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A new method for sequencing DNA
(DNA chemistry /dimethyl sulfate cleavage /hydrazine/piperidine)

ALLAN M. MAXAM AND WALTER GILBERT

Department of Biochemistry and Molecular Biology, Harvard University, Cambridge, Massachusetts 02138

Contributed by Walter Gilbert, December 9, 1976

ABSTRACT  DNA can be sequenced by a chemical proce-
dure that breaks a mlukhboled DNA molecule partially
at each repetition of of the labeled fragments
then identify the positions of that . We describe reactions
that cleave DNA preferentially at guanines, at uloninos, atey-
tosines and equally, mdntcymhudou the
pndmuof&mfmmchomxb bysize,byelebce-
*ﬂunplyn?hnuo DNA sequence can
bands. The technique will

adioactive
mwo‘utleut 100 bases from the point of la-

We have developed a new technique for sequencing DNA
melocules. The procedure determines the nucleotide sequence
of a terminally labeled DNA molecule by breaking it at ade-
mime guanine. cvtosine. or thvmine with chemical agents.

THE SPECIFIC CHEMISTRY

A Guanine/Adenine Cleavage (2). Dimethyl sulfate
methylates the guanines in DNA at the N7 position and the
adenines at the N3 (3). The glycosidic bond of a methylated
purine is unstable (3, 4) and breaks easily on heating at neutral
pH, leaving the sugar free. Treatment with 0.1 M alkali at 90°
then will cleave the sugar from the neighboring phosphate
gmup& When the resulting end-labeled f ts are resolved
gel, the autondiognx contains a pattern
ofdarl:and Ilghthmds The dark bands arise from breakage
at guanines, which methylate 5-fold faster than adenines (3).
This strong guanine/weak adenine pattern contains almost
half the information necessary for sequencing; however, am-
biguities can arise in the internretation of this nattern because

https://www.pnas.org/content/pnas/74/2/560.full.pdf

deBpanb
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DNA sequencing with chain-terminating inhibitors

(DNA polymerase /nucleotide seq /bacteriophage ¢X174)

F. SANGER, S. NICKLEN, AND A. R. COULSON

Medical Research Council Laboratory of Molecular Biology, Cambridge CB2 20H, England

Contributed by F. Sanger, October 3, 1977

ABSTRACT A new method for determining nucleotide se-
quences in DNA is described. It is similar 10 the “plus and
minus” method [Sanger, F. & Coulson, A. R.(1975) J. Mol. Biol.
94, 441-448) but makes usc of the 2’,3‘-dldooxy and arabinonu-
cleoside analogues of the normal deoxynucleoside tri; ates,
which act as speelflc chlm-teﬂlunllmg inhibitors of DNA

ymerase. n:’]uc has been applied to the DNA of
OXI'M and is more rapid and more accurate than
either the plus or the minus meth

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-
tory data are necessary. W. M. Barnes (J. Mol. Biol., in press)
has tecenflyldfvelopcd a thjird method, inv?lvh:g n'b(ﬁsubui-

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) nucleotides act as chain terminating in-
hibitors of Escherichia coli DNA polymerase 1 in a manner
comparable to ddT (4), although synthesized chains ending in
3’ araC can be further extended by some mammalian DNA
polymerases (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 commercially available. ddA has been prepared by
McCarthy et al. (8). We essentially followed their procedure
and used the methods of Tener (9) and of Hoard and Ott (10)

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC431765/
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Metog Makcama-I unbeprta

CTCAAAAGTCTAGAGCCACCGTCCAGGGAGCAGGTAGCTGCTGG
GCTCCGGGGACACTTTGCGTTCGGGC

D

PYMCTCAAAAGTCTAGAGCCACCGTCCAGGGAGCAGGTAGCTGC
TGGGCTCCGGGGACACTTTGCGTTCGGGC

(11T O e Y N A

PTMCTCAAAAGTCTAGAGCCACCGTCCAGGGAGCAGGTAGCTGC
TGGGCTCCGGGGA%FCFTTGCGTTCGGGC



Metog Makcama-I unbeprta

A+G

G T+C C

nT.a.

