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High speed sequencing
High through-put sequencing
SANGER Next generation sequencing
Massively parallel sequencing
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Single-stranded template DNA
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[A] reaction (terminates with fidATP) synthesized DNA
1 I I
b ‘ AG R | n+2
gl e AGTAGE———1lg5 N+5
+ AGTCCGGTAGTAGL——————1 n+13
ACGAGTCCGGTAGTAG—————1 n+16
[] reaction (terminates with ddCTP)
+CGGTAGTAG—————1] n+9
3 . CCGGTAGTAG ] 5 n+10
s GCGAGTCCGGTAGTAG————————1 n+15
CTTACGAGTCCGGTAGTAG———— n+19
G reaction (terminates with ddGTP)
n
G — n+1
GTAG ————— n+4
. GTAGTAG——— 1| n+7
8 o GGTAGTAG—————1 45 n+8
GTCCGGTAGTAG———— 1 n+12
8AGTCCGGTAGTAG———————1| n+14
&CTTACGAGTCCGGTAGTAG—————1] Nn+20
reaction (terminates with ddTTP)
n
TAG — n+3
TAGTAG: n+6
3 TCCGGTAGTAG 5 n+M1
.TACGAGTCGGGTAGTAG — n+17
TTACGAGTCCGGTAGTAGL 1 n+18
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Figure 7-3 part 1 of 2 Human Molecular Genetics, 3/e. (@ Garland Science 2004)
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a =
Life/APG — Sequencing by ligation F PO,

. m
Priner round 1 i m

Liniversal seq primer ()
3
: - b/ :'l-
% Pladapter Ta Target sequence

3 ‘. Fluorescence,
12-probes | Excite  four-colour imaging
%, v Interrogation bases |
n Degenerate bases \A.
I t.t t z Universal bases i *
| prrrTTTTTTYTTTTTTT
nsutu ¢ | "
Pasteur g
de lille 3 Tﬁm'{!z‘/ i;:f Cleavage agent /*
T
3 T 5 _ AN
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Repeat ligation cycles Ligaticncycle1 2 3 4 5 & I (ncycles)
A TA AR CGAR CA AR GT CG

Reset primer {r = 1), repeat ligation cycles

\

ﬁ =,
Primer round 2 ll! ! ! ? gl | base shift

Universal seq )
primer (- 1)

3
B

‘i:\ -
]

WAl CT GC TG AT CC G
TTTTTTTRRTTIoTRIIn

T GA 0O AT TA GG GO
Reset primer three more times

b Alignment of colour-space reads to
Two-base encoding: each target colour-space reference genome
nucleotide is intermogated twice R
Template
Indbase  sequence
ACGT| 080000
E L ATACARGA o >
#ic —CGCACCTC : R -
& g GCGTGAAG ¥ snp
- J-TATGTIET | 1oaGATTCAGCCTECTECTCTATCA
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Roche/454 — Pyrosequencing
1-2 million template beads loaded into PTP wells

Flow of single dNTP type across PTP wells —=

| C = C pia s

Polymerase
APS
Phuc FP.
Sulphurylase — ATP
Luciferase i Luciferin
Lipht and oxyluciferin
d Flawgram

TCAGGTTITITAACAATCARCTTTTTOCATTARRATSTAGRTARCTS
CATARATTARTAACATCACATTAGTCTGATCAGTGAARTTTAT
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Mature Reviews | Genetics



Personal Genome Machine® (PGM) lon Torrent
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lon Proton (lon Torrent)

lon Proton™ Sequencer
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- pas de molécules fluorescentes
- run < 2 heures
“= - qualité données brutes : Q20

- R&D tres active

'lon tforrent
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Préparation de la matrice
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WorkFlow — PGM / lon Torrent
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Préparation
d’une librairie
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lon Xpress™
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Polymérisation avec liberation de proton

4dNTPs
5 m—
Institut R
Pasteur
delille
Example: Primer
5 G

3!
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Template
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La donnée brute... le ionogramme Single Well Incorporation Trace
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Cycles : ;I'—>A—>C —>(|3

420x pour 200 nucl.
850x pour 400 nucl.

Frames (15 frames = 1 second)
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Séguencage et primo-analyse
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Principes généraux

transistors

Pentium® 4 Processor 100,000,000
Pentium® Ill Processor
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Adapter le débit de séguences... a une problématique précise

Personal Genome Machine — lon Torrent
Puce 318
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Sequence Output

Puce 314

Read Length: 100bp

Fondation Q4:2010 Q2:2011 Q4:2011 2012
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Single

molecule?

