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Why Sequence DNA?

1.5%
— DNA
Difference

Albert Einstein (1879-1955) Bobo the Chimp (1995-Now)
Greatest Achievement: Theory of Relativity Greatest Achievement: Shown Above

Small details in the DNA can make a huge difference!




Problem Definition
Identify the structure of a long polymer molecule that
consists of only four building blocks (A, C, G, and T)
3 5
< Hydrogen
° N " A T
% @ Carbon G C
= & Phaspharus — g
: lal |r |2
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Complementary v 3
base pairs (bps) Strand (X) and (X*) are
complementary




Scope of the Problem

Whole Genome Targeted Genotyping /
Sequencing Sequencing SNP Detection

>10° bps 10¢ bps 100’s bps
Gigabytes (GB) Megabytes (MB) Kilobytes (kB)
of Information of Information of Information

Diagnostics




Scope of the Problem

Targeted Genotyping /
Sequencing SNP Detection

———
- ~

\\ //
\\\ ,,/
100’s bps
Megabytes (MB) Kilobytes (kB)
of Information of Information

The focus of this talk, i.e., how we can
sequence long DNA strands




General Approach: Divide and Conquer

Genomic DNA

(3G bp for Human) <100 DNA Strands

BAC Library

Large Clones
(150k bp)

104 DNA Strands

J \\

Random
Fragments

(20-500 bp) 108 DNA Strands

-’

l AGGGATGTGTGTCAAAAATTGTCATGAATGTACGTA




Redundancy vs. Accuracy (1)

@ ~ AGGGATGTGTGTCAA
GTCAAAAATTGTCATGAATGTACGTAGTTTCA

Sequencing
Result TGTACGTAGTTTCAGTTCCCCAAATCGGA @
Overlapping
Overla Overla Enables

I I.) I P : Assembly
I I I
: : I

AGGGATGTGTGTCAA : !
GTCAAAAATTGTCATGAATGTACGTAGTTTCA

TGTACGTAGTTTCAGTTCCCCAAATCGGA

AGGGATGTGTGTCAAAAATTGTCATGAATGTACGTAGTTTCAGTTCCCCAAATCGGA

@ Sequence of the original DNA strand is identified

Slide 6




Redundancy vs. Accuracy (2)

@ [ GTGTGTCAAAAA

|
I 1
: : ITTCAGTTCCCCAAATCGGA

Sequencing CATGAATGTACGTAGT
Result TTTCAGTTCCCCAAATCGGA @
Cannot Find
Overlap

(I3ap IGapl Not a Unique Overlap
I 1GTGTGTCAAAAAI | L
| |
I |CATGAATGTACGTAGT:
|
|
|

FAILED! Not enough information to identify the sequence

Slide 7




General Approach: Divide and Conquer

~

Genomic DNA

(3G bp for Human) <100 DNA Strands

BAC Library

Large Clones
(150k bp)

104 DNA Strands

More Coverage
Provides
Better Data
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Our DNA Toolbox (1)

“Sticking” DNA fragments to one another

DNA Hybridization Covalent Attachment
' \ ' \

DNA (1) DNA (1)

DNA (2)

3’

) ACGTCTTG

, TGAACAAC

5’ "/

DNA (2)
3’

Sequence-specific
(Energy ~0.2kT/bp at 300°K)

Non-specific and requires activation
chemistries




Our DNA Toolbox (2)
Replicating/Copying DNA

DNA Polymerization

f \
DNA buildin Polymerase
g o y
_ blocks - Enzyme
/ \ N
r dATP = 3’
I dCTP = 1
' dGTP = !

\ /
v dTTP = ,

DNA can copy itself
Polymerase and nucleotides
(A, C, G, and T) should be available)




Our DNA Toolbox (2)
Replicating/Copying DNA

DNA Polymerization

Polymerization
Process

DNA can copy itself
Polymerase and nucleotides
(A, C, G, and T) should be available)




Our DNA Toolbox (2)
Replicating/Copying DNA

DNA Polymerization DNA Amplification / Copying
' \ ' \

DNA (1) DNA (1)

Polymerization
Process

Biochemical Amplification
(e.g., PCR)

3’

DNA can copy itself Amplification gain can be >106

Polymerase and nucleotides
(A, C, G, and T) should be available)




Sanger Sequencing (197717)

DNA sequencing with chain-terminating inhibitors
(DNA polymerase /nucleotide sequences /bacteriophage ¢X174)

F. SANGER, S. NICKLEN, AND A. R. COULSON
Medical Research Council Laboratory of Molecular Biology, Cambridge CB2 2QH, England
Contributed by F. Sanger, October 3, 1977

