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Proc. Nat. Acad, Sci. USA
Vol. 69, No. 10, pp. 2004-2909, October 1972

Biochemical Method for Inserting New Genetic Information into DNA of
Simian Virus 40: Circular SV40 DNA Molecules Containing Lambda
Phage Genes and the Galactose Operon of Escherichia coli

(molecular hybrids/DNA joining/viral transformationfgenetic transfer)

DAVID A. JACKSON*, ROBERT H. SYMONS{, AND

Department of Biochemistry, 8tanford University Medical Center, Btanford, California 94305

Contributed by Paul Berg, July 51, 1972

ABSTRACT We have developed methods for covalently
joining duplex DNA molecules to one another and have
used these technigques to construect circular dimers of
SV40 DNA and to insert a DNA segment containing lambda
phage genes and the galactose i:npemn of E. ooli into SY40)
DNA., The method involves: (g) converting circular
SV40 DNA to a linear form, (b) adding single-stranded
homodeoxypolymerie extensions of defined composition
and length to the 3° ends of one of the IDNA strands with
the enzyme terminal deoxynucleotidyl transferase (c)
adding complementary homodeoxypolymeric extensions
to the other DNA strand, (d) annealing the two DNA mole-
cules to form a circular duplex structure, and (e) filling
the gaps and sealing nicks in this structure with E. coli
DNA polymerase and DNA ligase to form a covalently
closed-circular DNA molecule.

MATERIALS AND METHODS

DNA. (a) Covalently closed-circular duplex SV40 DNA
[SV40(1)] (labeled with [*H]dT, 5 x 10* cpm/ug), free from
SV40 linear or oligomeric molecules [but containing 3-5%
of nicked double-stranded circles—8V40({I1)] was purified
from SV40-infected CV-1 cells (Jackson, 1., & Berg, P., in
preparation). (b) Closed-circular duplex Advgal DNA labeled
with ["H]dT (2.5 X 10* cpm/ug), was isolated from an E. coli
strain containing this DNA as an sutonomously replicating
plasmid (see ref. 3) by equilibrium sedimentation in CaCl-
ethidium bromide gradients (4) after lysis of the cells with de-
tergent. A more detailed characterization of this DNA will
be published later. Present informdtion indicates that the
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Proc. Nai. Aead. Ser. USA
Vol. 70, No. 11, pp. 3240-3244, November 1973

Construction of Biologically Functional Bacterial Plasmids In Vitro

(R factor/restriction enzyme/ftransformation/endonucleasefantibiotic resistance)

STANLEY N. COHENt, ANNIE C. Y. CHANG?*,

HERBERT W. BOYER{| AND ROBERT B. HELLING{

* Department of Medicine, Stanford University School of Medicine, Stanford, California 94305; and T Department of Microbiclogy,

University of California at San Francisco, S8an Francisco, Calif, 84122

Communicated by Norman Davidson, July 18, 1973

ABSTRACT The construction of new plasmid DNA
species by in vitro joining of restriction endonuclease-
generated fragments of separate plasmids is described.
Newly constructed plasmids that are inserted into Esch-
erichia coli by transformation are shown to be bio-
logically functional replicons that possess genetic pro-
perties and nucleotide base sequences from both of the
parent DNA molecules. Functional plasmids can be ob-
tained by reassociation of endonuclease-generated frag-
ments of larger replicons, as well as by joining of plasmid
DNA molecules of entirely different origins.

EeoRI-generated fragments have been inserted into appro-
priately-treated E. coli by transformation (7) and have been
shown to form biologically functional replicons that possess
genetic properties and nucleotide base sequences of both
parent DNA species.
MATERIALS AND METHODS

E. coli strain W1485 containing the RSF1010 plasmid, which
carries resistance to streptomycin and sulfonamide, was
obtained from 3. Falkow. Other bacterial strains and R

¥ THmT 4 2 b
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Proc. Nal. Acad. Sci. USA
Vol. 71, No. 5, pp. 17431747, May 1974

Replication and Transcription of Eukaryotic DNA in Escherichia coli
(restriction/plasmid ftransformation/recombination fribosomal DNA)

JOHN F. MORROW*t},| STANLEY N. COHEN{, ANNIE C. Y. CHANGt,{HERBERT W. BOYERS,

HOWARD M. GOODMANTY, AND ROBERT B. HELLING§'