1,000,000,0007

o 100,000,000 Massively parallel
c sequencing
'::‘-g 10,000,000 St
£ sequencers
» 1,000,000

(1)

[oR

= 100,0000 . ‘ Microwell
-8 Capillary sequencing B ae anenn
g 10,000

0 Gel-based systems

@ 1,000 Second-generation
_g AETECes capillary sequencer
o) 1009 Manual slefrs)e First-generation
X slab gel capillary

10 w—=
I [ I I I I I 1
1980 1985 1990 1995 2000 2005 2010 Future

Year

Figure 3 | Improvements in the rate of DNA sequencing over the past 30
years and into the future. From slab gels to capillary sequencing and
second-generation sequencing technologies, there has been a more than a
million-fold improvement in the rate of sequence generation over this time

scale.

Temps de doublement = 16 mois

1998 0.3 10° basesl/jour
2008 10° basesl/jour
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Séquencage du génome humain

Génome humain = 25000 genes
3,4 milliard de bases

4000 livres de 250 pages

1990-2001

Séquencage du génome humain :
- Debuté en 1990 par Human Genome

Project (HGP) et Celera
- Publié (ébauche) en 2001 et assemblé

(99.99%) en 2003
- Co(t = 3 milliards de $
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Séquencage du géenome humain

Fin 2012

Séquencage du génome humain :
- lonProton (Life Technologies)
- Durée du run = 1 journée
- Codt = machine : 149000% ; Consommables : 1000$

.
,
.

lon Proton™ Sequencer

- 26 -



Séquenceurs 2*¢ génération

Société Roche Illumina Life Technologies
& - I I Y — W=
< Genome lon Torrent SOLID 4 SOLiD SOLID
Institut Misea HiSeq 1000  HiSeq2000 apajyzeriix PGM 6500 5500xI
Pasteqr P Chip Chip Chip
de lille
l Acides nucléigues (matrice) I
[ e Ligation adaptateurs ]
( PCR en émulsion « Bridge PCR » d PCR en émulsion A
Méthode I ;K
d’amplification E i 2 M I l ﬂ ﬂ | Iﬂl@l | H I# _ o %‘:&
e 3#('_3:% Illzlli'll lll’lll}u'l' @ ¥ iy {3‘{} {:} %:3%
. ., /
Méthode de : : : ( -~ i
—— Synthése (Pyroséquencage) J[ Synthése Ligation

Duréed ; . -
o 10h 10h_ 20h 26h 8jrs 8jrs 14jrs . 8jrs 8jrs
séquencage/run IEEL - WG < i

Capacité (Mb
e i 500 900 1500 100000 200000 95000 >10 >100 >1000 70000 80000 150000
SEquen;agelrun “-._,__r\\_,_/ 4 Nae g - ’ i - - =T N i __

Taille moyenne

400 400 700
d d i . 150+150 100+100 100+100 150+150 100 >100>100 50435 75+35 75+35
esreads S i i i A i O O O ey R AT A
Codt ($) /run 1100 6200 S50 10000 20000 11500 750 950 8150 6100 10500

. el e T S L F Nl & W e g g
Colt machine +

110+25 500+30 12500 560 250 50+20 480455 350455 600455
annexes((K$)) =2 7 b g " g L ; i S il L N

Exactitude de
séquencage (%) &y Q O O ) @& @ G

Fondation . . .

' adaptation : Renaud Blervaque / biorigami.com
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Sequencewry 2¢eme genératiow (2013)

lllumina || Life technologies

AMrY - - @

MiSeq GAllx HiSeq HiSeq lon PGM lon Pr t
1000/1500  2000/2500 Chip Chip Chip Chip Chip SUL[} SDLD

214 316 313 Pl =l
V2 V2 V2

QEERrRE

®) (v) ¥ @ ®E® %) (v )
¥ & @@&@uo@uO
¥ @ @@U@OOOO@

adaptation : Renaud Blervaque / biorigami.com
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Une plateforme commune pour des champs

d’applications couvrant tout le spectre des
études transcriptomiques et génomiques

Institut
Pasteur

delille

mRNA expression profiling
Biomarker discovery
Whole genome re-sequencing
Diagnostics

