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§ CH-313

General Course Information

= Moodle: htips://go.epfl.ch/CH-313
= Lecture slides (evening before the lecture)
= Distributed presentation topics (assignments)
= Forum (for questions and announcements)

- Examination (written, graded, detailed information will follow)

= Contact:
= Moodle forum (for questions)
= markus.jeschek@epfl.ch

= “Concepts over details!”
= Interact! Ask! Discuss! Anytime!
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® CH-313

Group Presentations

Critical discussion of primary literature
lllustrative examples for topics from the lecture

Why?
* Repetition of core concepts, techniques etc.
* Presentation skills and critical discussion of research
* Insight into current research topics

How?
= Two students per group
= Assignments distributed one week before delivery of presentation (via Moodle)
= Send slides: markus.jeschek@epfl.ch (Mon evening before presentation)
= 15 min presentation (both group members should present!) + Q&A
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® CH-313

PFL - Tipps for Group Presentations

= Rough structure
e Short intro on general topic
* Main presentation according to assignment

* Brief outlook incl. points of criticism/open questions/personal opinion as kick-starter for
the discussion

= Everybody should participate in the discussion, incl. constructive(!) feedback on
presentation style

= Questionnaires with different points, feedback by peers

= Typical assignment:
* You will receive a certain topic including a related publication
Introduce the topic using the publication
present the motivation behind the research, methodology, key results (not every graph!)
Additional questions will be provided hinting towards central points
Be encouraged to look/present beyond the questions and the provided paper
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® CH-313

Group Presentations — Schedule

N T
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Wininger Quentin
Ema
Benjamin
Ivana
Abigail
Mridhula
Andrea
Melodie
Bastien
Nicole

Eva

Jeremy
Ariane
Matthieu
Ipek
Robin
Elodie
Florian
?

?

Maria

Sep 23, 2025
Sep 30, 2025
Oct 7, 2025
Oct 14, 2025
Oct 28, 2025
Nov 4, 2025
Nov 11, 2025
Nov 18, 2025
Nov 25, 2025
Dec 2, 2025
Dec 9, 2025

Sep 16, 2025
Sep 23, 2025
Sep 30, 2025
Oct 7, 2025
Oct 14, 2025
Oct 28, 2025
Nov 4, 2025
Nov 11, 2025
Nov 18, 2025
Nov 25, 2025
Dec 2, 2025
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§ CH-313

Course Topics — Overview

= Week 1 | Introduction + DNA
- Week 2 | DNA

= Week 3 | DNA

« Week 4 | RNA

« Week 5 | Protein/Enzymes

= Week 6 | Enzymes

= Week 7 | Enzymes

= Week 8 | Membranes

= Week 9 | Metabolism

= Week 10 | Metabolism

« Week 11 | Engineering

= Week 12 | Engineering

= Week 13 | Engineering

= Week 14 | LSAM Intro + Exam Preparation

[tentative schedule]
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DNA

Prof. Dr. Markus Jeschek, LSAM
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sugar-phosphates

® CH-313

helix of

DNA
Deoxyribonucleic acid

Base flipped out

Base pair
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® CH-313
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- Complementarity!

Key Properties of DNA

Long polymer
= backbone: alternating phosphate and deoxyribose groups
= negatively charged
= double-helix structure

Extremely stable (high T, solvents, hydrolysis etc.)
Highly dense information storage (e.g. 215 petabytes/q)
Codes for structure and function

= non-coding RNAs
= mMRNAs - proteins
Directionality! (3‘-end, 5‘-end)

Crick, 1953)

B-DNA (Watson &

Thymine

is . =t
y%ﬁ:fﬂfi

Phosphate- 5 Ha 0\72;
deoxyribose” o)’ j
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=PFL - Complementarity of DNA

= Through non-covalent interaction, “base pairs” (bp)
= A—T (two hydrogen bonds, ~4 kcal/mol),
= C — G (three hydrogen bonds, ~6 kcal/mol) Thymine

5end . Adenine ,
/' NH 2

= Essential biological property ?\Y\ijﬁq

= DNA replication

= transcription, Translation (genetic code) 73\@/(‘(;5:! K:\H

= gene regulation

= etc. Phosphate- HaN oo
deoxyribos€ <, }-é N 9
backbone . ""““\_N q
= Basis for numerous biotechnological techniques KQ/

and applications L ma NG
: P%pR 7 ol A
A) 'ﬁ/N _3’"
= gene synthesis, DNA assembly A Guanin"e’Cytosineo\,Z;
= sequencing - 3end I
5" end

nanotechnology (e.g. DNA origami)

etc. RECAP

® CH-313
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L How to “write and read” DNA?

