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Sequenciamento DNA: 12 geracao 1977

Walter Gilbert Frederick Sanger

Degradac¢ao quimica do DNA Sequenciamento enzimatico

Dideoxi

Término de cadeia




Sequenciamento DNA: Maxam-Gilbert
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G Dimetilsulfato Piperidina Piperidina
A+G Acido Acido Piperidina
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C Hidrazina + alcali | Piperidina Piperidina







Sequenciamento DNA pelo método Sanger

Proc. Natl. Acad. Sci. USA
Vol. 74, No. 12, pp. 5463-5467, December 1977
Biochemistry

DNA sequencing with chain-terminating inhibitors

(DNA poly /nucleotide seq /b

F. SANGER, S. NICKLEN, AND A. R. COULSON
Medical R h Council Lab
Contributed by F. Sanger, October 3, 1977

ABSTRACT A new method for determining nucleotide se-

quences in DNA is described. It is similar to the “plus and

minus” method [Sanger, F. & Coulson, A. &(1975")"]. Mfl. Biol.
l]‘ b i

iophage ¢X174)

y of Molecular Biology, Cambridge CB2 2QH, England

a stereoisomer of ribose in which the 3-hydroxyl group is ori-
ented in trans position with respect to the 2’-hydroxyl group.
The arabinosyl (ara) leotides act as chain terminating in-
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i of DNA
has been applied to the DNA of

of Escherichia coli DNA polymerase I in a manner
comparable to ddT (4), although synthesized chains ending in
3’ araC can be further extended by some lian DNA

e
ophage ¢$X174 and is more rapid and more te than
either the pﬁs or the minus method.

The “plus and minus” method (1) is a relatively rapid and
simple technique that has made possible the determination of
the sequence of the genome of bacteriophage $X174 (2). It
depends on the use of DNA polymerase to transcribe specific
regions of the DNA under controlled conditions. Although the
method is considerably more rapid and simple than other
available techniques, neither the “plus” nor the “minus”
method is completely accurate, and in order to establish a se-
quence both must be used together, and sometimes confirma-

poly (5). In order to obtain a suitable pattern of bands
from which an extensive sequence can be read it is necessary
to have a ratio of terminating triphosphate to normal triphos-
phate such that only partial incorporation of the terminator
occurs. For the dideoxy derivatives this ratio is about 100, and
for the arabinosyl derivatives about 5000.

METHODS
Preparation of the Triphosphate Analogues. The prepa-
ration of ddTTP has been described (6, 7), and the material is

now commereiallv availahle ddA has heen nrenared hv

Prémio Nobel Prize de Quimica em 1958 e 1980

Publicou o método de sequenciamento em 1977

Frederick Sanger
13 Aug 1918 — 19 Nov 2013




Sequenciamento DNA: Sanger

DNA fita simples &
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Sequenciamento DNA: Sanger
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Sequenciamento DNA: Sanger

PCR convencional

Amostra (cDNA; gDNA)

Iniciadores (S e AS)

= dNTPs (dATP, dTTP, dCTP, dGTP)
t* i Enzima DNA Polimerase
I Tampao da enzima

Mg?* (MgCl, ou MgSO,)



Sequenciamento DNA: Sanger

Reacao de Sequenciamento

Amostra (cDNA; DNA)

dNTPs (dATP, dTTP, dCTP, dGTP) < =
Tamp3o da enzima {\/
Enzima DNA Polimerase ‘\\
Iniciador (S ou AS) \

ddNTPs (ddATP, ddTTP, ddCTP, ddGTP)
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Sequenciamento
Manual X Automatico
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Sequenciamento DNA: Sanger

Reac¢do de Sequenciamento

Amostra (cDNA; DNA)
dNTPs (dATP, dTTP, dCTP, dGTP)

( \!;

Tampao da enzima

Y

Enzima DNA Polimerase

Iniciador (S ou AS) \ ,

ddNTPs (ddATP, ddTTP, ddCTP, )



Sequenciamento DNA: Sanger

DENATURATION ANNEALING EXTENSION PRODUCTS
Enzyme, dNTPs, —
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Sequenciamento em capilar

Primer

! a Template of
2 / unknown sequence
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DNA polymerass
four dNTPs,
four ddNTPs
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Sequenciamento DNA: Sanger

SANGER - Revolugdo > ERA GENOMICA

110401

, 20l

, 1200, =~ 1280,

, 1360,

1520
1 L |

, 160C

TTGGLGTHHTLHTGGTCHTHGCTGTTfC
168

116

CTGTGTGARARTTGTTATCIC
126

Run Time

Read Length Reads / Run nucleotides

Cost/ MB

Capillary
Sequencing
(ABI3730xI)

20m-3h

400-900 bp

96 or 386

sequenced

1.9-84 Kb

$2400

Como sequenciar um genoma com esta metodologia?