Targeted re-sequencing
ChlIP-sequencing

De Novo sequencing
Epigenomics

Exome sequencing

High throughput genotyping
Metagenomics
Protein analysis
Digital karyotyping
Forensics

0.8%

Other [0.0%

2.6%
2.0%
1.7%

Pourcentage des différents champs d’applications sollicitant les
plateformes de séquencage haut-débit (données 2009-2010)

3.7%

13.8%

12.0%
10.7%
10.4%
9.0%
6.8%
5.7%
5.4%

15.4%

0.0%
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2.0%

4.0%

6.0% 8.0% 10.0% 12.0% 14.0%

Adapté du rapport J.P. Morgan : Next Gen Sequencing Survey (2010)

16.0%

-30 -



Re-seguencage

Institut
Pas't'ZC.r“ » Séquencage de souches d’E. coliisolées lors de I'épisode épidémique de

delille I’été 2011 dans le Nord

» Entre le 6 juin et 1¢ juillet 2011 => 12 cas de syndrome hémolytique et
urémique (SHU) liés a la consommation de steaks hachés (source InvS)

» Le mercredi 29 Juin : réception d’ADN genomique d’'un isolat
Procédure de validation => Proposition travail 316x (1°'¢ mondiale)

» Le vendredi 1¢" juillet : séquencage du génome entier sur puce 316
(100MDb)

» Intéréts ;- Faisabilité (3 j de manipes, 1 semaine d’analyse)
- Souches multiples, 4 groupes différents
- Identification région hypervariable => diag. différentiel testé, valide
Fondation - Base pour le developpement d'un pipeline d’analyse automatique

reconnue
d’utilité 31
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Rencontre ELIVIA

Institut @\‘

— e
Institut PaSteqr’g%éﬁ;_'
Pasteur de Lille Y 6
de Lille

VOUS D '.\_,'il".\P:

=4
80 GENES DFFUSON

GenoScreen

@ B hgznce Regonals de a2
Nord-Pes-de-Calais
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lundi 17 octobre 2011

Communiqué de presse
05/07/2011

L'Escherichia coli séquencée
en un temps record
a l'Institut Pasteur de Lille

Une premiére mondiale : le patrimoine genetigue du
germe d'Escherichia coli, responsable de 'intoxication
d'une dizaine de personnes dans le Nord de la France,
a été déchiffré en moins de trois jours grace & une
nouvelle technologie de sequencage par semi-
conducteurs (lon Torrent, Life Technologies) et une
collaboration efficace entre le Centre Hospitalier
Regional Universitaire de Lille, I'Institut Pasteur de Lille
et la société Geénes Diffusion.

de la bactérie incriminée, les équipes de la plateforme de

Transcriptomigue et Genomique Appliquée de l'institut Pasteur
de Lille* et de la société Génes Diffusion, gqui travaillent en
collaboration sur le site de 'Institut Pasteur de Lille, ont réalisé un
séguencage complet du génome de la bactérie £. coli, isolée d'un des
enfants hospitalisés au CHRU de Lille.

Vendredi 1# juillet, soit moins de trois jours aprés la réception

-32-



Comparaison aux souches répertoriées
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SNPs-Indels

IEIEI Z?D 3?0
thrl NC_002695 CACCACCACCATCACCATTACCATTACCACAGGTAACG(
thrlL
N Consensus CACCATTACCACCACCATCACCATTACCACAGGTAACG(
4 Cnvera:
NC_002695 ——— - o
_ - -TCACCACCA-C-CHATEACCATTACCACAGGTAACG(
e CACCATTACCATCA
CACCATTACCAEBCACCATEBACCATTACCACAGGTAACG(
CACCATTACCAECACCATEACCATTACCACAGGTAACG(
CACCATTACCAECCACCATIEACCATTACCACAGGTAACG(H
CACCATTACCABCACCATEBIACCATTACCACAGGTAACG(H
CACCATTACCAECACCATEACCATTACCACAGGTAACGC
CACCATTACCAECACCATEACCATTACCACAGGTAACGY
CACCATTACCAEBCACCATEACCATTACCACAGGTAACGC
CACCATTACCABCACCATEACCATTACCACAGGTAACGY
CACCATTACCAECACCATEACCATTACCACAGGTAACG(
CACCATTACCABCACCATEACCATTACCACAGGTAACG(H
CACCATTACCABCACCATEBIACCATTACCACAGGTAACG(H
CACCATTACCABCACCATEACCATTACCACAGGTAACG(
CACCATTACCABCACCATEBIACCATTACCACAGGTAACG(H
CACCATTACCABCACCATEACCATTACCACAGGTAACGY
CACCATTACCABCACCATIACCATTACCACAGGTAACGH
Query 1 GRATCGTCAGTTGCGGGTGGRRARARTICETGARTCGC GFATCCPCC' [TGCR
. oL L8 00 o A \]Il\ll III\IIIIII\ II1I|||I\ NN
Sbjct 40431 GRAATCGTCAGTTGCGGGTGGARRRRAAMTETGAATCGCT 'CCPTubPG [TGCAQC
Query 61 BEGGTGCARGARACGHCE AGCCPTP GCGTTGAGTCA

