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SUMMARY
(FE 8 oFT)

1. Title

Study of Listeria phage defense system for prevention and treatment of food poisoning

II. Purpose

To prevent and treat the infection by pathogenic bacteria such as Listeria
monocytogenes, we intended to develope a new technology related to phage therapy,
which can be used as an alternative to the conventional approaches using antibiotics.
The elucidation of the mechanism of the CRISPR-Cas system, a bacterial phage
defense system can make it possible to increase the efficacy of the phage therapy by
inhibiting bacteria’s phage resistance. To do this, we performed structural and

functional studies for Cas proteins, core components of the CRISPR-Cas system.

II. Contents

We produced and purified CRISPR nucleic acids and Cas proteins, main components of
the CRISPR-Cas system, and analyzed their biochemical properties. The Cas proteins
were tested for their affinities to nucleic acids, and their three dimensional structures
were also determined. We also carried out the characterization of homologous Cas
proteins from other bacteria to accomplish the goal of this research project more

effectively.

IV. Results

We obtained genes for the four Listeria monocytogenes Cas proteins, but their
purification were not successful. As an alternative, we decided to study Streptococcus
pyogenes that contains Cas proteins similar to those from Listeria monocytogenes.
Csn2, one of the Streptococcus pyogenes Cas proteins, has DNA and calcium binding
affinities. We also solved its crystal structure, and showed that Csn2 can from a

protein complex with Casl, another Streptococcus pyogenes Cas protein.

V. Contribution

We published the structure and function of the Csn2 protein in the international
research journal and are preparing another manuscript now. We also deposited two
Csn2 structures in the Protein Data Bank. One master—-degree student graduated with

the results about the Csn2 protein.
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1) A= Aol Listeria monocytogenes®t 724 WA 7o) st ou 2 X8 &

=<

sl 7IEe] FAAE ol & A=W dijte] & 4 U= phage A=W (phage
therapy) #& 93774,
2) HA79] phage A3+ A A¢l CRISPR-Cas system® #H& 717 7S E8 HAwo
phage A& 7|5 <3} Bl phage A 5We| &5 43t A
3) WYY phage A3 A A<l CRISPR-Cas system® 3Al G244 Q
B Aoje] 1A EARA @
v Ak A R

1) A5%E P+t Listeria monocytogenes®t 7S W d+to]l £43F= phage A& A A

=

B>
o,
@)
Q

wn

AV
=
i)
o

¢l CRISPR-Cas system®] #-& 7|2} 714,
2) CRISPR-Cas system®] #-& 7|2 419 Ao 8k T3 43 & 59 Cas
k] AL g

1=

3) CRISPR-Cas system®] 314 4 Q4091 Cas ¥l 7|5 @ 3% 79,

2. AT deA
7k ARG 7 m A Y oA

1) L. monocytogenes= =&/l WU T 7P =& AALES /MR AAo=A L
monocytogenes®] 7t el o3 mid wlse ARk 2,500 oJx1e] W 500 7] AR
o] Rud AER AF <tdd 7MY & AEY (J Microbiol Immunol Infect 40! 4-13

(2007)).
2) L. monocytogenes®] X =E 913 7159 FAA A=W Uit S=A] bacteriophage
e 2 feER oy (J Food

& o|&3dte] WS APEA7IE phage A EHol AL
Prot 73: 32-8 (2010)), L. monocytogenes®| <Asl+= CRISPR (Clustered, regularly
interspaced, short palindromic repeats)gfil o]& 2o]%Z phage A3 AAZ s 1
2I7F AgdA ol B & mdE 98l o] phage A AAY FHIL 5o
4.

3) L. monocytogenes® <A3}+= phage A3 AAL FA &4 = 1 7|Tol A

L= S B B

1



(R
1) phageol] ™3t Aol A3 A A CRISPR-Cas system= =-83Fo] A+ AHA] W9

FHAAE QFoA Hdst FHE o121 = oA IrbE IS AE A RNAIY #

q
of MelN fu4 WAL 2t AR 1E2A olgd F UL,

i
fl
-

2) Theka Abgl Aol AlFel ol &AL HE AR AN glon), AFe Hhole

2of 39Sl phageol] 9l o] a8 Y A A Akt Fofrl Ha e
22 CRISPR-Cas system= A7sto 22X Mt WA AAE Hstste] 7@ ojsh

AdE = & dotdd Al ol& Aol & =&l d 5 =

o

3) L. monocytogenes el 23t A= oo thefet WU Aol EASHE

=
1) phageol W3t Aol A& A A2 CRISPR-Cas system< “L xA| 24 A & Ao

phage A &A|Ae] ofsfo] o] &= of i WAL Aol oA 7]zhe=A o]&d F 3l

2
& Tt 712 A7 dideln 7Ed del Xl Al ol AAlEde de
daE N FAEAY dF ALS 7Isinrt ol & o] &ako] Ap5-o] el st
© ¥F9 g5919Y (acquired immunity) AAC|R=E 7] AT FAmAY FAA H

T8l U wral & 5 Sl

2) CRISPR-Cas system< 1 #g 7] Zto] 9Jojr o] 115 AE RNAI system¥o] F-AMA

o Q8 O% FEWD gt A7 FAolnz SEHorx 1 AT Bayel w$ ¥

= (€ 1.

