EE-526:
Introduction to Bioengineering

Prof. Sebastian Maerkl



Purpose of the course:

* Introduce engineers to basic concepts in biology,
niological engineering, biotechnology, and synthetic
oiology

* No prior knowledge in biology is required...



People

e Prof. Sebastian Maerkl

* |Institute of Bioengineering, School of Engineering
* Laboratory of Biological Network Characterization (LBNC)
e Background: Biology / Chemistry

* TAs:

* Amogh Baranwal



Contact

* Prof. Sebastian Maerkl
e sebastian.maerkl@epfl.ch

 Office hours:
e By appointment (Zoom)



Grading

* Final Exam
* Multiple choice questions
* A few math problems

* Regular practice "tests” during the semester (not graded, self-
corrected)



Syllabus (subject to change)
Week |Topic

General Introduction
Cell Biology

DNA and RNA
Proteins
Biochemistry
Thermodynamics 1
Thermodynamics 2

Techniques and Methods 1

O 00 N o ur A W N

Techniques and Methods 2

Microfluidics

=
~ O

Synthetic Biology

=
N

Cellular Biotech
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A brief introduction to biology
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Cell Biology
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Macromolecular Building Blocks

Nucleic Acids Proteins Lipids Glycans
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lological Length Scales
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Central Dogma

replication

(DNA -> DNA)
DNA DNA Polymerase

l 1 DAPDODA DNA
RNA Polymerase
CRNA B special P UPNH RNA

l translation
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DNA Replication
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Transcription (make mRNA from DNA)

Bases used to make DMNA
LA G C T

> %%+

RNA polymerase
Coding strand ‘

Template strand

Messenger RNA




Translation (make protein from mRNA)

newly born protei

amino acids

large subunit




Genetics (genomes, chromosomes, genes, etc.