1958 1980 !
1 GG

Frederick Sanger }fix;._ = I =

A4 i-) Al2di-)

AT gl T s 3520
,:_{{n'f AAAAT 3610
1GEAGGTATA 3800
r.m:l.nﬂ] _t.A-T': -J..J-.J-*v-' ‘*"“_ g :
(1918-Present) et = rekTee
eCCThE . T A S ~eGOCOA :
S 3080 !1.-!'. ! !!. ; e : Y e .ﬂr‘lf‘E 3460
GOy - GG TEE as0
:19?[311_'[:1, -_— "‘t':l § -
. . . . Q% 4G AL CA 3440
Nobel Prize in chemistry in 1958 soe0 16¢ ;W : -l
. AT e : A A
(Structure of Proteins) apso ETOCATA = - R i
: r = -_— : aD 4 5
L -r,r 3420
. . . . 3840 G i
Nobel Prize in chemistry in 1980 GTAT E ag = AG
. —— KT 6
(DNA Sequenc_lng) Niig |;-n"'"'r' e ;..-:..r:- 3410
COTG== =+ s=ss *- 'l}_':- oA
e AL o= = _Aqu'-*'““':‘
'h"r"-'-‘:"ﬂ
A A 3380

Sanger, F.; Nicklen, S.; Coulson, A.R., "DNA sequencing with chain-terminating inhibitors*“ PNAS, (1977)




Chain Termination

By using dideoxynucleotides (ddNTPs) instead of deoxinucleotides
(dNTPs), we can stop (terminate) polymerization

dATP dCTP dGTP dTTP

| | | |
GGCCCATTTA
q —
—
CCGGGTATAT CCGGGTATAT
Polymerization
4 Terminator h
" 5
| ddATP {dCTP dGTP  dTTP Terminate
I [ I [ [ [ d
\ e /
GGCCCA*
q —:
—
CCGGGTATAT CCGGGTATAT
Polymerization
\_ /

Sanger, F.; Nicklen, S.; Coulson, A.R., "DNA sequencing with chain-terminating inhibitors* PNAS, (1977)




Sequence-Dependant Fragments
Polymerization with a mixture of dNTPs and ddTTPs

— Length (size) shows the
_ location of A*
# f 1
_ = N *
_ = ‘ —— ﬁ *
ﬁ ——- A * v AA
([ ] C — ﬁ *
o _ B
: ; ﬁ A* 2 °
# ;-o’ _ 8 °
_ ° ®
[ ]
+ : —
—
] ] ] _
] ] _
+ S
_




Finding the Length by Electrophoresis
= Insertion (-)
= p—
——- A * -
— A * S
——- )\ * -§_ — ﬁ tIZNA.gets separated
° 5 T y size
—- - E = A Location of A* can
+ ‘ be estimated
— A*
— B
B e — = A
| * \ Electro-
phoresis Gel
B I I
(+)




Imaging Using Radioactive Isotopes

Running 4 chain
termination
reactions

qA*
ﬁA*
ﬁA*

*C*
# C*
ﬁ C*

- G*
qG*
ﬁG*

qT*
q T*
ﬁ T*

Insertion

Aldl-) Al2d(-)

'Gn.TGGA'rc

* —

RLE L ==
4040 T ””"j.-.,u.:-' 1.6 - SRGATEC] T 3520
4030 ATE" M.r,(r - . Ar.n‘nnm asi0
]
mmf'TT] ;1186 - ;er. ATA 3500
-ul..uun.'lT c_J:;_F- = = nTMrnhnh“Hlm
=T L il - e AG 3480
4000 TGTYCA~ gan. out a8 TJIM_”J o2
3“9“""_'T yATTAC =S, +CGGCGA 3470
880 f'.-T..T_."'_:tr - A': Ly TC 3460
| GG
Gl - Ge 11 3450
3970 71! — A GA
s T T T h;..ﬁ..ﬂ- a]
CA 3440

J960D nl:
ak 3430
3950 1-.:'!-1
“eeeaC 3420
3840
AG
GAA 3410
2930 1
a B
] - 3-C A
ACA - .1GG 3400
ag20 706 L — —
-y GEA

A8 3380




F‘:l

#

1
AC TTG TATG
#1140

TCG AGC CCACG
[a]

L

[u]
[x]

]

#
ACAGACAGCAARAGC C TTC TCTC TCTETCTECTCTOCTCTCTLC
3

GGCCCATAG ACAGACAGCHAHAAGCCTTC TCTCTCTCTCTCTCTCTCTCTC

W (60

Typical Output Data of Sanger Sequencers

CTCTCT TTTTCTCACGCACAHCGG c ACGCAG AG CTG GG G GCG6 TC T 6 TCG
TCTCTCTTTTTCTCACGCACACGGENACGCAGAGCTGO6GGCG TCTNGTCG

|
M

:ICTHGTGGH”%DCCCCCGGGC“EJGCHGGF|F|T
ICTAGTGGATCCCCCGGGCIGLAGGE ART TCGAGCCCACGACTIGTALG A

GGCCCATAHG

0
0
LTﬁ

*3

.

