Preparation of structures
for molecular dynamics

4 Molecular Dynamics (MD)



https://www.sciencedirect.com/journal/biochimica-et-biophysica-acta-bba-proteins-and-proteomics/vol/1870/issue/3

What is Molecular dynamics (MD)?

Molecular Dynamics
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* Provides atomic-level insight
Into biomolecular dynamics

* Complements experimental
techniques like X-ray, cryo-
EM, NMR
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Leach AR. (2001) Molecular Modelling: Principles and Applications. Rapaport DC. (2004) The Art of Molecular Dynamics Simulation.



Origins of MD
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* 1977: First all-atom MD
of a protein
(McCammon, Gelin &
Karplus)

Alder BJ & Wainwright TE. (1959) J. Chem. Phys. 31, 459-466. McCammon JA et al. (1377) Nature 267, 585-590.
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How MD works

 Newton’s second law: F “®W=2xt) - _—
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Leach AR. (2001) Molecular Modelling: Principles and Applications. Frenkel D, Smit B. (2002) Understanding Molecular Simulation.



* AMBER, CHARMM, OPLS,
GROMOS

* Parameters: bond lengths,
angles, partial charges

https://www.youtube.com/watch?v=AtDOJNVNC18

torsion angle
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* Limitations: classical oWt
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breakl ng) E;lﬂtﬂﬁd £nhij
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Cornell WD et al. (1995) J. Am. Chem. Soc. 117, 5179-5197. MacKerell AD Jr et al. (1998) J. Phys. Chem. B 102, 3586-3616.



Historical Milestones in MD

* 1980s-1990s: software
(CHARMM, AMBER),
electrostatics (PME)

* 1990s-2000s: GROMACS,
Anton (ms-scale)

* 2010s-presents: GPU
accelerarion, enhanced
sampling

Phillips JC et al. (2005) J. Comput. Chem. 26, 1781-1802. Shaw DE et al. (2010) Science 330, 341-346.



Applications: Protein folding

B Collapse
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* MD reveals folding
pathways, transition
states

* Validation with

-=+ Transition state

Folding
intermediates
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https://www.biostars.org/p/307218/
Lindorff-Larsen K et al. (2011) Science 334, 517-520. Proc Natl Acad Sci U S A. 2013 Apr 9;110(15):5915-20.



Applications: Ligand binding

* MD tracks ligand
entry, exit, and
binding modes

* Captures kinetic
data: on/off rates,
pathways

* Useful Iin drug
discovery

Buch I, Giorgino T, De Fabritiis G. (2011) PNAS 108, 10184-10189. Dror RO et al. (2012) Annu. Rev. Biophys. 41, 429-452.




Applications: Membranes and complexes

* Simulations of lipid bilayers,
membrane proteins

* Protein-membrane
Interactions, permeability

* Membrane dynamics and
domain formation

Marrink SJ et al. (2007) J Phys Chem B. 12, 111(27). Chavent M et al. (2023) Front. Bioinform. 3, 1160049.



MD in drug discovery

Allosteric BCR-ABL modulation

* Predict binding affinies
(FEP, MM/PBSA)

* Discover allosteric
sites and cryptic
pockets

Allosteric site

al’-helix

Figure 9. Allosteric modulation in BCR-ABL (PDB codes 2f4j and

¢ M Odel targ et fl eXi b i | ity 3kSv). The ligand GNF-2 binds to the myristate pocket (red circle,

. . allosteric site) concomitantly to the bending of the al’-helix and
ex p I I C Itly induces a c-ABL-like autoinhibited conformation of BCR-ABL that has
reduced kinase activity.
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De Vivo M et al. (2016) J. Med. Chem. 59, 4035-4061. Vettoretti G et al. (2016) Sci. Rep. 6, 23830.



Limitations of MD

CHALLENGES IN MD

Inaccuracy of the force fielt@
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* Force field
Inaccuracies

* Computational cost = :
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* Sampling limitations -t .