CFAGGTGCAGRACG.

!I\IIIII\IIII\IIII
GATACGCGTTGAGTCA

Query 121 GGCGARATCCATCGCTGATGARCTGHACFACCGGGTGTACRAATTTTGCGTTCAGCGGRAR
Shict 1404431 GGLCARATCLATCGCTGATGAACTS '.;'.llc.' STOTACARATTITGCATICACCERAAR
Query 181 ACCTGGTACCGGGRAGAACCACTTAGCGGCAGCTATCGGGAATCGCCTGCTGARAAGACGG
sbjct 1404491 ACCTGOTACLAGSAGRALLALTTAGLAGLAC AT S RAT A ntaRnCAL S
Query 241 TCAGACAGTGATTGTGGTTACCGTGGCTGATGTTATGAGTGCCCTGCACGCCAGCTATGA

jot 1404551 TOAGACAGTOATTGTMITACEETCOLTEATOTTATCACTELLCTCEALOLCALLTATER

|dentification des caracteristiques
genomiques (/ souches voisines)
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Principe d’analyse d’'une nouvelle séguence

Institut

Pasteur

delille

SE11 (B1)
IAL (B81)
E24377A (B1)
0103 (81}
0111 (B1)
028 (B1)

UMNO26 (D)

T HS (A ;.'
b 0157 (E)

— >
L

1139 (D)
536 (B2)

0] 100 EDa (B2)
Fondation _._G,_-,-W_.”EH
reconnue E2348/89 (B2)
d'utilité

publique

Jour SBE (B2)
Ll E.Ema (B2}

B3 AFEC (B2)
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Objectifs du pipeline d’analyse

jiiji

o 2/ Replacer la
1 / Identification de Pl Apomiecs souche dans un
Institut | h e i
Pasteur a souche = Con'ltexltg
deLille o = T phylogenétique
@ — N .

— . 3/ ldentifier les variations
(SNPs, DIP, HTG, Deléetions)

k\ N St 0,
X / \

4/ Caracterisation 5/ Assemblage des
automatique des elements éléments nouveaux
nouveaux (HTG) (HTG)

i

L %E

53

Processus
auto-enrichi

6/ Design automatique de
test (oligos pour PCR diag.)

Fondation
reconnue
d’utilité
publique
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Couverture % Nbr. Mut. Nbr. Nbr. DIP  Taux de

Taille (% taille reads mutations ponctuelles mutations Nbr. dansles mutations
| . GENOME (bp) totale) Profondeur alignés ponctuelles intra CDS  codantes DIP CDS  normalisés
nstitut CB9615 5386352  96.5 16.6 90.9 12908 10616 3706 437 231 0.0026
Pasteur 0111 5371077 87.3 14.6 79.9 78990 70597 13158 1521 519 0.0172
delille sakai 5498450 95.4 16.3 91.2 6627 5612 2352 423 224 0.0013
TW14359 5528136 95.9 16.3 91.9 7254 6021 2433 425 238 0.0014
126;‘4]]] 126':’200 126':400 126;‘6130 1267 800
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La métagénomique