Departments of * Biochemistry and T Medicine, Stanford University School of Medicine, Stanford, California 94305; and
Departments of § Microbiology and ¥ Biochemistry and Biophysics, University of California, San Franeisco, Calif. 94143

Communzcated by Joshua Lederberg, January 4, 1974

ABSTRACT Fra.gmsn ts of umpliﬁed Xennpua laevis
DNA, coding for 185 and 285 ribosomal RNA and generated
by EcoRl restriction endonuclease, have been linked in
vitro to the bacterial plasmid pSC101; and the recombinant
molecular species have been introduced into E. coli by
transformation. These recombinant plasmids, containing
both eukaryotic and prokaryotic DNA, replicate stably in
E. coli. RNA isolated from E. coli minicells harboring the
plasmids hybridizes to amplified X. loevis rDNA.

by an adaptation of a NaCl-sodium dodecyl sulfate cleared-
lysate procedure (12, 13). Transformation of E. colt by plasmid
DNA (7), isolation of E. coli minicells (14), heteroduplex
analysis by electron microscopy (15), DNA-RENA hybridiza-
tion (16, 17), and analysis of fragments generated by FEeoRI
endonuelease by agarose gel electrophoresis (refs. 1, 6, and
18; Helling, Goodman and Boyer, in preparation) have been
described elsewhere. Molecular weights of fragments were
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DNA CALISMALARINDA KULLANILAN ENZIMLER

‘RESTRIKSIYON ENDONUKLEAZLARI

(HIindIII, EcoRI, BamHI gb. 500'iin iizerinde farkl restriksiyon endoniikleazi izole edilmistir)

-LIGAZLAR

(T4-DNA ligaz enzimi, E. coli DNA ligaz enzimi)

-DNA POLIMERAZLAR

(Bakteriyofaj T4 DNA polimerazi, Tag DNA polimeraz, Reverz Transkriptaz gb.)
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BAKTERIYOFAJLAR (T-fajlar)

Kuyruk /
fiberleri

Kuyruk




BAKTERILERDE RESTRIKSIYON MODIFIKAYON SISTEMLERI-I

Metillenmemis Genom
Tasiyan Fajlar

Metillenmis Genom
Tasiyan Fajlar
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BAKTERILERDE RESTRIKSIYON ENZIMLERI

Tip I Enzimler:

Hedef diziyi tanima, metilasyon ve kesme islevi tek bir enzim
kompleksinde farkli altbirimler tarafindan gergeklestirilir. Tanima
dizisinden ¢ok uzak noktada kesme yaparlar. Ornek: EcoK enzimi.

Tip IT Enzimler:

Metilasyon ve kesme islevi birbirinden bagimsiz enzimler
tarafindan gergeklestirilir. Bu enzimler tanidiklari bélgede kesme
yaparlar. DNA tekniklerinde kullanilan restriksiyon
endonukleazlar: bu grup igerisinde yer alirlar.

Tip ITI Enzimler:

Tip I enzimlerde oldugu gibi metilasyon ve kesme islevi ayni
enzim tarafindan gergeklestirilir. Bu grup enzimlerde hedef diziyi
taniyan altbirim ayni zamanda metilasyon islevi gérir. Tanima
noktasindan ya da bu noktanin yakinindan kesme yaparlar. Ornek,
E. colide P1 ve P15 plazmitlerinin kodladigi EcoP1 ve EcoP15

enzimleri. 9
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Tip IT Restriksiyon Endoniikleazlar

Enzyme Recognition Sequence*
Alul AGIlCT —_— 44=256bp
BamHI GLEBATCC
m. ) . Bglll AlGATCT
Escherichia coli R rki Clal ATLCGAT
R > EcoRl GLAATTC —> 46=4096bp
Haelll GGlCcC
TRRLLELELELCELEEEEE > Hindll GTPylPuAC
HindII: Hindlll ALABCTT
T . . Hpall ClCGG
Haemophilus influenzae e
onl GGTAC.C
Rd irki Mbol LGATC
Pstl CTGCALlG
Pvul GEAT GG
Sall GITCGAC
Smal CCELGEG
Xmal cleCGEEE
Notl Gclcacgeccae — 48=65536 bp

Hedef Dizinin Bulunma Olasiligi: 4"
n = enzimin tanidigi dizideki baz
gifti sayisi

10
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Tip IT Restriksiyon Endoniikleazlar &