Genoma bactéria> >600 Kb — precisaria fragmentar em ~1000 partes




DNA extraction

1

DNA fragmentation

Clone into Vectors
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Transform bacteria, grow, isolate vector DNA
Ol 1S
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Sequence the library
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Assemble contlguous fragments
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Genbdmica: Bibliotecas de DNA

Biblioteca Gendémica de Shotgun

Whole genome

Shotgun

Fragments

!

Reconstruct scaffolds
from overlaps

!

Assign scaffolds to known
chromosomal “sequence
tagged sites” (STSs)




Problemas com a técnica de Sanger

* Erros ou nao deteccao dos primeiros 15-40 pb

Dependente de enzima

Excesso de background

Preparacao das amostras

« PCR kit, primers, passos de purificacao, clonagem

Unica reacdo pode sequenciar 300-800 pb

* Pouco eficiente para sequenciar genomas



Necessidade de novas estratégias
de sequenciamento

Rapidas
Menor custo
Maior acuracia

Maior capacidade de
leitura

Atender as pesquisas
no genoma humano

DNA extraction

!

DNA fragmentation

Clone into Vectors

000 00000 O OOO

1

Transform bacteria, grow, isolate vector DNA
Sequence the library

+-9-G-9-G-o-

Assemble contiguous fragments
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22 Geracgao de Sequenciadores

NGS — Next Generation Sequencing

* Fim da era de tecnologias baseadas em
eletroforese

* Alta capacidade de geracao de dados -
genomas em unica corrida.

*Métodos alternativos a clonagem tradicional



Pirosequenciamento

Roche (454) GS FLX sequencer

"‘il d Polymerasa
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Annealed
PP primer

Sulfurylase

Luciferase Luciferin

Light + Oxy Luciferin

“Massively parallel amplification”
*Emulsao de agua em dleo

*DNA polymerase

*ATP sulfurylase

Luciferase

*Apyrase

*Substrates: adenosine 5'
phosphosulfate (APS) e luciferina



Pirosequenciamento

*Fragmentacao do DNA
DNA fragmentation *Ligacao a adaptadores
*Captura em esferas
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Pirosequenciamento

Lamina éptica de 44 um de Uma esfera por orificio
diametro



Pirosequenciamento

Cada base ¢é adicionada separadamente

PPi
Sulfurylase
ATP
Luciferase
light

CDD camera

Signal detection
'

Pyrogram

~ Nucleotide added

ATACTG

Nucleotide sequence

Single-stranded
DNA template

Polimerase

DNA, + Nucleotideo DNA_., +PPi
ATP Sulfonlase
PPi+APS — . SO,+ATP
Luciferase

ATP + Luciferina + O,

AMP + PP1 + Oxiluciferina + CO,+ Luz



Pirosequenciamento




Pirosequenciamento

Analise dos resultados

TOACCTTTITTAACAATCAACTTTTTGEATTAARAAGTCTACATAAC TCCATAMATTANTARN
CATCACATIAGTCIGATCAGTCAATITTATCAAT T "GTTCAATAATAGTICCAARTC

7

L q}ﬁ-mer
5.._”“““-“ 7 7 | S=mer
4_.—""""" 4-mer
3___" ----------------------------------------------------- ‘ 3-mer
2_.—" -------------------------------------- o N 2-mer
1__“- 111 1 T N 1-mer
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https://www.youtube.com/watch?v=bNKEhOGvcal
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1. Anela primer adaptador g . +
2. Adiciona o 1° grupo de = T +g, +
primers (8nt) 5 N AUBE
3. Clivagem dos ultimos 3nt gzad -5 LLLLLLLLLLL LDV
4. Em|SSéo de ﬂuoreSCénC|a ) Mdspter Sequence Templste Sequance
5. Remogao do fluoréforo - TR +
6. Um pentanucleotideo fica : e @ LTI
|Igad0 é Adapter Sequence Templete Sequznce
7. Repete o procedimento £ _— +
> ul . Primer 712

(7x) S 5 ST e
8. Desnatura o DNA & Bead -5 AN IRRRRNNRNNNRAR NN TART AN -

s . 3 Adzpter Sequence Templete Sejuznce
9. Utiliza um novo primer &

adaptador (comprimento n-1)

ABI Solid



Read Position lﬂ 112/3[4/5/6|7(8]9/10{11/12/13(14[15/16(17/18/19
§ 1 Uni\ggrsal seq primer (n) ole ole ole
3 % 2 Universs'al seq primer (n-1) ole ole ole
e & Universal seq primer (n-2)
S g 3 e A ] b 1 =
£
g & 4 Universs.al seq primer (n-3) ole ole ele
g MO s b
- s Umvegs‘al seq primer (n-4) i A A= ‘, Iﬂ
w TITITTIITINTIIY i
3 ® Indicates positions of interrogation LigatonCycle [l 218 ¢« B ¢ W
3
L J

Dinucleotideos possiveis para cada sinal de cor
Segunda base

n .. . o ) Sequencia de bases do alvo
*A fluorescéncia indica duas bases HIW T ® ©
£l < e
El GC GT GG AG
*Desvantagem £, | TA T6 TT o1
A
*35pb
Cada base ¢ lida 2x