HPUT NS

Schlick T. (2010) Molecular Modeling and Simulation. Hollingsworth SA & Dror RO. (2018) NeGin: 99, Aar9adldt .
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Addressing limitations

* Enhanced sampling: "% . w T L
REMD, a—— S

. [t 3 oy >
metadynamics, aMD s
° Coarse - g ral n ed lo) Meics or Adaptive Biasing Force | | d) Markov State Model |x
models

* Machine learning
force fields (e.g.,

e Vix)
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D ee p M D) Int. J. Mol. Sci. 2020, 21(17), 6339

Noe F et al. (2020) Nat. Commun. 11, 5569. Laio 2008 Rep. Prog. Phys. 71 126601
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Why modeling is fundamental

* Visualizes the invisible: atomic trajectories
 Complements experiment (e.g. NMR, cryo-EM)

* Enables in silico experiments not feasible in the
lab

* Rational design: drug, enzymes, biosensors

13
Karplus M & Kuriyan J. (2005) PNAS 102, 6679-6685.



Summary

MD simulates biomolecular dynamics at atomic
resolution

Decades of refinement: from picoseconds to
milliseconds

Limitations remain, but modeling Is essential
Integrative approach: theory + experiment

14



References

Karplus, M., McCammon, J. Molecular dynamics simulations of biomolecules. Nat Struct Mol Biol 9, 646—652 (2002). https://doi.org/10.1038/nsb0902-646
McCammon, J., Gelin, B. & Karplus, M. Dynamics of folded proteins. Nature 267, 585-590 (1977). https://doi.org/10.1038/267585a0

Leach, A. R. Molecular Modelling: Principles and Applications. 22 ed.; Prentice Hall: Harlow, 2001. ISBN: 978-0582382107.

Rapaport, D. C. The Art of Molecular Dynamics Simulation. 22 ed.; Cambridge University Press: Cambridge, 2004. ISBN: 978-0521825689.

Alder, B. J.; Wainwright, T. E. "Studies in molecular dynamics. I. General method." The Journal of Chemical Physics, 1959, 31(2), 459-466. DOI:
10.1063/1.1730376.

Frenkel, D.; Smit, B. Understanding Molecular Simulation: From Algorithms to Applications. 22 ed.; Academic Press: San Diego, 2002. ISBN: 978-
0122673511.

Cornell, W. D.; Cieplak, P.; Bayly, C. |I.; Gould, I. R.; Merz, K. M.; Ferguson, D. M.; Spellmeyer, D. C.; Fox, T.; Caldwell, J. W.; Kollman, P. A. "A second
generation force field for the simulation of proteins, nucleic acids, and organic molecules.” Journal of the American Chemical Society, 1995, 117(19),
5179-5197. DOI: 10.1021/ja00124a002.

MacKerell, A. D. Jr.; Bashford, D.; Bellott, M.; Dunbrack, R. L. Jr.; Evanseck, J. D.; Field, M. J.; Fischer, S.; Gao, J.; Guo, H.; Ha, S.; Joseph-McCarthy, D.;
Kuchnir, L.; Kuczera, K.; Lau, F. T. K.; Mattos, C.; Michnick, S.; Ngo, T.; Nguyen, D. T.; Prodhom, B.; Reiher, W. E. lll; Roux, B.; Schlenkrich, M.; Smith, J.
C.; Stote, R.; Straub, J.; Watanabe, M.; Wiorkiewicz-Kuczera, J.; Yin, D.; Karplus, M. "All-atom empirical potential for molecular modeling and dynamics
studies of proteins." The Journal of Physical Chemistry B, 1998, 102(18), 3586—-3616. DOI: 10.1021/jp973084f.

Phillips, J. C.; Braun, R.; Wang, W.; Gumbart, J.; Tajkhorshid, E.; Villa, E.; Chipot, C.; Skeel, R. D.; Kale, L.; Schulten, K. "Scalable molecular dynamics
with NAMD." Journal of Computational Chemistry, 2005, 26(16), 1781-1802. DOI; 10.1002/jcc.20289.

Shaw, D. E.; Maragakis, P.; Lindorff-Larsen, K.; Piana, S.; Dror, R. O.; Eastwood, M. P.; Bank, J. A.; Jumper, J. M.; Salmon, J. K.; Shan, Y.; Wriggers, W.
"Atomic-level characterization of the structural dynamics of proteins." Science, 2010, 330(6002), 341-346. DOI: 10.1126/science.1187409.