]

T

[a]

TTTCTTGACTTG TTG TCG ATT GGaeTTGATC TCACCGAGC TG ATGE ATGTTG
TTTCTTGACTTGTTGTCGATTGGNTTGATC TCACCGANCTGATGEATGTTG

..

e ..._

LN
]

C

ECGCCCCAAGCHAATCCG TG ACTGTGECTAACCgQCCGEAGE CACCAGCTCCD

_
1
S

- fw

sisaioydouyd9)g

—_
+
N

Sanger Using “Colored” Labels

Chain termination
reaction with
ddATP, ddCTTP,
dd TP, and ddTTP
——- A*
——- A *
——- A *

#C*

ﬁc*

qT*

ﬁT*




Sanger Sequencers in
Human Genome Project (HGP')

S |
=i -
- —

Sanger DNA sequencer in 2010 -

ABI (Life Technologies) 3730

96 capillary electrophoresis
~1000 bps reads per channel
~100 kbps per day

Capillary Electrophoresis

Integrator or
Compuizy

V!

Capallzry

W

\ g
Anod !ﬂ ‘ E}‘—— Cathede

Scuree Vial Sanple Yial Drestination Val

It will take years to sequence a

q
human genome!

TIHGSC "Finishing the euchromatic sequence of the human genome”. Nature 431 (7011): 931-94, (2004). 19




Sequence-by-Synthesis (SBS)’

Edward D. Hyman independently came up with this method in 1988.
He made no money out of it and seldom gets any credit

h ing DNA
A New Method of Sequencing Introduce a

EDWARD DAVID HYMAN dTTP nucleotide
[ |

Polymerasej‘
AP, dNTF, LUCIFERM

ey

2099299227272 72°9299

PPeinm - sophanes

'I|||' DA -DNA POLYMERASE - DEAF sephasose
R APS, NTP, LUCIFERIW
GLUCOSE, GLYCERDL

mﬂm %" G YOEFHM IMASE - seobarces
dNTF or dkDP
wiiern <, | reomuse: oo Check reaction
"“'*"""“'1“" occurrence
ATP SULFURYTLASE - sepharose
AT LUCIFEA YWO
LIGHT &=— LUCIFERASE - snphamss
Fra. 1. Schematic diagram of DN A sequencer. 0 A n ¢ A
@ Deduct sequence
information

"ED Hyman “A new method of sequencing DNA," Analytical Chemistry, 174, 423-436, (1988).




SBS Detection Algorithm

Primer

A
4 \

5! TGCA _ 3%
ﬁ
. ACGT ACGTTTTCAATGC...

Unknown Sequence

Check Reaction Check Reaction Check Reaction Check Reaction
ADD (T) ADD (G) ADD (C) ADD (A)
|
|

Check Reaction Check Reaction Check Reaction Check Reaction




SBS Detection Algorithm

5

n>

. v g
H

279929292929292929292929

....... @

(0w
!
\

,' Check Reaction Check Reaction Check Reaction

Check Reaction Check Reaction Check Reaction Check Reaction




SBS Detection Algorithm

10

. S
ﬁ

279929292929292929292929

P -®
e X3

\ . Check Reaction Check Reaction
————————— -
ADD (T) ADD (G) ADD (C) ADD (A)

Check Reaction Check Reaction Check Reaction Check Reaction




SBS Detection Algorithm

-

P -
e X
|
\

Reaction '

Check Reaction Check Reaction Check Reaction Check Reaction




SBS Detection Algorithm

G

>

G

Q

: e ¥ 9
ﬁ

Reaction

. @
T = ) e o)
|

|
Check Reaction \ Reaction .l




SBS Reaction Diagram

Presence of a reaction and its magnitude is used to
sequence the unknown DNA fragment

?—
I_

ACGTTTTCAATGCGGG

ACGTATCGATCGACGTACGTACGTACGTACGT
A........G..CA4T......... Correenn 2AT..G..C.......3G

o

Sequence: ACGTTTTCAATGCGGG




Pyrosequencing’