3. AT7HEel W

7}. L. monocytogenes®] phage A& AA A

2) L. monocytogenes® phage #3+ A|Ae] AHA

1) L. monocytogenes®] phage A& A A 442542 CRISPR 4} Cas @z o] Al

A g g A

o,

849 Cas @Al o) &4

2
HE
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3) L. monocytogenes® phage A3 A A ;A FAJQA¢ Cas @A AbxpQ 2
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L. L. monocytogenes$t A+& phage A3 AAY AT
D A+ AHAFES Foln Y8 o4& ®BAS Q8 L. monocytogenes®t rAFSH
CRISPR-Cas system= R A3 Hdds A5 o= A4,
2) L. monocytogenes®t +A}3F CRISPR-Cas system= H 3+ WU+ phage A3 AA
o A F48A4Ql Cas @l do] Ak
3) L. monocytogenes®}t +AFet CRISPR-Cas system= R.A+3 B phage A A7
o A T anql Cas @A 75 B AL Hd % 9178,

CRISPR-mediated interference

Eukaryotic RNA-interference

crRNA

5'-—"%— 3'

crRNA-guided surveillance complex
Cas protein(s)

JELLLALLALLIAACLRLE

Target interference

a8 1. A7t phage A3 A A CR
A) (Nature 482: 331-8 (2012)).

g :
Foreign DNA : Foreign RNA
& £ ] . ._
\ : - Nucleus
CRISPR locus o : .
0OT200000CE000 ’ PIRNA locus miRNA locus
| Repeat  Repeat  Repeat N 5000008
CRISPR .
transcription ; ‘«-:_;:r._x\ Drosha
' : ’
Cas or RNase IIl !

RNA biogenesis

RNA-guided
interference

ISPR-Cas system¥} i

RNA-induced silencing complex
AGO/PIWI

Target interference

sy

o
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7}. L. monocytogenes® phage &2 & &3}
1) L. monocytogenes®] X =E {3 7]£9 FAA X 5He teto 24 phaged o&

FAdqo=z s As (J Food Prot 73:

N

sto] WS APEAI7]= phage A RW O

O,>‘

32-8 (2010)).

2) phage X BWHE o] &3t L. monocytogenes 733l ABE & vded= EBI Food
Safetyiit 9] LISTEXTM®} ®l=+ Intralytixiit©] ListShieldTM % & 2%9] phage A%9]
Mol wEE FDAS 4508 A& (&x: vdzt= EBI Food Safetyit$ w)=*
Intralytixjil 23] o] #]).

b A9 phage A8 AAZA CRISPR-Cas system 4 ## a3}

1) CRISPR+= bacteria®} archaea®] genome®| &A= 5ok DNA A EolH, 19874
Escherichia colilX A& A %E ©]% (J Bacteriol 169: 5429-33 (1987)), A= 7}4]
genome A EAo] k5 Aol ¢F 40%, LAl oF 80%ClA WA H A=,

2) CRISPRE 5YU3% Ao #L repeatEd thyst MES 7HA= &S spacerE=Z |
FolA Sl=Hl, repeats Ato]Atelel spacerse°]l s 71994 Sl= FEoIM cas
(CRISPR-associated)gtal o5& EJZ CRISPROl 143k t}st f-AAER A E ]
+d (Mol Microbiol 43: 1565-75 (2002)), ©°]&< CRISPR7} &Astes vAE

genome°| A qF Aelx o7 wbA (18 2).

4 g g™

cas genes

a9 2. AM+te] phage A& A AIQ) CRISPR-Cas system® HA% (Nat Rev Genet
11:181-190 (2010)).

3) BEAREA 7]1&eS o] &3 AFE2XE CRISPRY spacers & 937} phageel
Azl FAU3d A7IEES A dodE Aol HEEAL (Microbiology 151:

2551-61 (2005), J Mol Evol 60: 174-82 (2005), Microbiology 151: 653-63



(2005)),

RNAig} 7+o] Aol A phaged] tdt Aa AAZA 7|58 Aolghs 7P R o]o]

4 3.