I Principe : Etablir le catalogue des microorganismes présents (microbiote)
Pasteur dans un environnement données (microbiome) via une approche de
de Lille séquencage a haut debit
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La métagénomique
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La métagénomique — Analyse Biostatistique
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eta Metagenomics
of the Human Intestinal Tract

m T European research project

Laboratories The microbiota
Institut INTRODUCTION -Ilo 8 ®
Pasteur Since 2008, researchers with m I Io n Countl‘les
the European consortium
MetaHIT have been analyzing 1 4 resea rCh_ & ; > >
de lille the collected genomes of the |ndustr|al 6
m{;l’smreg'anl‘:‘nxigrgg?galn ouE The 4 year program was financed in large part by the institutions are involved in the The microbiota is an ecosystem composed of billions of bacteria that make up a
. . European Union under the FP7 (7th Framework consortium, with more than 50 veritable “organ.”Within 24 hours of birth, these bacteria colonize our digestive
Programme). researchers and cooperation tract to form our intestinal microbiota (2kg for adults). MetaHIT focuses on the
between Europe and China. digestive tract since it is where the largest and most diversified bacterial
community lives in our body.
Observations Research themes
L
RESEARCH ChronIC - Medicine. With the study of the DEFINITION
: . . 3‘3 . microbiota and the established catalogue 2
plitletgn?ergtoog ut"[_'l ?ow,tthe v of genes, we can have an unprecedented Enterotypes
intestinal microbiota interests . . i i b
3 e A overview of the microbiota in healthy A
researchers as an avenue of ﬂ lnfECtlous w ~/ ‘ = individuals and in patients. With the ‘?7 J e There are three in the
inquiry to explain the evolution discovery of enterotypes we can imagine fé =~ s.5" world's population,
of chronic diseases. Observations made in the Nutrition. Better knowledge of the the upcoming development of new ; N o each characterized by a
past 50 years cannot be solely  intestinal microbiota of individuals will diagnostic or even prognostic tools for N SN predominant bacterial
explained by variations of our ~ enable the nutritional needs to adapt to human health. - o population.
genome, everyones specific nutrient needs, > é .
Genome sequencing Discovery of the 3 enterotypes*

FINDINGS S . * LA » o

° I I @ . )
[ N -
The MetaHIT consortium m I I o n P i\ N P \ [ =e—
published two major findings in B T \ - + ~L
the scientific journal Nature : an ’ W o -\ r o - N N
Interactions between ! 2 [ /

established catalog of bacterial bacteria populations ‘@

ggnes in the intestine; and the The gut bacterial gene catalog, which can be compared to ¥ ho LS 5

iscovery of enterotypes. a molecular scanner, was established by metagenomic high S N ° °
throughtput sequencing and allows the observation of the (C)
human gut microbiome. a.Bacteroides b. Prevotella <. Ruminococcus
Chronic diseases Nutritional impact Personalized medicine

PERSPECTIVES

MetaHIT opens avenues for
further efforts in the field of
human microbiome research :

If it is possible to reveal early warning Vod

signs of obesity, one can imagine nu- \

tritional intervention and diet advice

being used to reestablish a healthy mi-
B

crobiota. The possibility of intervening

early detection of chronic ag directly in the flora, in the case of dis-
diseases, personalized medicine Disturbances in the microbiota can be early warning turbance to the intestinal ecosystem, Classification by enterotype will help in the development of diagnostic
and more healthful food. signs for certain diseases like Crohn's disease or could also be envisioned. tools able to reveal cases where a planned treatment would not be
diabetes. effective, and to adapt it accordingly.
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Mapping and quantifying mammalian transcriptomes
by RNA-Seq
Ali Mortazavil2, Brian A Williams!2, Kenneth McCue!, Lorian Schaeffer! & Barbara Wold!
We have mapped and quantified mouse transcriptomes by approaches to large-scale RNA analysis are serial analysis of gene
| deeply sequencing them and recording how frequently each expression (SAGE)** and related methods such as massively par-
°] gene is represented in the sequence sample (RNA-Seq). This allel signature sequencing (MPSS)®, which use DNA sequencing
| provides a digital measure of the presence and prevalence of of previously cloned tags 17-25 base pairs (bp) from terminal 3
2| transcripts from known and previously unknown genes. We (or 5") sequence tags. These sequence tags are then identified by
report reference measurements composed of 41-52 million informatic mapping to mRNA reference databases or, for longer
mapped 25-base-pair reads for poly(A)-selected RNA from tag lengths, to the source genome. A strength of SAGE and SAGE-
adult mouse brain, liver and skeletal muscle tissues. We used like methods is that they produce digital counts of transcript
RNA standards to quantify transcript prevalence and to test abundance, in contrast to the analog-style signals obtained from
the linear range of transcript detection, which spanned five fluorescent dye—based microarrays. However, SAGE-family assays
orders of magnitude. Although >90% of uniquely mapped provide no information about splice isoforms or new gene discov-
reads fell within known exons, the remaining data suggest ery, and fully comprehensive measurements of lower-abundance-
new and revised gene models, including changed or additional class RNAs have not been achieved owing to cost and technology
promoters, exons and 3" untranscribed regions, as well as new constraints. Expressed sequence tag (EST) sequencing of cloned
candidate microRNA precursors. RNA splice events, which are cDNAs has long been the core method for reference transcript
not readily measured by standard gene expression microarray discovery’?. It has both qualitative and quantitative limitations,
or serial analysis of gene expression methods, were detected imposed partly by historic sequencing capacity and cost issues,
directly by mapping splice-crossing sequence reads. We and more crucially by bacterial cloning constraints that affect
observed 1.45 x 10° distinct splices, and alternative splices which sequences are represented and how sequence-complete
were prominent, with 3,500 different genes expressing one or each clone is. Recently, dense whole-genome tiling microarrays
more alternate internal splices. have been developed and applied to transcriptomes for measur-