Decodificag@io do sinal de cor ? - ? 9
& A T I G G A
| ] 2 » dee ‘ﬁ T
.\ W, . . Quadro de decodificagio
A AC AA

GC CA CC TC
G GT AG

Basc 1 —{AT) 1) TT «cT

AT GG ©4 Sequencia possivel
Yy

G G A Sequenciadoalvo

http://www.dnatube.com/video/27908/Solid-DNA-sequencing-animation



lllumina (Solexa)

Simple, Automated Workflow

. Library Prep
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IHlumina o

Incorporate
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2-3 days (single-read) ’
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https://www.youtube.com/watch?v=womKfik WIxM



lon Torrent

Hydrogen and pyrophosphate are released.
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lon Torrent

a Solution of dTTPs

N -/
=

lon-sensitive metal oxide layer

Electrical signal from ApH

Electronic transistor-based sensor . -
identifies next base as A




lon Torrent

Micro-machined wells

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



Gendmica: NGS — Next Generation Sequencing

Método

Dados/run
Tempo/run

Tamanho

Custo/run

ABI 3730xI|

Sanger

290 Kb

1 hora

~500 - 800 pb

S48

Roche/454 FLX lllumina/Solexa GA ABI SOLID

lon Torrent

Pirosequenciamento Sequenciamento Sequenciamento

por Sintese por Ligacao
~300 Mb ~7 Gb > 15 Gb
5 horas 3-7 dias 10 dias
~200 - 500 pb ~35-100 pb ~25-35 pb
$6.800 $9.300 $11.000

Sequenciamento
por semicondutor

>1Gb

4 hora e meia
~200 pb

$ 600.00



32 Geracao de Sequenciadores

» Capacidade de sequenciamento de uma unica molécula
de DNA. Sem necessidade de amplificacao.

* Era da nanotecnologia

» Altissima capacidade de geracao de dados -> genoma
humano em unica corrida.



Sequenciamento 32 geracao

Pacific Biosciences SMRT sequencing
(Single Iecule Real Te Sequencing)

Loa.P o ¥
0 0% %ee

Building 7
Blocks

New DNA Strand

clrviclolivialeclclalalrlr
- .

DNA
Polymerase

Enzyme

~ S

Glass Substrate

PacBio RS Il

Template

* Sequenciamento de uma unica molécula de DNA
« Sem necessidade de amplificacao
 Altissima capacidade de geracao de dados:

« Genoma humano em unica corrida



Genbmica: Sequenciamento SMRT

Janela de observacao em nano-escala (ZMW)

— DNA polimerase adere a uma base transparente de nanotubos
cilindricos de metal.

— Uma molécula de DNA se liga a polimerase com bases fosfoligadas
— Fluorescéncia liberada quando o fosfato é clivado.
— A luz é detectada e transformada em dado de sequéncia

20.000 X mais rapido que o método de Sanger

Placa com milhares de
cilindros em nano-escala
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Humnination

Sinal fluorescente € detectado de uma janela com interferéncia minima de luz

https://www.youtube.com/watch?v=v8p4ph2MAuvlI



Fluoroforos diferenciados

fluorophore

0.0
0
base |
NH2 NH
N/
)\ | linker
o N
0
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| | | — S
- 0O- 0O- H H
i OH H &

o

OH

O o o

triphosphate deoxyribose

Fluoroforo traditional ligado a base
nitrogenada

o

fluorophore )
base/
A NH;
g \

HO 0.0 / NP

o 0P N
HN o o o
N £ e e [
: \ O- O- O- N H/
linker o HOH HH

triphosphate deoxyribose

Fluoroforo Fosfo-ligado
(SMRT)




Sequenciamento SMRT

{b Post-Filter
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TAMANHO DOS READS

0

* Sequencia longas moléculas de DNA (MEDIA >10,000 pb)
e Até 10 bases por segundo
* Limitado pela velocidade de detec¢ao, nao pela polimerase.



Oxford Nanopore Technologie - Minion

https://www.youtube.com/watch?v=3UHw22hBpAk



Evolucao do sequenciamento

1000 -
5 W
o
—
o
© 10 -
©
3 ca
o | Wil
- 1 GS FLX
h <
(o) . - whm®
7 0.1 -
_g - (, GS Junior ﬂ
O 0.01
© PacBio RS
(7))
Q
= 0.001 -
0
©
2 |
¢(® 0.0001 ™ -

‘Sanger’
0.00001 - , ; x
10 100 1000 10000

Tamanho dos reads (Log)



Custo de sequenciamento

Cost per Raw Megabase of DNA Sequence

Moore's Law

National Human Genome
Research Institute

genome.gov/sequencingcosts

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

2013

2014

NIH)

genome.gov/sequencingcosts

2001 2002 2003

National Human Genome
Research Institute

2004

2005 2006 2007

2008

2009

Moore's Law

2010 2011

2012

=1 o

2013 2014




Genomas sequenciados / Em sequenciamento

Genome Sequencing Projects
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