- DNA synthesis and sequencing

= essential every-day tools across the entire
life sciences

= chemical tools play key roles in both
» knowing how it works is critical for
correct use and applications!

- DNA sequencing
= “classical” (Sanger method)
= “next-generation” techniques

- DNA synthesis
= chemical synthesis of oligonucleotides
= assembly of larger DNA molecules

® CH-313

Price Per Base of DNA Sequencing and Synthesis (circa 2017)

L 1
2005 2010 2020

BﬁOeconomy 20 January, 2018 @ ® @

CAPITAL

Q: Why would you want to synthesize
and sequence DNA? Name examples!

RECAP

VST ‘¥eyosar snyely i "Joid

11



=PrL

§ CH-313

DNA (“write”)

12
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=PFL  De Novo Synthesis of DNA e

= Oligonucleotides DNA oligonucleotide (“oligo”)
= first step of DNA synthesis
= single stranded! ' ~ACGTACGTTTACTAG=3" = rrrIrIITITIT

= 50 — 100 nt (rarely up to 300 nt)

Oligo duplex
- Chemical oligo synthesis

* Sequential coupling of single nucleotides S’ ‘ACGTACGTTT?CﬁT?Cﬁ—T -

* On solid support 37 -AAATGATCTTACTAG-5’ >

e 3> 5'direction :g)

* Chemical protecting groups to avoid multiple couplings I z
TITTITITITITT g

B

>

<

® CH-313



=FL. Chemical Oligo Synthesis )

dimethoxytrityl (DMT)

OCHs

NC/_Ci13—< _<CH3

CHa

phosphoramidite

§ CH-313

HO O \IBT (AT.C.G)

Step 1: deprotection
Acid-catalyzed removal of DMT allows
for subsequent base addition.

DMTOX o \IBQ ATes

@]

DMTO B, arca Step 2: base coupling
\J A DMT-protected phosphoramidite

is added to the unprotected 5" OH

0 using a tetrazole activator.
No_||3=o Step 3: capping (optional)
NC | Unreacted 5" OH are acetylated to
O B1 (ATC.G) prevent further chain extension.

L O-\I This step helps prevent single-base

DMTO o Bg (ATC.G) deletions at the expense of yield.
N 5 .
)ko B =8
O 1{A.T.C.G) o
' 5
o 1 (ATCG) =
C
(2]}
@
Step 4: oxidation &
Oxidation of phosphite triester to g
phosphate using aqueous icdine. =
—
(%2
>
<



=7t Oligo Synthesis — Low/High Throughput *

§ CH-313

Oligonucleotide elongation

DNA synthesis columns

Polystyrene
beads

A(olnmn is used as a source

of nucleotides immobilized

ona solid supportat their 3°
end

Support bound nucleosides CPG synthesis columns

immobilized at 3’ end

T
. J
. ( .‘
L B e

® @
96-column synthesis plate \ g )
\ ]
Oligonucleotides \
are synthesized \ X
attached to the CPG beads

CPG surface in

the synthesis 4
column @PG

(synthesis support)

» “classical’ , column-based
= approx. 1-20 US-$ per oligo
= one sequence per column

Microarray-based oligonucleotide synthesis

CombiMatrix (OllgoArray) mocroarray

Tens of

thousands of

oligonucleotide

sequences are

synthesized on

the array surface

(one sequence per Microarray
feature)

Microarray
oligonucleotides

Cleave from array
) \b; PR x

Oligonucleotide pools m
(mixture of oligonucleotide sequences) oo |

Perspectives, 2017

high-throughput , microarray-based

® <0.05US-$ peroligo

® sequence pools/“libraries” (max. 250,000 per chip)
® lower quantities

® e.g. photolithography or ink-jet technology

Hughes & Ellington, CSH
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=PrL

== = photolabile protection group

mm;_“ g_miiiiii = mfmii

§ CH-313

Microarrays - Photolithography
& Ink-Jet Technology

DAQ-Electronics

mask 1

]

~Ty,, m éummu

Controller PC

16
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=PrL

Synthesis Errors

= Deletions, depurination (A/G) - shortened product, cleavage

= Error rates: approx. 0.5-2% per nucleotide position

= Higher error rates for microarray synthesis

= Purification possible (electrophoresis, chromatography; expensive!)