| Division of Biology, MC 156-29, California Institute of Technology, Pasadena, California 91125, USA. 2These authors contributed equally to this work. Correspondence
should be addressed to B.W. (woldb@caltech.edu).

RECEIVED 2 MAY; ACCEPTED 27 MAY; PUBLISHED ONLINE 30 MAY 2008; D0I:10.1038/NMETH.1226
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mRNA-Seq whole-transcriptome analysis of a

single cell

Fuchou Tang"?, Catalin Barbacioru®®, Yangzhou Wang?, Ellen Nordman?, Clarence Lee?, Nanlan Xu?,
Xiaohui Wangz, John Bodeau?, Brian B Tuch?, Asim Siddiquiz, Kaigin Lao* & M Azim Surani!

Next-generation sequencing technology is a powerful tool for
transcriptome analysis. However, under certain conditions, only a
small amount of material is available, which requires more
sensitive techniques that can preferably be used at the single-
cell level. Here we describe a single-cell digital gene expression
profiling assay. Using our mRNA-Seq assay with only a single
mouse blastomere, we detected the expression of 75% (5,270)
more genes than microarray techniques and identified 1,753
previously unknown splice junctions called by at least 5 reads.
Moreover, 8-19% of the genes with multiple known transcript
isoforms expressed at least two isoforms in the same blastomere
or oocyte, which unambiguously demonstrated the complexity

of the transcript variants at whole-genome scale in individual
cells. Finally, for Dicer1—/— and Ago2—/— (Eif2c2~/~) oocytes,
we found that 1,696 and 1,553 genes, respectively, were
abnormally upregulated compared to wild-type controls,

with 619 genes in common.

function'®1>. Therefore, a more sensitive mRNA-Seq assay, ideally
an assay capable of working at single cell resolution, is needed
to meaningfully study crucial developmental processes and stem
cell biology.

Here we modified a widely used single-cell whole-transcriptome
amplification method to generate cDNAs as long as 3 kilobases (kb)
efficiently and without bias'®!7. With Applied Biosystems’ next-
generation sequencing SOLiD system, we found that it is feasible to
get digital gene expression profiles at single-cell resolution. Using
our mRNA-Seq assay with only a single mouse blastomere, we
detected expression of 5,270 more genes than microarrays using
hundreds of blastomeres. Using only a single blastomere, we also
identified 1,753 previously unknown splice junctions, which have
never been detected by microarrays at single-cell resolution. We
found that hundreds of genes expressed two or more transcript
variants in the same cell. We also found that in Dicer] '~ and
Aguz_f ~ mature oocytes, 1,696 and 1,553 genes, respectively, were

ahnarmalbr simresonlated and 1871 and 1 121 genes  recmectiralyr

"Wellcome Trust—Cancer Research UK Gurdon Institute of Cancer and Developmental Biology, University of Cambridge, Cambridge, UK. “Molecular Cell Biology
Division, Applied Biosystems, Foster City, California, USA. *These authors contributed equally to this work. Correspondence should be addressed to M.A.S.
(as1002 1@mole.bio.cam.ac.uk) or K.L. (laokg@appliedbiosystems.com ).

RECEIVED 2 DECEMBER 2008; ACCEPTED 2 MARCH 2009; PUBLISHED ONLINE 6 APRIL 2009; CORRECTED ONLINE 19 APRIL 2009 (DETAILS ONLINE); D0I:10.1038/NMETH.1315

MNATURE METHODS | VOL.6 NO.5 | MAY 2009 | 377
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Genome-Wide Mapping of in Vivo Protein-DNA
Interactions

David S. Johnson, et al.