P'0,CTCAAAAGTCTAGAGCCACCGTCCA
GGGAGCAGGTAGCTGCTGGGCTCCGGGG
ACACTTTGCGTTCGGGC



Meton Makcama-I nnbepta (1980 r.)

* YOanutb HemeyeHHbIN doocdat ¢ 5’-KoHLa MONeKyrnbl C
NoMOLLbIO dpocdaTasbl (OHa ke — POCHOMOHOICTEPA3a)

* BBeCcTn MeyeHHbIN docdhaT Ha 5’-KOHeL, C MOMOLLbHO
NoONMHyKNneoTnakmHasbl U AT® ¢ MeYeHHbIM Y-pocdaToMm

* B yeTblpex pasHbix peakumax (ona G, ana A+G, ana T+C n ans C)
NpoBeCTn pacLuenneHmne ogHon dpocdoanadonpHoOU CBA3U Ha
KaXXOyr Monekyny no ogHomMmy cny4yamHoMy COOTBETCTBYHOLLEMY
HyKneoTmnay

 C noMoLLblo anekTpodopesa B nonnakpunammgHom rerne
pa3genuTb nonyymsLLUMecs dparMeHTbl



Meton Makcama-I nnbepta (1980 r.)

* YOanutb HemeyeHHbIN doocdat ¢ 5’-KoHLa MONeKyrnbl C
NoMOLLbIO dpocdaTasbl (OHa ke — POCHOMOHOICTEPA3a)




Meton Makcama-I nnbepta (1980 r.)

* BBECTN MeveHHbIN dpocdaT Ha 5’-KOHEeL, C NMOMOLLIbIO
NoONMHyKneoTnakmHasbl U AT® ¢ MeYyeHHbIM Y-pocdaToMm

/ o
OZ/P\O YN\ NH,
HO

/////,,lﬁ ‘,‘\\\\\NJ

O
OH

g

o/ S




Meton Makcama-I nnbepta (1980 r.)

* B yeTblpex pasHbix peakuuax (ana G, anga A+G, gna T+C n gns C)
NpPOBEeCTU pacLienneHme ogHon goocdpoanadonpHon cBA3nN Ha
KaXXOyr Monekyny no ogHomMmy cny4yamHoMy COOTBETCTBYHOLLEMY
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Meton Makcama-I nnbepta (1980 r.)

PY%CTCAAAAGTCTAGAGCCACCGTCCAGGGAGCAGGTAGCTGCT
GGGCTCCGGGGACACTTTGCGTTCGGGC

. lpa3pe3aeM nocneC
PO,

P'0,CT

P'0,CTCAAAAGT
P'0,CTCAAAAGTCTAGAG
P'0,CTCAAAAGTCTAGAGC
P'0,CTCAAAAGTCTAGAGCCA
P'0,CTCAAAAGTCTAGAGCCAC
P'0,CTCAAAAGTCTAGAGCCACCGT
P'0,CTCAAAAGTCTAGAGCCACCGTC
P'0,CTCAAAAGTCTAGAGCCACCGTCCAGGGAG
P'0,CTCAAAAGTCTAGAGCCACCGTCCAGGGAGCA
P'0,CTCAAAAGTCTAGAGCCACCGTCCAGGGAGCAGGTAG

PO CTCAAAAGTCTAGAGCCACCGTCCAGGGAGCAGGTAGCTG u T.I1I.



Meton Makcama-I nnbepta (1980 r.)

Kak paspesaTtb pocdoanapupHyto cBA3b Mo
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Meton Makcama-I nnbepta (1980 r.)

Kak paspesaTtb pocdoanapupHyto cBA3b No ageHo3nHaMm 1 ryaHo3nHam
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Meton Makcama-I nnbepta (1980 r.)

Kak paspesaTtb pocdoanapupHyto CBA3b No UUTUANHAM N TUMUONHAM
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Meton Makcama-I nnbepta (1980 r.)