® CH-313

Q: How high is
the yield of full-
length product for
a 100 nt oligo at
1.5% per-position
error?

17

VST ‘¥eyosar snyely i "Joid



=L Typical Size of Genetic “Parts” ¢

\"ib i’ Genetic «Part» Approximate size range

2:% i ( promotors, terminators, tRNAs 50 —200 bp de novo synthesis)
genes, gene fragments _&GD%_ 0.2-3.0 kbp
operons, genetic circuits 5—20 kbp
gene clusters, phage genomes, BACs 20 - 500 kbp Agk\

yeast chromosomes, small bacterial genomes 500 — 2000 kbp

common bacterial genomes (E. coli !) 2.0-5.0 Mbp

human chromosomes 50 — 250 Mbp

INVST M8ydser smylepy “iQ "joid

® CH-313

Recommendation: Refresh your memory on what these parts are/do!



=PFL  DNA Synthesis — Overview N

5" -ACGTACGTTTACTAG-3’ ‘

I
Larger
Assemblies 5
chemical synthesis enzymatic DNA assembly ;Z,
(de novo) PCR-like - invitro assembly - in vivo assembly ?
50 — 100 nt 500 — 5000 bp 10 — 200 kb up to 1 Mbp %
2
<

§ CH-313

(few Mbps with tricks)



=PFL - DNA Assembly

= Synthetic procedures to obtain pieces of DNA > 200 bp
= Step-wise joining of smaller pieces

= Verification by sequencing!
= errors from de novo synthesis
= assembly errors

= Modular process (construction of DNA libraries possible)

- General trend towards high throughput
= parallelization, miniaturisation
= total length, number of pieces 1
= price per assembly |

§ CH-313

20
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=PFL  Pushing the limits...

Generating a synthetic genome by whole genome
assembly: ¢X174 bacteriophage from synthetic
oligonucleotides

Hamilton O. Smith, Clyde A. Hutchison IlI¥, Cynthia Pfannkoch, and J. Craig Venter*

.ga"_ 15440-15445 | PNAS | December 23,2003 | vol. 100 | no.26

Synthetic genome design

= 1] Total synthesis of Escherichia coli with a
recoded genome

Julius Fredens'*, Kaihang Wang">*, Daniel de la Torre'*, Louise F. H. Funke!#, Wesley E. Robertson"*, Yonka Christoval,
Tiongsun Chia!, Wolfgang H. Schmied!, Daniel L. Dunkelmann!, Viclav Berdnek!, Chayasith Uttamapinant™3,
Andres Gonzalez Llamazares', Thomas S. Elliott! & Jason W. Chin'*

514 | NATURE | VOL 569 | 23 MAY 2019

21
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=PrL

§ CH-313

DNA (“read”)

22
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"L DNA Sequencing — Overview

® CH-313

= Analytical process to determine the sequence of nucleotides
(nucleobases) in a DNA molecule

I
111

- Key technology in molecular biology/biotech (“era of genomics®)
= early methods: 1970s
= wider availability: 1980s/1990s
= “next-generation” sequencing: late 1990s/early 2000s, ongoing!

2]
(2]

= Selected applications
= molecular biology
= evolutionary biology
= epidemiology, virology
= quality control (DNA synthesis, cloning etc.)

= diagnostics, forensics
= etc. etc. Second generation
sequencer: 454 GS20
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® CH-313

=PfL - Maxam-Gilbert Sequencing

= Allan Maxam & Walter Gilbert (1976—1977)
= Chemical modification of nucleobases - selective cleavage
* (1) labelling of target DNA on 5°- or 3‘-end (radioactive, dyes etc.)
® (2) splitting into four samples and base-specific modification
= A+G: depurination with formic acid
* G: methylation with dimethyl sulfate
= C+T: hydrolysis with hydrazine
* C: hydrolysis with hydrazine in presence of NaCl
= (3) cleavage at the modified base with hot piperidine
= (4) fragments are separated/resolved in acrylamide gel electrophoresis
= Base modifications (step 2) occur stochastically
- lower efficiency at greater lengths! (max. 200-300 bp)

* No longer in use!