In 1998, Mostafa Ronaghi and Pal Nyrén improved Hyman’s SBS
method, created a robust assay and coined the term Pyrosequencing

Primer

A
4 )

5: TGCA %
— 5

ACGT \ @
Prophosphate (PPi)
E ATP-Sulfurylase @
APS —_—p ATP
E Luciferase @
Lucifern — ATP

35

In Pyrosequencing successful reaction
trigger an enzymatic cascade to generate
photons with A=562nm

M. Ronaghi, M. Uhlén, and P. Nyrén, "A sequencing method based on real-time pyrophosphate,". Science, 1998. 27




Pyrosequencing Data

*l ULLLL , llmm

s e PEEPIY P S ST e e A | + t ———F =t
ATCTGATCTAGTCTGATTATCAGTCTG ATETEATETABTE TE AT TATEARDTLETYG

Qiagen’s PyroMark (2011)

24 microtitre well format
~100 bps read length
~50 kbps per day

It will take years to sequence a
human genome!

Slide 28




Random Bead Arrays + Pyrosequencing

In 2005, the company 454, a subsidiary of Curagen created a high-
throughput Pyrosequencing system enabled by random bead arrays

454 (Roche) GS FLX+
(2011)
>1 M micro-wells

~700 bps read length
~700 Mbs per day

It will take 2 weeks to sequence
a human genome

M. Margulies + 54 additional coauthors "Genome sequencing in open microfabricated high density

picoliter reactors," Nature (2005).




Step 1: Create DNA Clusters on py-Beads

H-Beads
\ 4
W )
DNA
' ' Amplification ”‘f
,J
— ¢ &
 — <1 DNA per Many DNA Copies
_— p-Bead per p-Bead
Random

DNA Fragments




Step 2: Loading the Array

10-100 pm

Random Bead
Array




Step 3: Pyrosequencing

Enzyme
Beads

Running
Reactions

Random Bead
Array Instrument

v i
Flow-Through Chip

M. Margulies + 54 additional coauthors "Genome sequencing in open microfabricated high density

picoliter reactors," Nature (2005).



lllumina (Solexa) DNA Sequencing

Merges the technologies from Solexa' (UK), Manteia? (Switzerland) to
create a high-throughput SBS system

_ @ Labeled
Primer ‘\_.\_‘\_ \_ nucleotide added

A

5’r' TGCA 3" AC G T
:ﬁ

ACGT
@ Repeat
Color specifies ‘
5|A sequence

T
\‘ @ Label is cleaved
ﬁ

35

" Turcatti et al., “A new class of cleavable fluorescent nucleotides: synthesis and optimization as reversible
terminators for DNA sequencing by synthesis,” Nucleic Acids Res., (2008).

2 Adessi et al., “Solid phase DNA amplification: characterization of primer attachment and amplification
mechanisms,” Nucleic Acids Res., (2000).




Step 1: Creating Fragments

1. PREFARE GENOMIC DMNA SAMPLE 2. ATTACH DNA TO SURFACE 3. BRIDGE AMPLIFICATION

A L — L
Randomily fragment genomic DhA Bind single-stranded fragments randomiy to Add undsheled nudeotides and enmyme to
and Bgate adapters to both ends of the the inside swface of the fow cell channels. initiste solid-phase bridge amplification.

Fagments.




Step 2: Bridge Amplification

4. FRAGMEMNTS BECOME DOUBLE 5. DEMATURE THE DOUBI E-STRANDED 6. COMPLETE AMPLIRCATION
STRANDED MOLECULES

The enzyme ncorporates nudsotides to Denaturstion leses single-stran ded Seversl mibon dense dusters of double-

butld double-stranded bridges on the sobd- templates anchomed to the substrate. stranded Dhlh are generated in sadh channel
phase substrate. of the flow cell.




Step 3: SBS Using Labels

7. DETERMINE FIRST BASE #. IMAGE FIRST BASE 9. DETERMINE SECOND BASE

i

| Laser
First chemistry cyde: tointiate the fint After lazer encitation, capure the image of Second chemistry cypde: to initiate the
sequind ng cycle, add all four label ed reversible emitied fluo rescencs from each duster on the it sequendng cyde, add all fouwr labeled
termingtons, primers and DNA pohsnersse flow cell. Record the identity of the first base reversible termanators and ensme to the

enzyme to thee flow cell. for each duster. flow call




Step 4: Data Analysis

10. IMAGE SECOND CHEMISTRY CYCLE

L §
., o

After laser excitation, collect the image data
& before. Record the identity of the second
baee for each duster.