Science 316, 1497 (2007);

AVAAAS DOI: 10.1126/science.1141319

Genome-Wide Mapping of in Vivo
Protein-DNA Interactions

David S. Johnson,™* Ali Mortazavi,”* Richard M. Myers,'t Barbara Wold*?t

In vivo protein-DNA interactions connect each transcription factor with its direct targets to form a
gene network scaffold. To map these protein-DNA interactions comprehensively across entire
mammalian genomes, we developed a large-scale chromatin immunoprecipitation assay (ChIPSeq)
based on direct ultrahigh-throughput DNA sequencing. This sequence census method was then
used to map in vivo binding of the neuron-restrictive silencer factor (NRSF; also known as REST, for
repressor element—1 silencing transcription factor) to 1946 locations in the human genome. The
data display sharp resolution of binding position [+50 base pairs (bp)], which facilitated our
finding motifs and allowed us to identify noncanonical NRSF-binding motifs. These ChIPSeq

data also have high sensitivity and specificity [ROC (receiver operator characteristic)

area > 0.96] and statistical confidence (P < 107%), properties that were important for inferring new
candidate interactions. These include key transcription factors in the gene network that regulates
pancreatic islet cell development.
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| RESEARCH ARTICLE

Genome-Wide Analysis in Vivo of
Translation with Nucleotide
Resolution Using Ribosome Profiling

Nicholas T. Ingolia,* Sina Ghaemmaghami,{ John R. S. Newman, Jonathan S. Weissman

Techniques for systematically monitoring protein translation have lagged far behind methods for
measuring messenger RNA (mRNA) levels. Here, we present a ribosome-profiling strategy that is
based on the deep sequencing of ribosome-protected mRNA fragments and enables genome-wide
investigation of translation with subcodon resolution. We used this technique to monitor
translation in budding yeast under both rich and starvation conditions. These studies defined the
protein sequences being translated and found extensive translational control in both determining
absolute protein abundance and responding to environmental stress. We also observed distinct
phases during translation that involve a large decrease in ribosome density going from early to late
peptide elongation as well as widespread regulated initiation at non—adenine-uracil-guanine (AUG)
codons. Ribosome profiling is readily adaptable to other organisms, making high-precision
investigation of protein translation experimentally accessible.
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Single-nucleotide discrimination in immobilized DNA
oligonucleotides with a biological nanopore

David Stoddart, Andrew J. Heron, Ellina Mikhailova, Giovanni Maglia, and Hagan Bayley'

Department of Chemistry, University of Oxford, Oxford OX1 3TA, United Kingdom

Edited by Daniel Branton, Harvard University, Cambridge, MA, and approved March 11, 2009 (received for review January 30, 2009)

The sequencing of individual DNA strands with nanopores is under
investigation as a rapid, low-cost platform in which bases are iden-
tified in order as the DNA strand is transported through a pore under
an electrical potential. Although the preparation of solid-state nano-
pores is improving, biological nanopores, such as a-hemolysin (aHL),
are advantageous because they can be precisely manipulated by
genetic modification. Here, we show that the transmembrane p-
barrel of an engineered «HL pore contains 3 recognition sites that can
be used to identify all 4 DNA bases in an immobilized single-stranded
DNA molecule, whether they are located in an otherwise homopoly-
meric DNA strand or in a heteropolymeric strand. The additional steps
required to enable nanopore DNA sequencing are outlined.

a-hemolysin | DNA sequencing | genomics | protein engineering |
protein pore

Wang and colleagues first showed that the direction in which DNA
enters the aHL pore (5 or 3’ threading) affects the extent of
current block (15), an observation supported by the data of Mathé
et al. (16), and recent studies have shown that the rate of capture
of DNA by protein pores is enhanced when the interior surfaces
bear a net positive charge (17, 18). Under the high applied
potentials required for threading, freely moving DNA is translo-
cated through the wild-type (WT) aHL pore too quickly for bases
to be identified, unless the bases are modified with bulky groups
(19). In a step toward the management of this problem, the Ghadiri
group have shown that ssDNA can be ratcheted one base at a time
through the aHL pore by the action of a DNA polymerase (20). In
the present work, we return to the problem of base identification
and show that all 4 DNA bases can be distinguished in both
homopolymeric and heteropolymeric immobilized DNA strands.
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