5 32 PGCTACGTA 3'

24
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Prof. Dr. Markus Jeschek, LSAM
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=PFL - The Gold Standard — Sanger Sequencing *

§ CH-313

Chain-termination/dideoxynucleotide method
Simpler, faster, less hazardous, automatable
History:

= developed in 1977 by Frederick Sanger

= first commercialized in 1986

= still in use today!

= standard low-throughput sequencing in “every lab“

PCR-based method

Premature termination of DNA polymerase reaction ,

So-called “stop nucleotides”

Q: Why does the polymerization stop?

_ DNA polymeraseb ;

c

T

Tt
\H‘\tt >

il

E 1]
(AR R
! l

L
\

{
N

“
FPEAASADR =GB PO

o
r‘/)

G rrm
i
= lt' { |l H|( (M'.H'(‘
g

i1

=

VST ‘¥eyosar snyely i "Joid



=PFL - The Gold Standard - SangerSequencmg 7

= Classical procedure:
* (1) splitting of DNA into four samples
* (2) addition of one di-deoxynucleotide triphosphates

(B l
\H‘\tt >

il

E 1]
(AR R
|

f l\ A
\

(ddNTP) to each sample (together with mix of all four =/ ¢
dNTPs) ==
* (3) addition of primer and DNA polymerase - elongation _!"’5 A
and stochastical (!) incorporation of ddNTP - termination e
* (4) separation of fragments in acrylamide gel —
electrophoresis (visualization through radioactively -
labelled primer or nucleotides) <, @ e
7@’ - 3
—— = A DNA sequence for the genome of bacteriofhage ®X174 = Q
R of approximately 5,375 nudeot:dg&baubﬂﬂizﬁuauumd— . =
artICIes using the rapid and simple ‘plus 0 o g ‘-‘i_
— sequence identifies many of the fea - J 3
Nucleotide sequence of bacteriophage production of the proteins of the - o
d X174 DNA organism, including initiation and ﬁ ﬁ ﬁ} = o §
® F. Sanger, G. M. Air", B. G. Barrell, N. L. Brown', A. R. Coulson, J. C. Fiddes, proteins and RNAs. Two pairs of) 'O—T—O—T—O—T—o & - _S%
2 T ST same region of DNA using differf o o o j ®
5 e | [ oA polymerase : 5 J z




=PFL - Sanger Sequencing — Pushing the Price *

® CH-313

Fluorescently labelled ddNTPs (“dye-terminator sequencing®) iﬁN -
—> no radioactive labels/autoradiography ;&%
-> one instead of four reactions 6505

Capillary electrophoresis

Automation, miniaturization etc. ﬁ

600 — 1200 bp, < 4 CHF per sample, <24 h result delivery TN

high accuracy (> 99.9% per positions) 1U

Limitations:

* weak signal in the beginning (~50 bp from primer toehold)
* length limit

TACGCGATCGATA

* repetitive sequences

aaaaaaaaa

Q: What could be reasons for the length omonoven
limitation? h ﬁ

How can one sequence fragments larger
than ~ 1kbp? S

(2]
o

L1

<

PHPPRPRPRPPOHOPOPPOOOO-H-A00-D
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® CH-313

PFL. The Human Genome Project

= 1990-2003

= consortium involving USA (coordinating), UK, Japan,
France, Germany, China

- 3 billion US-$ and 20 universities (NIH funded)
- Based on Sanger sequencing and primer walking
= “End point” in 2003: ~85% of the genome

(i.,e. ~2.7 of 3.2 Mbp of the haploid genome)

= In parallel: privately funded project, Craig Venter
(shotgun sequencing!)

= Jan 2022: final gapless assembly
- Today: <1000 US-$ per human genome (NGS)

W 116

'yh o Genome
% Project
A\ Y

29
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® CH-313

= application scope (selection)

PFL Next-generation sequencing (NGS)

- “Massively parallel sequencing®, “2"4/3™ generation sequencing”,

“deep sequencing”, “high-throughput sequencing”...