11. SEQUENCE READS OVER MULTIPLE
CHEMISTRY CYCLES

I
]
l
-
1H

‘e o
l

®
.ﬂﬁ

\ 'M_..‘, GCTGA....

—

Repeat cycles of sequendng to determineg
the sequence of bases in a ghren fragment
& single base at time.

12, ALIGN DyATA

GCTGATGTGCLBCCTCACTCOGGTOG

CACTCCIGIGG
CTCACTCOTGTGG
—S GCTGATGTGCCACOTOA
GATGTGCCACCTCALCTC
GIGLCGCCICACTCCNG
CICCIGTGG

"

Eroem

Linkaose woriond
idsntiag ard mofied SR ooflnd

Align date;, compare to & reference, and
identify sequence differences.




lllumina (Solexa) DNA Sequencing

......... L P—— -
}
.......... :II.I FrerRT—
)
Library Preparation Cluster Generation Sequencing by Synthesis CASAVA
~2 h [15 min hands-on (Nextera)] -5 h (<10 min hands-on) ~1.5to 11 days 2 days (30 min hands-on)

< 6 h [< 3 h hands-on (TruSeq)]

HiSeq 2000 (2011)

~100 bps read length
~100 Gbps per 2 days

It will take 2 days to sequence a human genome!




Upcoming Sequencers

Disclaimer: The presenter cannot verify the
performance of these systems in October 2011




Pacific Biosciences' (PacBio)

Polymerization of a single
molecule is detected in real-time

using a labeled nucleotides

Intensity

'J. Eid et al., “Real-time DNA sequencing from single polymerase molecules,” Science, 2009.




Pacific Biosciences (PacBio)

Expected: TCT GAtGTC G t CTIGAIGITA C G TC CAT T
6004 0 di Prao o I T R R

Fo0f iiig)

(=]
o
1 1

Fluorescence
intensity (a.u
N Woa
(=]
o

500 Bases: o 25
§ 3 400 e
S ; 300 — ABBO-GCTP
o G -
S § 2001
e T T T W AR
0- ‘ H‘“ il u.‘ ) ul i ¥ I | |‘|. 0 m | l [l \Jl ll” | J“ ‘.‘ IIH|
0 10 20 30 40 50 60 70

Time (s)

'J. Eid et al., “Real-time DNA sequencing from single polymerase molecules,” Science, 2009.




DNA Nanoball Sequencing®
(Complete Genomics)

DONANanc-ball {DNB)

The “nanoballs” get randomly
] attached on a substrate with
J ~2.8B spots

oy o S
¥
Afg

m‘f

A
V-
o
e )
\ i

Unknown DNA is amplified ,

into repetitive long sequence
to form a “nanoball”

Paterned substrates

Each spot contains
e single DNBE

Active site

'R. Drmanac et al., “Human genome sequencing using unchained base reads on self-assembling DNA

nanoarrays,” Science, 2010.



DNA Nanoball Sequencing
(Complete Genomics)

W “N” is degenerate nucleotide, i.e., A,
g : C,G,orT

Matching
probe binds
DNA ligase binds to genomic
matching probe DNA

to anchor

Hybridization and ligation are to used
to find the sequence of specific
locations on the unknown strand




Semiconductor Sequencing®
(lon Torrent)

Detecting polymerization electronically

cmos Chip (1) mm r

e

Packaging (2) '—

p-Well ,
rabrication @ (e B
luid —
Fluidic
mertacng ©) et

Detector Array

Detector Array

' Rothberg et al., Nature (2011)




lon Torrent Sequencing Chip

Sensor array

' Rothberg et al., Nature (2011)




Architecture

a Y
‘_Selected cell
Row E. . &::!d:r et
select| : H : 1 | Sensor
register |- Bl _ii |amay

e ﬁ—h CGolumn

e receivers
1N - and
register multiplexer
Output driver é—»m reader board
A >y

' Rothberg et al., Nature (2011)




5 10 1520 25 30 35 40 45 50
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Nanopore Sequencing
(Oxford Nanopore)

Digested DNA bases can create dissimilar blockage currents in a organic
nanopore structure
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Nanopore Sequencing’ (IBM/Roche)

Use solid-state probes with embedded electrodes to simultaneously
ratchet and sequence DNA
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1 Polonsky et al., “Nanopore in metal-dielectric sandwich for DNA position control,” Applied Physics Letters, 2007. 49




Conclusion

* Sequencing matters
* Itis a complicated problem

|t requires much more than biology and perhaps deep
understanding of physics and engineering

 There are many crazy methods (and nebulous ideas) out
there

* You should try to come up with your own method ...
seriously!