15



References

Lindorff-Larsen, K.; Piana, S.; Dror, R. O.; Shaw, D. E. "How fast-folding proteins fold." Science, 2011, 334(6055), 517-520. DOI.
10.1126/science.1208351.

Piana, S.; Lindorff-Larsen, K.; Shaw, D. E. Atomic-Level Description of Ubiquitin Folding. Proc. Natl. Acad. Sci. U.S.A. 2013, 110(15), 5915-
5920. https://doi.org/10.1073/pnas.1218321110

Dror, R. O.; Dirks, R. M.; Grossman, J. P.; Xu, H.; Shaw, D. E. Biomolecular Simulation: A Computational Microscope for Molecular Biology.
Annu. Rev. Biophys. 2012, 41, 429-452. https://doi.org/10.1146/annurev-biophys-042910-155245

Buch, I.; Giorgino, T.; De Fabritiis, G. "Complete reconstruction of an enzyme-inhibitor binding process by molecular dynamics simulations."
Proceedings of the National Academy of Sciences, 2011, 108(25), 10184-101

Marrink, S. J.; Risselada, H. J.; Yefimov, S.; Tieleman, D. P.; de Vries, A. H. "The MARTINI force field: Coarse grained model for biomolecular
simulations." Journal of Physical Chemistry B, 2007, 111(27), 7812-7824. DOI: 10.1021/jp071097f.

Chavent, M.; Duncan, A. L.; Sansom, M. S. P. "Molecular dynamics simulations of membrane proteins and their interactions: From nanoscale
to mesoscale." Current Opinion in Structural Biology, 2016, 40, 8-16. DOI: 10.1016/j.sbi.2016.06.007.

De Vivo, M.; Masetti, M.; Bottegoni, G.; Cavalli, A. "Role of molecular dynamics and related methods in drug discovery." Journal of Medicinal
Chemistry, 2016, 59(9), 4035-4061. DOI: 10.1021/acs.jmedchem.5b01684.

Vettoretti, G.; Montanari, F.; Talarico, C.; Colombo, G. "Computational studies of allosteric effects in protein kinases." Scientific Reports, 2016,
6, 23830. DOI: 10.1038/srep23830.

Schlick, T. Molecular Modeling and Simulation: An Interdisciplinary Guide. 22 ed.; Springer: New York, 2010. ISBN: 978-1441963505.
Hollingsworth, S. A.; Dror, R. O. "Molecular dynamics simulation for all." Neuron, 2018, 99(6), 1129-1143. DOI: 10.1016/j.neuron.2018.08.011.

16



References

Laio, A.; Gervasio, F. L. Metadynamics: A Method to Simulate Rare Events and Reconstruct the Free Energy in Biophysics, Chemistry and
Material Science. Rep. Prog. Phys. 2008, 71(12), 126601. https://doi.org/10.1088/0034-4885/71/12/126601

Noé, F.; Tkatchenko, A.; Miller, K.-R.; Clementi, C. Machine Learning for Molecular Simulation. Annu. Rev. Phys. Chem. 2020, 71, 361-390.
https://doi.org/10.1146/annurev-physchem-042018-052331

Karplus, M.; Kuriyan, J. "Molecular dynamics and protein function." Proceedings of the National Academy of Sciences, 2005, 102(19), 6679—
6685. DOI: 10.1073/pnas.0408930102.

Karplus, M. "Development of multiscale models for complex chemical systems: From H+H2 to biomolecules (Nobel Lecture)." Angewandte
Chemie International Edition, 2014, 53(38), 9992-10005. DOI: 10.1002/anie.201403689.

Bertoline, L. M. F.; Lima, A. N.; Krieger, J. E.; Teixeira, S. K. "Before and after AlphaFold2: An overview of protein structure prediction."”
Frontiers in Bioinformatics, 2023, 3, 1120370. DOI: 10.3389/fbinf.2023.1120370.

Lemkul, J. A. "Introductory Tutorials for Simulating Protein Dynamics with GROMACS." The Journal of Physical Chemistry B, 2024, 128(39),
9418-9435. DOI: 10.1021/acs.jpcb.4c04901.

17


https://doi.org/10.1002/anie.201403689
https://doi.org/10.3389/fbinf.2023.1120370

	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17