= Different “recent” technologies (from late 1990s/early 2000s)

. “ ” NEXT-GENERATION
* whole-genome sequencing (“shotgut” approach) SEQUENCING

diagnostics

transcriptomics, amplicon sequencing (libraries!)

single-cell sequencing approaches

* etc.

- key technology for modern day biotech and medicine

30
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=L NGS — Main Methods (Overview) )

- “Second generation“ methods
* (1) Pyrosequencing (Roche 454) L P

Clusters

* (2) Sequencing by synthesis (lllumina)

* (3) Sequencing by ligation
* (4) lon semiconductor sequencing i

—J

* (2) Nanopore sequencing (MinlON etc.; Oxford

Nanopore Technologies) o

NANOPORE

Technologies

“Third generation” methods (single molecule)

* (1) Single-molecule real-time sequencing (SMRT;
Pacific Biosciences)

® CH-313

INVST M8ydser smylepy “iQ "joid

llumina



Ccpc -
=PFL - Pyrosequencing
- Sequencing by synthesis (following Sanger approach) o o
- dNTP incorporation detected via enzyme-coupled assay i:', ;:',
: . O ">\~ 0O
* (1) DNA polymerase adds one nt releasing pyrophosphate (PPi) b O b
* (2) sulfurylase converts adenosine 5 -phosphosulfate (APS) and PPi to ATP
* (3) ATP used by luciferase to convert luciferin under light emission
* (4) unincorporated dNTPs/ATP degraded by apyrase
Template TN
New Sequence ars @ . \W”‘.’ ATP (NA), + Nucleotide mp (NA),,, + PPi
1. Polymerase ’ l2.S|.|lf|.|n,vlaesev ’ I3.Luciferase ;-'J ¥ Light peak ATP sulfurylase
PPi + APS —_— ATP + S0
ATP + Luciferin + O, _——..LUCifcmsc AMP + PPi + Oxyluciferin + CO, + Light
g

32
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=PrL

® CH-313

1st benchtop HTP sequencer

Target DNA ligated to “adaptors”

Single-stranded fragments captured on beads (one per bead!)
Emulsion PCR to amplify fragments monoclonally

Decorated beads loaded into picotiter plate (Poisson distribution!)
~106 Wells = reaction vessels (~29 ym diameter)

dNTPs added one by one

Limitations:
* no termination - multiple incorporations, homopolymer read errors
* expensive
discontinued 2013 Q: Why is the amplification by PCR needed?
What is “monoclonality” and why is it needed?
What is a Poisson distribution?

Pyrosequencing — 454 Life Sci. (later: Roche)

Ligation of adaptors to m
DNA fragments

Emulsion PCR
S

Break emulsions and deposit

beads into picotiter plate 1

Ordered flow of dNTPs

Beads with clonally amplified template DNAs and sequencing enzymes
l Polymerase

Template
{+]
diNTP o
d:INTP o
/

PP; and APS

ﬁ ATP ATP-sulfurylase
Luciferase

LIGHT

Pyrosequencing

33
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=PFL  Sequencing by Synthesis (lllumina)

= “Extension of Sanger principle”

§ CH-313

Most widely used NGS technology today
Sequencing on chip surface (“flow cells®)
Fluorescently labelled, “blocked” dNTPs

Reversible termination: blocked dNTPs converted
into dNTPs to continue elongation after each
nucleotide/“cycle”

0 ¢ v‘« 0 "
1 - > !
N . . 5 HNT ) . flowcell ID
HN" [ cleavage o |
| site DNA (4] N
0”7 N
0 (8]
ppp” | O
Incorporation 3
3’ Detection OH free 3' end barcode
B block Deblock; fluor removal

Next cycle

34
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=PrL

§ CH-313

Shear Genarmic ONA or begin with cONA

End Repair (Blunt enc

v

Add 3 ATail

A

A

Ligate Adapters
\ v ”

v Enrich/Linearize with PCR

v

Sequencing

flow-cell
binding |

lllumina Seq. — Sample preparation (1)

35

flow-cell

target DNA

binding Il

sequencing
primer site |

Single index
Unique dual index

Dual index UMI

sequencing
primer site

Ps NSPIN ['sP2 i7index P7

Insert

P5 i5index | SP1 Insert SP2 i7 index P7

P5 i5index | SP1 Insert SP2 7 index UMIA P7

Flow cell binding sequence: Platform-specific sequences for library binding to instrument

Sequencing primer sites: Binding sites for general sequencing primers

Sample indexes: Short sequences specific to a given sample library

Molecular index/barcode: Short sequence used to uniquely tag each molecule in a given sample library

Insert: Target DNA or RNA fragment from a given sample library

VST ‘¥eyosar snyely i "Joid



=PrL

§ CH-313

* monoclonal (~1000 copies per cluster)

- Resulting clusters:

* several hundred thousand per mm?

