Syllabus for BE700, Spring 2024
 “Methods and Logic in Quantitative Biology” 

Boston University*
Biology is undergoing an exciting transformation into a highly quantitative and theory-rich science*. For example, with genomic techniques we can now study biological processes on a genomic scale, allowing us to achieve quantitative understanding not just of individual molecular mechanisms but also of their interactions and behavior at the systems level. This quantitative and systems-level approach to biology also underpins the field of synthetic biology and efforts to predictively design and engineer biological systems. The main focus of this course is the close reading and critical discussion of published papers at the interface of quantitative reasoning, theory, and experiment in biology. Two (or more) key papers, read by all students, will be considered each week that highlight some of the principles, achievements, and difficulties in this interdisciplinary area. Emphasis will be on student presentations and full-class discussions as opposed to formal lectures. Topics include: fluctuations, cooperativity, robust adaptation, gene regulation and epigenetics, kinetic proofreading, pattern formation, sequence analysis, phylogenetics, protein modeling and design, and ecology. In addition, the course includes a one-week bioethics simulation, in which students will engage in the complex and real-world issues that arise in decision-making, ethics, and governance of emerging biotechnologies, such as CRISPR, gene drives, and brain-machine interfaces.  
*This course is based closely on and adapted from CHM517/MOL515 (Princeton University). See also Wingreen & Botstein. Nature Reviews Molecular Cell Biology 7: 829-832 (2006).
Course Info
Class meets 2:30pm – 4:15pm Mondays & Wednesdays in PHO 202.
Instructor
Prof. Ahmad (Mo) Khalil, BME

Office: 610 Commonwealth Ave, Rm 405C

Phone: 617-358-6957


Email: khalil@bu.edu



Policies
The texts indicated below are to be read carefully before each class (pdfs will be provided). For each paper being discussed, one or two students will present a detailed summary of the paper to kick off the discussions and analysis. 
Grading
Participation & Presentations
100%

IN ALL PAPERS, SUPPLEMENTARY MATERIALS WILL ALSO BE DISCUSSED!
Week 1:  Analysis of fluctuations I - Mutations
· Luria SE, Delbruck M. 1943. Mutations of bacteria from virus sensitivity to virus resistance. Genetics 28: 491-511. 

· Fidler IJ, Kripke ML. 1977. Metastasis results from preexisting variant cells within a malignant tumor. Science 197: 893-5.
· Ravikumar A et al. 2018 Scalable, continuous evolution of genes at mutation rates above genomic error thresholds. Cell 175: 1946-1957.
Week 2:  All-or-none phenomena (bistability and “the digital paradigm”)  

· Novick A, Wiener M. 1957. Enzyme induction as an all-or-none phenomenon. PNAS  43: 553-66. 
· Gardner TS, Cantor CR, Collins JJ. 2000. Construction of a genetic toggle switch in Escherichia coli. Nature 403: 339-342.
Week 3: Analysis of fluctuations II - Gene products

· Elowitz MB, Levine AJ, Siggia ED, Swain PS. 2002. Stochastic gene expression in a single cell. Science 297: 1183-6. 

· Maamar H, Raj A, Dubnau D. Noise in gene expression determines cell fate in Bacillus subtilis. 2007. Science 317: 526-9.
Week 4:  Sensitivity, robust adaptation, and homeostasis 
· Goldbeter A, Koshland DE Jr. 1981. An amplified sensitivity arising from covalent modification in biological systems. PNAS 78: 6840-4. 

· Barkai N, Leibler S. 1997. Robustness in simple biochemical networks. Nature 387: 913-7.

· Alon U et al. 1999. Robustness in bacterial chemotaxis. Nature 397: 168-71.
Week 5:  Kinetic proofreading and dynamic instability  

· Hopfield JJ. 1974. Kinetic proofreading: a new mechanism for reducing errors in biosynthetic processes requiring high specificity PNAS 71: 4135-9.
· Mitchison T, Kirschner M. 1984. Dynamic instability of microtubule growth. Nature 312: 237-42. 
Week 6: Epigenetics

· Bintu L et al. 2016. Dynamics of epigenetic regulation at the single-cell level. Science 351: 720-724.

· Berry S et al. 2017. Slow chromatin dynamics allow polycomb target genes to filter fluctuations in transcription factor activity. Cell Systems 4: 445-457.

· Shema et al. 2016. Single-molecule decoding of combinatorially modified nucleosomes. Science 352: 717-721.

· Murray SC et al. 2019. H3K4me3 is neither instructive for, nor informed by, transcription. bioRxiv doi: 10.1101/709014.
· [Extra] Strahl B & Allis C. 2000. The language of covalent histone modifications. Nature 403: 41-45.
· [Extra] Wang et al. 2022. Prediction of histone post-translational modification patterns based on nascent transcription data. Nature Genetics 54: 295-305.
· [Extra] Ou et al. 2017. ChromEMT: visualizing 3D chromatin structure and compaction in interphase and mitotic cells. Science 357 (6349): eaag0025.

Week 7:  Pattern formation and development

· Maini PK. 2004. Using mathematical models to help understand biological pattern formation.  Comptes Rendus Biologies 327: 225-234.  
· Houchmandzadeh B, Wieschaus E, Leibler S. 2002. Nature 415: 798-802.
· Stapornwongkul KS, de Gennes M, Cocconi L, Salbreux G, Vincent J-P. 2020. Science 370: 321-327.

· [Extra] Toda S, McKeithan WL, Hakkinen TJ, Lopez P, Klein OD, Lim WA. 2020. Science 370: 327-331.
· Raspopovic J, Marcon L, Russo L, Sharpe J. 2014. Science 345: 566-570.
· [Extra] Sheth R et al. 2012. Science 338: 1476-1480.

Week 8:  Sequence analysis  

· Smith TF, Waterman MS. 1981. Identification of common molecular subsequences. J. Mol. Biol. 147: 195-7.

· Felsenstein J. 1981. Evolutionary trees from DNA sequences: a maximum likelihood approach. J. Mol. Evol. 17: 368-76.

· Eisen JA. 1998. A phylogenomic study of the MutS family of proteins. Nucleic Acids Research 26: 4291-300.
Week 9: Protein evolution, structure, function & design
· Socolich M, Lockless SW, Russ WP, Lee H, Gardner KH, Ranganathan R. 2005. Evolutionary information for specifying a protein fold. Nature 437: 512-8.
· Marks D, et al. 2011. Protein 3D structure computed from evolutionary sequence variation. PLoS One 6: e28766.
· Russ, WP et al. 2020. An evolution-based model for designing chorismite mutase enzymes. Science 369: 440-445.

· Bepler T, Berger BB. 2021. Learning the protein language: evolution, structure, and function. Cell Systems 12: 654-669.

· [Extra]: Early examples of protein language models: 

· Rives A et al. 2021. Biological structure and function emerge from scaling unsupervised learning to 250 million protein sequences. Proc. Natl. Acad. Sci 118: e2016239118.

· Madani A et al. 2023. Large language models generate functional protein sequences across diverse families. Nature Biotechnology 41: 1099-1106.
· Good primer on transformers: https://jalammar.github.io/illustrated-transformer/
Week 10:  Microbial ecology

· Gore J, Youk H, Van Oudenaarden A. 2009. Snowdrift game dynamics and facultative cheating in yeast. Nature 459: 253-256.
· Goldford JE et al. 2018. Emergent simplicity in microbial community assembly. Science 361: 469-474.
· Bittleston LS et al. 2020. Context-dependent dynamics lead to the assembly of functionally distinct microbial communities. Nature Communications 11: 1440.
Week 11: Bioethics simulation!