AT GACGT CGCGGEA CAACCCAGAAT TGTCT TEAGC GATGGTAAGAT CTAACCTCACT GCCGGGEGAGGCTCATAC CATGACGTCGEGGACAACCCAGAATTGTCTTGAGCGATGETAAGATCTAACCTCACTGCCOGGGEAGE!
T GGG T T TAC T GATGTCATACCGTCT TECACGGEGAT AGAAT GAC GG TGCCCGTGTC TG T TG C T CGAA G A CTGEEGC T T TACTGATGTCATACCGTCT TECACGGGEGATAGAATGACGGTGCCCETETCTGCTTGCCT!
AT TT T T GAAAG T TACAGACT TCGAT TAAAAAGATCGGACTGL GCGTGE G GGAGAGACATG G T EGETAGT CA AT TTTC T GAAAGT TACAGACT TCGAT TAAAAAGATCGGACTGCGCGTGGECCCEEAGAGACATGCGTG!
TTTT T GACGTGTCAAGGACTCAAGGGAATAGT TTGGCGGGAGCGT TACAGC T TCAAT TCCCAAAGG TG AAGA T TTTTCGACGTETCAAGGACTCAAGGGAATAGTTTGGCGEGEAGCETTACAGCTTCAAT TCCCAALGET!
AT AAAAT T AACTAC TG T T T GG TAATAGETCACGT T TTAT GT GAAAT AGAGGGGAACCEGCTCCCAAAT CoATAAAAT TCAACTACT GG T TTCGGCCTAATAGGTCACGTTTTATGT GAAATAGAGGGGAACCGGECT!
T GGG TGT T TAT AT AAGTCC TG T T TAT AACACGG GGG GET TAGG T TAAATGACTCT TCTATCTTATGGTGCCCT GGG TGTTCTATGATAAGT CCTGCTTTATAACACGGEGCEETTAGGTTAAATGACTCTTCTATCT'
AT A GGG T AT TCT T T TG T TAAT GT T AT A CAAT ACT CACATCACAT TAGAT CaAAAGEATCCCCGATCCAAGCGCC LG TAATTCTGTTCTGTTAATGT TCATACCAATACTCACATCACATTAGAT CAAAGG!
A AT LG AA GGG T TG TG T GT TG T GAC G TCATG T TAC T CCTGGAATCTACC T GCCCTCCCCTCACC AGCC CAG TG AAGGGTCTGCTGCTGT TG TCGACGCCTCATGTTACTCCTGGAATCTACCTGCCCTCC!
GG TTAAGGC G TG TGATCGACGATGLAGGTATACATCGGCTCGLACCTACAGTGGTCGATCGAC T GECTACTGGC T GET TAAGGCGTETGATCGACGAT GCAGGTATACATCGGCTCGGACCTACAGTGETCGATCGACTGGECT !
T GGG TTCGGCGEETAGT TEAGTGCGAT AACCCAACCOGTGECAAGT AGCAAGAAGACCTACCTGGGTCACCTT TCGLGGT TCGGCGUGTAGT TGAGTGCGATAACCCAACCGGETGECAAGTAGCAAGAAGACCTACCTGGE
A A AACCTAACTAATAGTCTCTAACGGGGAAT TACCTTTACCAGT CTCATGCCTCCAATATATCTGCACCGCT T AGACAACCTAACTAATAGTCTCTAACGGEGAATTACCTTTACCAGTCTCATGCCTCCAATATATCTGE:
AL TGATATCGCCCACAGAAAGTAGGGT CTCAGGTATCGCATACGCCGCGCCCGGGTCCCA G TACGCTCAGGAC CAAT GATATCOCCCACAGAAAGT AGGGTCTCAGGTATCGCATACGCCGCGCCCGEETCCCAGCTACGE
A AT A GA A G TAT T TG TAAT T CAG G T A G AT TCATCGAC T T T TG T TG T GAATAT T GTGC T AA T G A GACAGT AGAGAGCTAT TGTGTAAT TCAGGCTCAGCAT TCATCGACCTTTCCTGTTGTGAATATTGTGE”
TCTCGTCCGTAACGATCTGGGGGGEAALACCGAATATCCGTATTCTCGTCCTACGGGTCCACAAT GAGAAAGTCC TCTCGTCCGTAACGATCT GEGEEECAAAACCGAATATCCGTATTCTCGTCCTACGGETCCACAAT GAG!
TG GG TGATC G TCAGT TAAGT TAAAT TAAT TCAGGCTACGGTAAACT TETAGT GAGCTAAGAAT CACGGGAATC TGUGCGT GATCGTCAGT TAAGT TAAAT TAAT TCAGGCTACGGTAAACTTGTAGTGAGCTAAGAAT CALI
e GT TG T ACA AT CAAC T GAAT T TAT ACAC G GACAACTCATCGCCCATTTGGG LG TGEGCACCECAGATCA ACGEET TCGCTACAGAT GAACT GAAT TTATACACGGACAACTCATCGCCCATTTGGECGTGGEGIACCE!
AT G AGAT TAGGAG TG T TGAT CA GG T TAGCAGG T GGACTGTAT CCAACAGLGCATCAAACTTCAATAAAT AAAGTGLCAGAT TAGGAGTGCTTGATCAGGT TAGCAGGTEEACTGTATCCAACAGCGCATCAAACTTC:
A A A GCGTTGTAGT GG TCTAAGCACCCCTEAACAGTGLECGCCCAT CET TAGCGTAGT ACAACCCTTCCCCCT TG CAAAGC GTTGTAGTGETCTAAGCACCCCTGAACAGTGECGCCCATCGTTAGCGTAGTACAACCCTTC!
AGGTGCGACAT GGG GECCAGTTAGCCTGCCCTATATCCC T TGLACACGT TCAATAAGAGGGGCTCTACAGLGCCGC AGGT GLGACATEGGGECCAGT TAGCCTGCCCTATATCCCTTECACACGT TCAATAAGAGGGGCTCTACAI
TTT T TAAAT TAGGAT G CGACCCCAT CAT TG ETAACTGTATG T TCAT AGATATTTCT TCAGGAGT AAT AGCGACAT T TTTAAAT TAGGAT GUCGACCCCATCATTGGTAACTGTATGTTCATAGATATTTCTTCAGGAGTAAT
