 

macromolecular Crystallographic Information File (.mmCIF) format; data 

dictionaries and validation reports. Specialized Databases: Nucleic Acid Database 

(NDB), Electron Microscopy Data Bank (EMDB), and AlphaFold Protein Structure 

Database. Data Mining & Uniformity: Programmatic access to structural data 

using APIs (Biopython, RCSB Search API) and data cleaning for machine learning 

pipelines. 

4 0 0 

1.3. 3D Data Visualization and Structural Mechanics 

Molecular Graphics Platforms: Advanced rendering, surface electrostatics, and 

density map visualization using PyMOL. Structural Mechanics: Coordinate 

transformations, translation/rotation matrices, and calculating Root-Mean-Square 

Deviation (RMSD). Local Geometry & Structural Validation Metrics: 

Ramachandran plots, torsion angles (phi, psi, omega, chi), and sidechain rotamer 

libraries.  

4 0 0 

Module 2: Experimental Foundations of Macromolecular Structures 

2.1. X-ray Crystallography  

Physical Principles: Crystal lattices, Bragg’s Law, and X-ray diffraction in 

reciprocal space; The Phase Problem: Solving phases via Molecular Replacement 

(MR) and anomalous dispersion (SAD/MAD); automated model building, and 

structural refinement algorithms. Structure quality indicators (resolution, B-

factors, R-work/R-free, clash scores)  

6 0 0 

2.2. Nuclear Magnetic Resonance (NMR) Spectroscopy 

Physical Principles: Nuclear spin, chemical shifts, and the Zeeman effect; 

Multidimensional heteronuclear NMR and the Nuclear Overhauser Effect (NOE) 

for distance constraints; chemical shifts, structural flexibility, comparison between 

NMR, Cryo-EM, and crystallography.  

5 0 0 

2.3. Cryo-Electron Microscopy (cryo-EM) 

Physical Principles: Sample vitrification, transmission electron microscopy, and 

direct electron detectors; Cryo-EM image processing workflows—movie frame 

alignment, 3D initial model generation, and high-resolution map refinement. 

4 0 0 

Module 3: Computational Modeling & Molecular Dynamics 

3.1. Molecular Dynamics (MD) Simulations 

Conceptual interpretation of bonded and non-bonded interactions, biological 

significance of simulations, Basics of Trajectories and Conformational changes. 

Empirical Force Fields: Mathematical formulation of potential energy functions 

(e.g., AMBER, CHARMM) governing bonded (bond, angle, dihedral) and non-

bonded (electrostatic, van der Waals) terms. MD Workflow: structure preparation, 

8 0 0 



solvation, energy minimization, equilibration, production run, trajectory analysis.  

3.2. Core Template-Based Modeling 

Homology Modeling & Threading: Sequence alignment, loop modeling, side-

chain placement, and profile-based fold recognition. 

4 0 0 

Module 4: AI-Driven Macromolecular Design 

4.1. Predictive AI in Structural Biology 

Evolutionary Coupling: Multiple Sequence Alignments (MSAs) and co-

evolutionary signals used to infer spatial contacts; Conceptual role of MSAs, 

Confidence metrics such as pLDDT and PAE, AlphaFold Architecture 

(Introduction to AlphaFold2 and Evoformer modules), Alternative Architectures: 

Single-sequence structural predictions using protein language models (e.g., 

ESMFold) 

8 0 0 

4.2. Generative AI and De Novo Protein Design 

Structure-to-Sequence Models: Deep learning sequence generation via inverse 

folding models for designing sequences that adopt targeted backbones. 

6 0 0 

4.3. AI for Drug Discovery: Structure-based virtual screening, machine learning 

scoring functions, and AI-driven protein-ligand docking tools operating over non-

Euclidean manifolds (e.g., DiffDock). Docking limitations, Case Studies: 

Antiviral/cancer drug discovery,  

4   

  Total 60 0 0 

Evaluation criteria: 

1.      Test 1: Mid-semester (40%)  

2.      Test 2: End-Semester (60%)  

Learning outcomes: 

1. Grasp of the structural properties, local geometries, and stabilizing forces of all biological 

macromolecules, alongside proficiency in structural databases and 3D visualization platforms (Test 

1). 

2. Knowledge of the physical principles, data acquisition workflows, and computational 

reconstruction pipelines for X-ray crystallography, NMR, and Cryo-EM (Test 1 & 2). 

3. Understanding of empirical force fields, simulation physics, and trajectory informatics used to 

evaluate the time-dependent thermodynamic behavior of macromolecular ensembles (Test 2). 

4. A grasp of deep learning architectures, generative AI models, and geometric frameworks used for 

high-accuracy structure prediction, de novo protein engineering, and drug design (Test 2). 

Pedagogical Approach: Classroom teaching and provision of case study (as per requirement) 

Skill Set: Knowledge of structural biology, informatics, and AI principles and concepts, and to apply 

these principles in further studies. 

Employability: 

The course will provide skill sets and knowledge that may be crucial to being employed in 

Universities, R & D industry, medical centres/Colleges, Research Institutes and Diagnostic centres 

apart from specialized units like pharma, breweries, dairy and agri- sectors at an entry (junior) level 



after graduation.  

Materials:  

Text Books 

1.Brändén C, Tooze J. Introduction to Protein Structure. 2nd ed. Garland Science; 1999.2.  

2.Liljas A, Liljas L, Piskur J, Lindblom G, Nissen P, Kjeldgaard M. Textbook of Structural Biology. 

2nd ed. World Scientific Publishing; 2016. (Liljas, 2016) 

3. Schlick T. Molecular Modeling and Simulation: An Interdisciplinary Guide. 2nd ed. Springer; 

2010. 