* B yeTblpex pasHbix peakuuax (ana G, anga A+G, gna T+C n gns C)
NpPOBEeCTU pacLienneHme ogHon goocdpoanadonpHon cBA3nN Ha
|<a>|<ny+o MOIeKyrny no OAHOMY CnyanHowly COOTBETCTBYIOLLEMY
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Metog Makcama-I unbeprta




Meton Makcama-I nnbepta (1980 r.)

P*O4CTCAAAAGTCTAGAGCCACCGTCCAGGGAGCAGGTAGCTGCT
GGGCTCCGGGGACACTTTGCGTTCGGGC

Jnoc

4
N 4
P’'0,CTCAAAAGT

P'0O ,CTCAAAAGT CTAGAG
P’'0,CTCAAAAGT CTAGAGC
P'0,CTCAAAAGT CTAGAGCCA
P'0,CTCAAAAGTCTAGAGCCAC u T.
I.

lno G lno A+G

P'0,CTCARAA P"0,CTC

P*o4CTCAAAAGTCTA P*O4CTCA

P*o4CTCAAAAGTCTAGA P*O4CTCAA
P*O4CTCAAAAGTCTAGAGCCACC P*O4CTCAAA
P'0,CTCARAAGTCTAGAGCCACCGTCCA P'0,CTCARAAGTCT
P'0,CTCARAAGTCTAGAGCCACCGTCCAG P'0,CTCARAAGTCTAG
P'0,CTCARAAGTCTAGAGCCACCGTCCAGGGA u T.1. P'0,CTCAAAAGTCTAGAGCC m T.1.

QneKkTpodopes B
MAAD

lno T+C

P'0O C

PO, CTCAAAAG

PO CTCAAAAGTC

PO CTCAAAAGTCTAGAGCCACCG M T.I.

N N N



Metog Makcama-I unbeprta

A+G

G T+C C

nT.a.

P'0,CTCAAAAGTCTAGAGCCACCGTCCA
GGGAGCAGGTAGCTGCTGGGCTCCGGGG
ACACTTTGCGTTCGGGC



Meton CaHrepa

5" -GAGTTTTCAGATCTCGGT-3’" -OH

RN
3’ ~CTCAAAAGTCTAGAGCCACCGTCCAGGGAGCAGGTAGCTGCTGGGCTCCGGGGACACTTTGCGTTCGGGC -5

+ pparmeHT KneHosa

+ dATP + dTTP + dCTP + dGTP
~
+ddATP* +ddTTP* +ddCTP* +ddGTP*
GAGTTTTCAGATCTCGGTGGCA-H GAGTTTTCAGATCTCGGTGGCAGGT-H GAGTTTTCAGATCTCGGTGGC-H GAGTTTTCAGATCTCGGTG-H
GAGTTTTCAGATCTCGGTGGCAGGTCCCTCGTCCA-H GAGTTTTCAGATCTCGGTGGCAGGTCCCT-H GAGTTTTCAGATCTCGGTGGCAGGTC-H GAGTTTTCAGATCTCGGTGG-H
GAGTTTTCAGATCTCGGTGGCAGGTCCCTCGTCCATCGA-H  wnT.A. nT.Aa. GAGTTTTCAGATCTCGGTGGCAG-H

nTt.A. nT.A.

— S

ANeKTpodopes3 B
MAAD



Meton CaHrepa

A+tG G T+C C(C A G T
nT.A. nT.A.
Makcama- CaHrep

[MnGepTa

GAGTTTTCAGATCTCGGTGGCAGGTCCCTCG
TCCATCGACGACCCGAGGCCCCTGTGAAACG

CAAGCCCG



MeTton CaHrepa vs Makcama-l munbepra

- TpebyeT 60MbLLIOro KoNnMyecTsa MCXO4HOIro + BO3MOXXHO cekBeHMpOBaHMe cpasy nocre BblaesieHns
MaTepuana OHK