AT A A G A G LT CAACAATAAT TTCTACTAT CACCCC G T GAAC GACTGTCT T TG AAGAACCAACTGEEAGC T GACACGCAAGGGTCAACAAT AATTTCTACTAT CACCCCOCTGAACGACTGTCTTTGCAAGAACT,
T TAGAT T GG T T AA G TAGT GAGG G GAGTCATATCAT AGAT CAGGCAT GAGAAACCGACGTCGAGTCTACT TAGAT TCGEGTCCTAACGTAGT GAGGGCCGAGTCATATCATAGATCAGGCAT GAGAAACCGACGETC!
A A GAGT TGTALACAAC T TGAT TG TATACTGTAGC T ACCGCALGEATCTCCTACATCAAAGACTACTGGEGELGCACACGAGT TETAAACALACT TGATTGCTATACTGTAGCTACCECAAGGATCTCCTACAT CAAAGACT AL
AT CTGGAT CCGAGT CAGAAATACGAGT TAATGCAAAT TTACGTAGACCGLTGAAAACACGTGCCATGLGTTGCGT ATCT GEAT CCGAGTCAGAAATACGAGT TAATGCAALAT T TACGTAGACCGETGALAACACGTGCCATGE!
A CACCETAGTCAGAAGTETGECGCGCTAT TCGTACCGAACCGETGEAGT AT ACAGAAT TGCTCT TCTACGACGT A AGACCGTAGTCAGAAGTGTGGLGCGCTATTCGTACCGAACCGETGEAGTATACAGAATTGCTCTTCTAL
A GAGCTCGGTCCCCAAT GLACGLCAALAAAGGAAT AAAGTATTCAAACTGCGCATGGTCCCTCCGCCGGTGEGECA AGGAGCTCEETCCCCAAT GCACGCCAAAAAAGGAAT AAACTATTCAAACTGCGCATGETCCCTCCGCI!
CTAT TAT AT GAA T TEAACCTAC T T TG T TAT G TG T O T A A CAGT AT CG T TAT GAAT AT G TAT TAT CCAT L GAAC G T TGAACCTACTTCCTCGGCT TATGCTGTCCTCAACAGTATCGCTTATGAL
LG T GTGGEAT LT TA A G CACATTCT T AAT T A CGAT A GAT G T TTCC TG TG G TACAATGAGT CaGC TG T GEATC T TAACGGCCACATTCTTAAT TCCGACCGATCACCGATCGCCTTTCCTCGCTGIET AC:
AT A AT TATC CAGAT CAAGGT TTGAAC GGAC TCGTATGACATGTGTGACT GAACCCGGEGAGGAAA T GCAGAGAL ACTAAGT TATCCAGAT CAAGGT T TGAACGGACTCGTATGACATETGTGACT GALACCCEEGAGGALATGI
T T T T AAGG T TG T T TGGTAT CAC T CAATAT AT T CAGA CCAGACAAGTGECAAAAT T TCGTGCGCCTCTC TG T T T AAG G TCTGET T TG GETAT CACTCAATATAT TCAGACCAGACAAGTGECAAAATTTCGT GL!
CTAGGTAT TCACGCAACCETCGTAACAT GCACT AAGGAT AACT AGCGCCAGGGGEGEGCATACTAGGTCCCGGAGCT CTAGGTAT TCACGCAACCGTCETAACATGCACTAAGGATAACTAGCGCCAGGGEEGECATACTAGETCC!
A G ACTACCCTAT GEAT TCCT TG GAGC GGEGEACAAT G AGAC GG T TACGACACAAT TAT COGGATCGTCTAGA AAAGACTACCCTATGGATTCCTTGEAGCGGGGACALAT GCAGACCGGTTACGACACAATTATCGGGATC!
SETAT TAT TAG AL CGACAAT AAAGGACAT TGCACAGAGACT TAT TAGAAT TCAACALACAGGAT CATATCATGLGGGETAT TAT TAGCAAGACAAT AAAGGACATTGCACAGAGACT TATTAGAATTCAACALAACAGGATCATA
GTETTGGGTCGGGEAAGTCCCCGAAGC T COGECAAMAGAT TCOCCATGLAACCGTCTGGTCCTGTTAGCGTGTACGTGT TGEGTCGEGCAAGT CCCCGAAGCTCGGECAALAGAT TCGCCATGGAACCGTCTEGETCCTGTTAGI
S CTGCTCC TG T TE GGG TACCATAGAT AGACTGAGATTGCGTCALAAAAT TECGGCGAALAT AGAGGGGCTCCT GCCTGCTCCTGT TCC GGG TACCAT AGAT AGACTGAGAT TGCGTCAAAAAATTGCGECGAAAAT AGAGE!
TETAGAAAT A CAGAC T GGEGEAATTTAAGCGE TTTCCACTATCTGAGCGACTAAACAT CAACALATGCGTCTACT TETAGAAAT ACCAGACTGGGEGAAT TTAAGCGCTTTCCACTATCTGAGCGACT ALACAT CAACAAAT G
CEAAT G AT AGGCAAT TACAACC TG LT TCAGAT CACT GG T T AT CAGGGATGTCT TCAT AAGAT TATACT TGCGAAT CCGCAGT AGGCAAT TACAACCTGLTTCAGAT CACTGGTTAATCAGGGATGTCTTCATAAGATT!
A G GA AT T TCAAGG GG GAT T TTTGGAC T TCAGAT ACGCTAGAAT T T AL GGETCTCT TACACC CCCCGAC G GACAGCTC T TCAA GGG GCCGAT TTTTGGAC T TCAGATACGCTAGAATTTAAAGGGTCTC
TG TGCGGCCTGCAGGGACCCCTAGAACT TG CGCCTACTTGTCTCAGTCTAAT AACGCGCGAAGCCGTGLGGCATGCT GCGGCCTECAGGGACCCCT AGAACTTGCCGCCTACTTGTCTCAGTCTAATAACGCGCGAAGCCG’
T AT TAA T A A GA T EAT AL T T TS GAC G TAATAT G TEAATAGAGAC T TATATCATCAG GGG TEAC T TAAG TG AGAG A TGATGAAT T TGEGACGCTAATATGGGTGAATAGAGACTTATATC,