* defined by 2D-coordinates on flow cell

* reverse strands washed off before sequencing

DNAP

Washed
away 7

A

- |sothermal DNA amplification on flow cell surface
- Via “bridges” using two types of immobilized oligos

Bridge Amplification
Cycles

|

lllumina Seq. — Cluster Amplification (2)

Clusters

Library is loaded into a flow cell and the fragments are
hybridized to the flow cell surface. Each bound fragment
is amplified into a clonal cluster through bridge amplification.

VST ‘¥eyosar snyely i "Joid
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=PFL  [llumina Seq. — Sequencing (3) ¥

- DNA polymerase extends sequencing primer RN Y ¥ .
. . . HN cleavage 'or % "
- Fluorescent, reversible termination dNTPs | “se ™ ona 07w
- Cycle (once per nt/position) idl o o o
Detection OH free3'en

3
M block Deblock; fluor removal

Next cycle

* (1) elongation by one nucleotide
* (2) imaging
)

* (3) de-blocking+removal of fluorophore

G
—_— L'G‘ :
. \ : Cycle 1
l
' Cycle 2
t"f}_"lzi SR { i‘il B o
Lo Lo |1 s ! ' I Cycle 3

INVST ‘Neyosar snyJep IQ “Joid
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= Images analysed in real time (each cycle+channel)
* “pase calling” and quality scores obtained for each cluster

* images deleted
* FASTQ file produced

« FASTQ files

* line 1: unique read ID (instrument/flow cell ID, lane, cluster
coordinates, index, PE: forward or reverse read etc.)

* line 2: sequence

* line 4: quality score (“Phred®, ASCII code)

QHISEQ:126:H14YJADXX:1:1101:1118:2101 1:N:0:ATCACG

CTCCATAGTCAGAAA! CAGCATGACAGTACCTCATGCTGCATCAGGTGATCATGAARAGATTAC
+
@@?ADDDD?ADHDIIIIIIIEIIIGEFHC<?FH4C9E9BGAFIGH<DG9BD?@DGGEGHHG<DCBEB

® CH-313

Phred quality scores are logarithmically linked to error probabilities

Phred Quality Score Probability of incorrect base call Base call accuracy

10
20
30
40
50
60

1in 10 90%

1in 100 99%

1in 1000 99.9%
1in 10,000 99.99%
1in 100,000 99.999%
1in 1,000,000 99.9999%

Phred =-10 log,,p

p = Probability call is incorrect

https://www.youtube.com/watch?v=fCd6B5HRaZ8
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=L [|lumina Seq. — Data Analysis (5) N

= From FASTQ files lor2 |
, : . , (fwd or rev read) index
* optional: de-multiplexing of samples (deconvolution of

(6-/8-mer)
index combinations) ‘ f
* optional: pairing of reads (paired-end reading) 1:1118:2101 [1}N: 0 {atcace

CAGTACCTCATGCTGCATCAGGTGATCATGAAAAGATTAC

FHC<?FH4C9E9BGAFIGH<DG9BD? RDGGEGHHG<DCBB
= E.g. for whole-genome assembly...

* short reads “stitched” together in silico via overlaps Genome

* contigs 2 scaffolds - entire assembly = FEEEEEEEEEEEEEEEEEEEREEEE = Reads
* “oversampling” for statistical coverage (30-200x)

e mapping to reference genomes -

Scaffolding

N

Scaffold/SuperContigs

= Different procedures for each application S S l

(amplicon sequencing etc.) —

N
Assembled Genome

® CH-313
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=PFL. NGS — Main Methods (Overview)

= “Third generation” methods (single molecule)

* (1) Single-molecule real-time sequencing (SMRT;
Pacific Biosciences)

* (2) Nanopore sequencing (MinlON etc.; Oxford
Nanopore Technologies)

NANOPORE

Technologies

§ CH-313

40
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£PFL Single-molecule Real-time (SMRT) Sequencing

§ CH-313

- Pacific Biosciences (PacBio)
- Zero-mode waveguides (ZMWs) contain...