- TpebyeT 3HaHNA 0 panoHe Ansa npanmepa + MOXHO cekBeHMpoBaTb Nobyo nocrnegoBaTensHOCTb
+ HeT BbICOKOTOKCUYHbLIX CoOeagNHEHN - AMC v rugpasuH — curbHbI€ KaHUEePOreH:.l

+ BoamoxHOCTb aBTOMaTMU3auum - TpygHoO aBTOMATN3NPOBATL



MeTopg CaHrepa. YcoBepLLEHCTBOBaHUS

* PagnoakTtuBHoe MevyeHne 3aMmeHeH0o Ha priyopodopbl

« Ka)KObI U3 TUNOB HYKNEOTUO0B MEYEH OTAENMbHbIM
donyopodopom

* PasperneHune pparmeHToB 1 00paboTka pe3ynsraToB
arnekTpodopesa NPoBoASATCA aBTOMaTUYEeCKN Ha npubope




CekBeHMpoBaHUA BTOPOrro (cregytoLlero)
NOKOoJ1eHNA — Next generation sequencing

*[loasneHune NP B 1985 roay
* [TosiBrnieHne tepmoctadbunsHom JJHK-nonnmepasbl B 1986 rogy
* Pa3BuUTnE MNMKPOUMNOBLIX UCCNeaoBaHUin ¢ 1995 roaa

« KpynHble BIIOXEHUS B TEXHONOMMN CEKBEHUPOBAHUS B MPOLIECCE
CEKBEHMPOBAHMA reHoMa YenoBeka B Hayarne 2000-X



O1nn4uma NGS oT «O0ObIYHOIO»
CEeKBEHNPOBAHUA

« He TpebyeTcsa npoBeaeHme anekTpodopesa

* UTeHMe HyKNeoTnOoB OCYLLECTBISAETCA B NpoLecce
CEeKBEHNPOBaHUA

» CEKBEHUPYHOTCS OQHOBPEMEHHO COTHU ThICAY, MUSTTMOHbI NNK
MUNNMapabl nocneaoBaTeribHOCTEN (MPOTUB 8—96 B peakLuum
CaHrepa)

* Peakuum cekBeHMpoBaHNS NPOXOOAT Ha MOBEPXHOCTU UIN B
NTYHKax



BapuaHTbl nogxonos B NGS (BTopoe
NOKOJ1eHue)

CuHTE3 INurnposaHu
OHK- e
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MeueHHble [eTtekuns NameneHne (SOLID)
HyKIeoTnabl nupogoocar pH
(Hlumina) a (lon Torrent)

(Roche)



BapunaHTbl nogxonos B NGS (BTOpoe
r|0|<oneH|/|e)- TexHonorug lllumina (Solexa)
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BapuaHTbl nogxonos B NGS (BTopoe
nokoneHune): texHonorugd lllumina (Solexa)

3'-blocked reversible terminators 3'-unblocked reversible terminators
A _ l | D
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9T1an 3 - OTMbIBaHMe OT HecBA3aBLUUXCSH
HYKNeoTUAO0B U CYUTbIBaHUE CUrHana
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JTan 4 — YaaneHne TepMUHUPYIOLLEN rpynnbl




BapuaHTbl nogxonos B NGS (BTopoe
NOKONeHne): TexHonorna 454 (Roche)
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BapuaHTbl nogxonos B NGS (BTopoe
NnokoneHne): TexHonorna 454 (Roche)
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BapuaHTbl nogxonos B NGS (BTopoe
NnokoneHne): TexHonorna 454 (Roche)
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BapuaHTbl nogxonos B NGS (BTopoe
NnokoneHne): TexHonorna 454 (Roche)

KaxabIn HyKneotua
nobasnaeTcd

nooyepeaHo, U B KaXXaou

TOYKE MNPOBEPAETCA,
BblOENTUIICA J1A

nnpodocdar

0
I
HO P\ O eeen. \ =0
o Teee HQN o— =
thy,,,, AN
SN OH
N weo.
\ / *+=v HN ,
s
0 / N 0 \ /O
NHp = O e
0 o P
N /\
HO



BapunaHTbl noaxonoB B NGS (BTopoe
NOKOoNeHue): TexHonorus lon Torrent

(ThermoFisher) §
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BapunaHTbl noaxonoB B NGS (BTopoe
NOKOoNeHue): TexHonorus lon Torrent