4. Chor, B., & Rubinstein, A. (2022). Computational Thinking for Life Scientists. Cambridge 

University Press. 

Suggested Readings: 

1.Abramson J, Adler J, Dunger J, et al. Accurate structure prediction of biomolecular interactions with 

AlphaFold 3. Nature. 2024;630(8016):493-500. doi:10.1038/s41586-024-07487-w 

2.Adams PD, Afonine PV, Bunkóczi G, et al. PHENIX: a comprehensive Python-based system for 

macromolecular structure solution. Acta Crystallogr Sect D Biol Crystallogr. 2010;66(2):213-221. 

doi:10.1107/s0907444909052925 

3.Agarwal V, McShan AC. The power and pitfalls of AlphaFold2 for structure prediction beyond 

rigid globular proteins. Nat Chem Biol. 2024;20(8):950-959. doi:10.1038/s41586-021-03819-2 

4.Agirre J, Atanasova M, Bagdonas H, et al. The CCP4 suite: integrative software for macromolecular 

crystallography. Acta Crystallogr Sect D Struct Biol. 2023;79(6):444-461. 

doi:10.1107/s2059798323003595 

5.Baek M, DiMaio F, Anishchenko I, et al. Accurate prediction of protein structures and interactions 

using a three-track neural network. Science. 2021;373(6557):871-876. doi:10.1126/science.abj8754 

6.Borkakoti N, Thornton JM. AlphaFold2 protein structure prediction: Implications for drug 

discovery. Curr Opin Struct Biol. 2023;78:102526. doi:10.1016/j.sbi.2022.102526 

7.Corso G, Stärk H, Jing B, Barzilay R, Jaakkola T. DiffDock: Diffusion Steps, Twists, and Turns for 

Molecular Docking. arXiv. Preprint submitted October 17, 2022. doi:10.48550/arxiv.2210.01776 

8.Dauparas J, Anishchenko I, Bennett N, et al. Robust deep learning–based protein sequence design 

using ProteinMPNN. Science. 2022;378(6615):49-56. doi:10.1126/science.add2187 

9.DeLano WL. The PyMOL Molecular Graphics System. DeLano Scientific; 2002. 

http://www.pymol.org/pymol 

10.Edich M, Briggs DC, Kippes O, Gao Y, Thorn A. The impact of AlphaFold2 on experimental 

structure solution. Faraday Discuss. 2022;240:184-195. doi:10.1039/d2fd00072e 

11.Friesner RA, Banks JL, Murphy RB, et al. Glide: a new approach for rapid, accurate docking and 

scoring. 1. Method and assessment of docking accuracy. J Med Chem. 2004;47(7):1739-1749. 

doi:10.1021/jm0306430 

12.Halgren TA, Murphy RB, Friesner RA, et al. Glide: a new approach for rapid, accurate docking 

and scoring. 2. Enrichment factors in database screening. J Med Chem. 2004;47(7):1750-1759. 

doi:10.1021/jm030644s 

13.Jones G, Willett P, Glen RC, Leach AR, Taylor R. Development and validation of a genetic 

algorithm for flexible docking. J Mol Biol. 1997;267(3):727-748. doi:10.1006/jmbi.1996.0897 

14.Jumper J, Evans R, Pritzel A, et al. Highly accurate protein structure prediction with AlphaFold. 

Nature. 2021;596(7873):583-589. doi:10.1038/s41586-021-03819-2 

15.Liebschner D, Afonine PV, Baker ML, et al. Macromolecular structure determination using X-

rays, neutrons and electrons: recent developments in Phenix. Acta Crystallogr Sect D Struct Biol. 

2019;75(10):861-877. doi:10.1107/s2059798319011471 

http://www.pymol.org/pymol


16.Trott O, Olson AJ. AutoDock Vina: improving the speed and accuracy of docking with a new 

scoring function, efficient optimization, and multithreading. J Comput Chem. 2010;31(2):455-461. 

doi:10.1002/jcc.21334 

17.Watson JL, Juergens D, Bennett NR, et al. De novo design of protein structure and function with 

RFdiffusion. Nature. 2023;620(7976):1089-1100. doi:10.1038/s41586-023-06415-8 

18.Winn MD, Ballard CC, Cowtan KD, et al. Overview of the CCP4 suite and current developments. 

Acta Crystallogr Sect D Biol Crystallogr. 2011;67(4):235-242. doi:10.1107/s09074449100457491.   

Additional information (if any): Course designed by Dr. Rinki Sisodia and Prof. Chaithanya 

Madhurantakam. Initial review by Dr. Pooja Anjali Mazumdar (Independent Researcher) 

subsequently followed by reviews from Prof. Rajakumara E (IIT, Hyd) and Prof. S. Hazra (IIT, 

Roorkee). 

Student responsibilities: 

1.  Study of course material as specified by the instructor. 

2.  Proactive involvement in studying and analysing the accessible scientific literature in 

online/offline modes. 

  

Course reviewers:  

1. Prof. Rajakumara E 

Room: BT-213, Biotechnology and Biomedical Engineering Building 
Indian Institute of Technology Hyderabad 
Kandi-502284, Sangareddy, Telangana, India 

 2. Prof. Saugata Hazra 

Department of Biosciences and Bioengineering 

IIT Roorkee, Roorkee - Haridwar Highway, Roorkee, Uttarakhand 247667  

 3. Dr. Pooja Anjali Mazumdar (IIT Kgp),  

Independent Researcher, Vasant Kunj, New Delhi 110070  

 