* single DNA polymerase molecule, immobilized
* single molecule of DNA template
* “phospholinked” nucleotides

* reaction vessel: (70 nm diameter, 100 nm depth)

= Principle: labelled nucleotides incorporated by DNA
pol. = labels are held a little longer in the ZMW

than average diffusion - detected as a “flash”
of oo |F 3 % BN

Inte ity m—p
3
hel
c
3

.

{

d

§ =

O]

%o

& Q
& P 4 L X
22 A X% Glass
3 e
v ion v ssion

fluorophore

HO 0 (o]

base NH,
N%E
o/)\u

~~ 2 9 9
1 | |
| | | |
o- 0 O N y
linker ~ H(')H HH
se Y,

o}

triphosphate  deoxyribose

VST ‘¥eyosar snyely i "Joid



£PFL Single-molecule Real-time (SMRT) Sequencing *

Brief procedure: . |

* linear DNA fragments ligated to bell-shaped adapters
* DNA loaded on SMRT cell (Poisson distribution!)

m;;;;;;11:;;;;;;;;;;111:;;;;;;;;;11;;;;;;;;;;;11; ‘E e
* Reading is performed in a circle (multiple times) .yLuv””’} @

DNA fragment Ligated hairpin adapter

Long-read technology (30 kb average, good for repetitive

sequences!) o Poisson distribution (A = 1)
+ Up to 4,000,000 reads -
= High error rates (5-15% per base) A e e e
= Fast (<< 24 h)
= Some modified bases can be directly detected (label-free!) . ‘ti
* mainly methylated bases (e.g. N6-methyladenine, N4- e e sl

sequencing

methylcytosine)

Light Intensity

* epigenetics!
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EPFL. Nanopore Sequencing

Oxford Nanopore Technologies (MinlON,
PromethlON etc.)

- Label-free, single-molecule technique
= Portable equipment, real-time results

- Long-read technology (> 4Mbp successfully
demonstrated)

- 512 — 2,675 pores per flow cell, repeated passage
possible

= Error rates of 3-8% (lately improving drastically)

- Modified bases and other molecules (RNA,
proteins) can be directly “sequenced”

§ CH-313
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=PFL. Nanopore Sequencing - Principle

§ CH-313

single-stranded DNA/RNA molecules are “pushed” through
nanopore via processive enzyme (e.g. DNA helicase)

pore embedded in membrane and surrounded by electrolyte

electric field across the membrane - electrophoretic motion
of ions through pore

if a larger molecule (e.g. DNA strand) occupies pore, ion flux
is disrupted (detectable by voltage change in real time)

voltage changes are specific for base/molecules

pores: biological (a-hemolysin, MspA) or solid-state (metal,
metal alloy)

mostly synthetic membranes

https://www.youtube.com/watch?v=E9-Rm5Ao0ZGw
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® CH-313

Pyrosequencing
(Roche)

Sequencing by
synthesis
(lllumina)

lon
semiconductor
(lon Torrent)

SMRT sequencing
(PacBio)

Nanopore

Sequencing
(Oxford)

Sanger

max. read

length [bp]

700

50-600

600

30k-100k

> 4000k

1200

error rate

[%]

0.1-1

0.1-1

~0.5

5-15

3-8

0.01

max. reads
per run

1M

52B

80M

4M

dep. on
length
(~few 100k)

time per
run [h]

24

4-48

0.5-20

72

0.2-3

single
molecule?

no

no

no

yes

yes

no

10k

2-150

50-1000

5-50

5-100

2-3M

discontinued, expensive,
homopolymer errors

expensive equipment,
cheap Gb price, low error
rates

cheap equipment, very
fast, homopolymer
errors

expensive equipment,
long reads, fast,
methylation

handheld, cheap
equipment, longest
reads, other molecules

gold standard, low
throughput
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=PFL DNA Sequencing — Costs

Cost per Human Genome
$100,000,000

$10,000,000

Moore’s Law
$1,000,000

$100,000

$10,000

National Human Genome
Research Institute

genome.gov/sequencingcosts

$100
2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
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=PrL

Questions?

Thank youl!
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