(ThermoFisher)
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BapunaHTbl noaxonoB B NGS (BTopoe
NOKOoNeHue): TexHonorus lon Torrent

(ThermoFisher)

Kaxxgbin HykKneoTtua s f ) 0
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BapunaHTbl nogxoQoB B

NGS (BTOpOE

NOKOoNeHue): TexHonorus lon Torrent

(ThermoFisher)
KaxabIn HyKneoTua 3 N
nobaensietcs />pLo i
nooyepeaHo, U B KaXXaou °

TOYKe NpoBepsieTcs,
N3MeHUncs nn pH

https://www.pnas.org/content/103/17/6466.abstract?ck=nck
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BapuaHTbl nogxoaoB B NGS (BTopoe
NOKOJIEHMNE): OCHOBHAasA npobnema
NMpocekBeHNpoBaHUA 1 lon Torrent
(ThermoFisher)

5" -GAGTTTTCAGATCTCGGT-3" -OH

RN
3’ cTCAAAAGTCTAGAGCCAC§TCCAGGGAGCAGGTAGCTGCTGGGCTCCGGGGACACTTTGCGTTCGGGC -5’

[lobaBnge A
M



BapuaHTbl nogxoaoB B NGS (BTopoe
NOKOJIEHMNE): OCHOBHAasA npobnema
NMpocekBeHNpoBaHUA 1 lon Torrent
(ThermoFisher)

5" -GAGTTTTCAGATCTCGGT-3" -OH

RN
3’ cTCAAAAGTCTAGAGCCAC§TCCAGGGAGCAGGTAGCTGCTGGGCTCCGGGGACACTTTGCGTTCGGGC -5’

[lobaBnsae T
M



BapuaHTbl nogxoaoB B NGS (BTopoe
NOKOJIEHMNE): OCHOBHAasA npobnema
NMpocekBeHNpoBaHUA 1 lon Torrent
(ThermoFisher)

5" -GAGTTTTCAGATCTCGGT-3" -OH

RN
3’ ~-CTCAAAAGTCTAGAGCCACEGTCCAGGGAGCAGGTAGCTGCTGGGCTCCGGGGACACTTTGCGTTCGGGC -5
A

2 N
[lobaBnsge G

v Y 1
5’—GAGTTTTCAGATCTCGG 0
NERRRRRARRRRRRERE g

3’ -CTCAAAAGTCTAGAGCCACCGTCCAGGGAGCAGGTAGCTGCTGGGCTCCGGGGACACTTTGCGTTCGGGC -5’




BapuaHTbl nogxoaoB B NGS (BTopoe
NOKOJIEHMNE): OCHOBHAasA npobnema
NMpocekBeHNpoBaHUA 1 lon Torrent
(ThermoFisher)

5" -GAGTTTTCAGATCTCGGTGG-3" -0OH

EEEr e e
3’ ~-CTCAAAAGTCTAGAGCCACCGTCCAGGGAGCAGGTAGCTGCTGGGCTCCGGGGACACTTTGCGTTCGGGC -5

$ X

[lobaBnge C
v P 1 B

57 —GAGTTTTCAGATCTCGGT 0
EEEE R g

3’ -CTCAAAAGTCTAGAGCCACCGTCCAGGGAGCAGGTAGCTGCTGGGCTCCGGGGACACTTTGCGTTCGGGC -5’




BapuaHTbl nogxoaoB B NGS (BTopoe
NOKOJIEHMNE): OCHOBHAasA npobnema
NMpocekBeHNpoBaHUA 1 lon Torrent
(ThermoFisher)