Genomes and Chromosomes
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Genome sizes

Genome sizes 2000
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Genes, Promoters, Terminators, Gene regulation

PHO4 Location: Chromosome VI 225020..225958
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Genetic Position: 47 c¢M

"A gene is a DNA sequence that codes for a diffusible
product. This product may be protein (as is the case in
the majority of genes) or may be RNA (as is the case of
genes that code for tRNA and rRNA). The crucial feature
is that the product diffuses away from its site of synthesis
to act elsewhere.”

Lewin B (2004). Genes VIII. Upper Saddle River, NJ, USA:
Pearson/Prentice Hall.



Genes, Promoters, Terminators, Gene regulation
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Genes, Promoters, Terminators, Gene regulation
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Genes, Promoters, Terminators, Gene regulation
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Molecular Interactions / Thermodynamics
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Technigues and Methods

*Cell culturing

*Growth rate measurements
*Methods for cellular characterization
*PCR

*Cloning

*Sequencing

*Protein Expression Purification



How do biological engineers make things?
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One needs parts to build things...
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Oligos, Synthetic DNA, PCR

Oligonucleotide Synthesis

Suiw S % 7
Capping
: : =/
Oligonucleotides: Y y )
. s ‘) A AL A’
* Single stranded DNA oSBT Coupling ,
* Up to 200 bases in length - e

* Made by chemical synthesis
* Custom sequences can be ordered

* Oligos can be used in PCR and assembled into longer double stranded
DNA



Oligos, Synthetic DNA, PCR

Digital Micromirror Device (DMD)

Digital micromirrors
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Oligos, Synthetic DNA, PCR

Oligonucleotides:

* Double stranded DNA up to ~5kb
in length

* Available as linear templates or
cloned into a plasmid




Oligos, Synthetic DNA, PCR

Price Per Base of DNA Sequencing and Synthesis (circa 2017)
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Oligos, Synthetic DNA, PCR

1st cycle 2nd cycle 3rd cycle nth cycle
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Cloning

DMA Preparation —MCs —
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DNA

Transformation

Restriction Digest

e Use arestriction enzyme that cuts
dsDNA at specific sequences

De-Phosphorylation

* Use a phosphorylase to remove
phosphate group from the cut sites, this
prevents re-ligation of the cut vector

Ligation

e Use an enzyme called a ligase to link
two pieces of DNA to one another

Transformation

* The cloned vector is then put into E. coli
cells which amplify the vector



Protein Expression and Purification
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What is Bioengineering good for?



etabolic Engineering
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Antibody Therapeutics
$188.18 billion

The global monoclonal antibodies (MAbs) market size is expected to grow from $168.70 billion in 2021 to
$188.18 billion in 2022 at a compound annual growth rate (CAGR) of 11.5%.
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Antibody Discovery
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Antibody Production
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MRNA Vaccines
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MRNA Vaccines how do you make them?
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Vaccine target sequence is identified
and cloned into a plasmid
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