Resriksiyon erzimi swf

T Escherichia ol ¢ EcoRD
Serratia marcescens. - Smal
Providencia Staart~ - Pstl.
- HindZIL
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YAPISKAN UCLAR OLUSTURAN RESTRIKSIYON ENZIMLERI

Hind TIT
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YAPISKAN UCLAR OLUSTURAN RESTRIKSIYON ENZIMLERI
Sfil
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KUT UGLAR OLUSTURAN RESTRIKSIYON ENZIMLERI
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DNA Klonlama €alismalarinda Kullanilan Vektorler

Plazmit Vektorler

Bakterixofc '|Iar'

Cosmid'ler

Bacterial Artificial Chromosomes

east Artificial Chromosomes
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Plazmit Vektérde Bulunmasi Gereken Bélgeler
Replikasyon Orijini
(ColEl, pMB1, pUC)
Isaret (Marker) geni
(Amp, Tet, Kan direng genleri)
Multiple Cloning Site (MCS)
Farkli restriksiyon enzimleri igin kesme bdélgeleri

PROMOTOR

EcoRI
HindIII
BamHI
PstI

ORIJIN
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Ik Gelistirilen Yapay Plazmit Vektér (pBR322)

Hindill 29
Bsu15l 23
EcoRl 4359
Aatll 4286
Sspl 4168
Eco255 Scal 3844
Pvul 3733

Pstl 3607

Vspl 3537
Eco311 3433
Eam1105I 3361

AwNI 2884

Afill, BspLU111 2473

Sapl 2350
Ndel 2295

Bst11071 2244

Plazmit Vektorler

Eco321 185
Nhel 229
BamHI 375
SgrAl 409
Pael 562
EcoNl 622

Sall 651

PshAl 712
Eco521 939

Bsp68l 972
BspMI 1063

Mva1269| 132

Eco1301 1369
Eco88l 1425
Ball 1444
Kpn21 1664

Bsh13651 1662

Pvull 2064
Esp3l 2122
Tth1111 2217

BsaAl 2225

Orijin: pM1
Amp":RSF2124

Tcr: pSC101
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Plazmit

G AATTC
CTTAA G
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EcoRI EcoRI

...ﬁ"" v ‘

X GENI

PROMOTOR

REKOMBINANT .
DNA g X GENI
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TRANSFORMASYON
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’ TRANSFORMASYON
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Clustered Regularly-Interspaced Short
Palindromic Repeats - Cas9
(CRISPR/Cas9)

(Kimelenmig Duzenli Aralikh Kisa Palindromik Tekrarlar)

24




S. pyogenes Cas9 (SpyCas9)

| (CRISPR/Cas9)
Ftqu-I ?la Ha: / ; HNH m|_5 RuvC-lll 11:}5 CTD 13?3

| w-helical lobe | CRISPR

D=¢LO0PHPECECEPEPEED>—
TranskrlpS|yon
. /g
4 Rehber (guide)
Cas9 -
pr:tséini !__ RNA
Hedef

| \ / dizi

. PAM
\ (..NGG-3')

PAM (protospacer adjacent motif)
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Clustered Regularly-Interspaced Short Palindromic Repeats

CRISPR Provides Acquired Resistance
Against Viruses in Prokaryotes

Rodolphe Barrangou,” Christophe Fremaux,” Héléne Deveau,? Melissa Richards,*
Patrick Boyaval,? Sylvain Moineau,® Dennis A. Romero,! Philippe Horvath®*

Clustered regularly interspaced short palindromic repeats (CRISPR) are a distinctive feature of the
genomes of most Bacteria and Archaea and are thought to be involved in resistance to bacteriophages.
We found that, after viral challenge, bacteria integrated new spacers derived from phage genomic
sequences. Removal or addition of particular spacers modified the phage-resistance phenotype of the
cell. Thus, CRISPR, together with associated cas genes, provided resistance against phages, and
resistance specificity is determined by spacer-phage sequence similarity.

SCIENCE VOL 315 23 MARCH 2007 Streptococcus thermophilus
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CRISPR/Cas Gene Knockout

Scaffold

gRNA
S\

Spacer
¢ Complex formation

Cas9:gRNA complex

v -
Complex formation
and target binding

Target 1+PAM 1

Target cleavage
{DSB formation)

DSB repaired via NHEJ or HDR
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