5" -GAGTTTTCAGATCTCGGTGGC-3" -0OH

RN
3’ ~-CTCAAAAGTCTAGAGCCACCGTCCAGGGAGCAGGTAGCTGCTGGGCTCCGGGGACACTTTGCGTTCGGGC -5

1 K

[lobaBnge A
M -IIII,V 1
57 —GAGTTTTCAGATCTCGGTG 0
EEEE NN g

3’ -CTCAAAAGTCTAGAGCCACCGTCCAGGGAGCAGGTAGCTGCTGGGCTCCGGGGACACTTTGCGTTCGGGC -5’




BapuaHTbl nogxonos B NGS (BTopoe
NOKOJ1eHue)

CuHTE3 INurnposaHu
OHK- e
W Nurasa
MeyeHHble OeTtekums NameneHne (SOLID)
HyKIeoTnabl nupogoocar pH
(Hlumina) a (lon Torrent)
Bblcokast TOYHOCTb HudiBechhocTs Huakasa To4HOCTb
(>99,99%) (~99,5%) (~99,5%)
~10 Y ~10 Y ~2,54

7-542 $/Gb ~ 12560 $/Gb 4,3-50 S/Gb



BapuaHTbl nogxonoB B NGS (TpeTbe
NOKOJ1eHue)

* He TpebyeT pparmeHTaLmMn nccrieqyemMmom Monekynbl, To eCTb
BblaeneHHaa OHK (nnu gaxe PHK!) nouTtn cpasy 3arpyxaetca B
npmnoop

* Hy o4eHb ANMHHbIE NpoYTEeHUs (A0 1 MUNMOHa N.0.)

* [TlpoxoauT B pexxnme peanbHOro BpeMeHU (HeT OCTaHOBKM Ha
nobaBneHne HOBbIX HYKNeoTn0B)

* MHOXecTBO oLLIMOOK B onpeaeneHHbIX HykKneotnagax (TO4YHOCTb
85-95 %)



BapunaHTbl noaxoaoB B NGS (TpeTbe
NOKOJ1eHue) =

Oxford Pacific
Nanopore Biosciences
MinION Sequel

[Mpnbop — 1000 S
3anyck 500-900 S
OcHoBaH Ha nope ¢
refinkasou

[Mpubop — 350°000 S
3anyck—850 S
/ OcHoBaH Ha IHK-nonnmepase

L

7 KOH(*)OKaJ'I bHOM MWKPOCKOINMnn



BapuaHTbl nogxonoB B NGS (TpeTbe
nokoneHune): PacBio

* B kaxxgoun nyHke
3aKkpenneHa monekyna
NHK-nonnvepassl

* CHN3Y B NYHKY MOoCTynaeTt
cBeT

* CynTbiBaHMe cUrHana
NPOMNCXOQNT TOMNbKO OKOJSO
nonmmepasbl

* Ky-goocaty Kaxgoro
HyKneoTuga NpuLLInNT CBOW
nyopodop

* Bpemsa npucoeanHeHuns
HyKneoTnga — Mc, Bpemd

mniachchy/21414 OCTAR L ULIY

Phospholinked hexaphosphate nucleotides




BapuaHTbl nogxonoB B NGS (TpeTbe
nokoneHume): Oxford Nanopore

* Ha membpaHe 3akpenneHo MHOXECTBO >
—— DNA double t
[ }— ¢ = DNA base l

Nnop, C KOTOPbIMU CBSAI3aHa refinkasa,
pa3sopaymBaroaa OHK

* /13-3a pa3Horo pasmepa a3oTUCTbIX i — Voltage source
OCHOBaHUN pa3Hble HYKNeoTuabl No- Y
Pa3sHOMY «3aTbIKaloT» Mopy, He AaBas - 4% | A,
NPOXOAMUTb Yepes Hee MoHaM, YTO MeHseT = | MR

Cuny ToOKa MOHOB Eia

« Yepes nopy MoxeT NpoTArMBaTbCs He el < | i |
Tonbko AHK, Ho n PHK, 4yto no3Bonser N Mem!
NCNOJib30BaTh €€ HanpsaAMyto, bes3 atana T
obpaTHOW TPaHCKPUNLnK

* MoryT ObITb pa3fnnyeHsb!
MOOUAOULMPOBAHHbIE U