4) A|++e] phage A& A AZA CRISPRE 715< Streptococcus thermophilusE ©)
o] Ago7 AFA o7 FHEET (Science 3150 1709-12 (2007)), ©] <70l A]

M spacer

- - e -

IﬂTﬂwmk
T

L
S

= Cash /

Invading phage
or pasmid DA

T - s

SN N A TR TN Precursor oRNA

l‘ Cincade comples or Casd

A~ JF AL

criRfAL

Invading phige J-ra\
o plasmid DA

19 3. CRISPR-Cas system® 2H& 712 A% (Nat
Rev Genet 11:181-190 (2010)).
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S. thermophilus®| E73%F phageE Z9A17 ¥, o] phaged FAA AE F9o A7}
S, thermophilus?’} 7FAaL Q= CRISPRe| spacerZA AJEASS 3213 o,

spacer’} AEol ‘WA EH S thermophilust 22 52 phageol| W& A3 S

5) o] = t}eksl Aot = aA|qto] £A4)8= CRISPR-Cas systemol] 3
o, Cas @de] 7|5 @ Fxo tigh A Ao Hu% FUHEHE FAY

ot
2
-+
ih)
i)
~

2. =) #EFor A%t
7}. L. monocytogenes®] phage X 5% #H &3}

D oheFst WdA Alstel Fete] &9 APEE %8k phageol] tigh A= o
T Ao 3w ar ot A2l phage A& AAQl CRISPRA thdk A= A
Ao R Zrolr 7] ofe 3.

2) L. monocytogenes®l| Wt =l A5+ A= the BHarwo] 9 oyt W] phage
therapy 9t ¥ A7 37] olel9-m WAt phage A& AA g A= =&

o]
.

&)

. Al+t9] phage A3 A AZA CRISPR-Cas system A7+ @& &3}

1) A& WAl Xanthomonas oryzae®] genome sequencing A7 5 4Y ] A+
I

ALY

o] Fx = FHojdl A9 genome sequencing Aol A CRISPR Ado] wAH
Aol glovt ol g wr ARA A= H7EA Ztolrr] i (Nucleic Acids
Res. 33: 577-86 (2005)).

2) FH B A7 HdAe] A7AS HESe] dxetrled st wg A B
Agietan AN w4 Ao A CRISPR-Cas system@ 34 14 9 491 Cas ¢
Aol #gt AF7F BiEHS S (PLoS One. 7: 33401 (2012), Proteins. 80: 2573-82
(2012), Proteins. doi: 10.1002/prot.24183 (2012), Proteins. 80:1 895-900
(2012)).
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1. L. monocytogenes®] Cas &
7}. L. monocytogenes®] Cas ©@¥

1) L. monocytogenes®] phage #&

Al

HF A
=T

(o) O
d L X Axt

WA Ay
04 A7 S

A Al CRISPR-Cas systemo]+= & 459 Cas

WA So] AT 159 o]F¥ 5L o xld UEES &
¥ 1. L. monocytogenes®] Cas Tz o] 7o} Ex
=5 £4
Conl - CRISPR &4Fe AEstes &4d oz o4,
sn
- EA3E £/ CRISPR-Cas systemol| Wt Eo]d o7 Exj
Cond - CRISPRE] Aol #odE AR o 5.
sn
- EA3 =79 CRISPR-Cas systemol| 5t Eo]z o7 Zxj
Casl - nuclease =+ integrase® o4,
as
- TE CRISPR-Cas systemo] &=A4s}= U4k Cas @4,
Cas? - nuclease® 4.
as
- B E CRISPR-Cas systemel] £A43}+= <Hb4 Cas @i 2,

2) L. monocytogenes2] Cast9
U AFAEFE 3o

straine <

=<

2. & 4

;é]

== Ue & 29

=
=

o

Q& R3S L. monocytogenes strain.

213 L. monocytogenes strain &

L. monocytogenes ATCC 15315

L. monocytogenes ATCC 19114

L. monocytogenes ATCC 19115

v}, L. monocytogenes Csnl Tz o] AL

1) 883k 3%F9 L. monocytogenes straine

system® &4

=
=

3}
),

o op 1 4olM =

A"F Csnl @] f

ol H Ao Csnl ©Z
Hj-o}
33+9S (ATCC 15315 Lane 2, 3).
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FAAE 3R3E7 Y3te] 3F9 L. monocytogenes

oz PCRE 433} CRISPR-Cas
414k (4014 bp)e] SFS AlEst
2ol L. monocytogenes ATCC 153159



ATCC 15315 ATCC 19114 ATCC 19115
M1 2 3 4 1 M 2 3 1 2 3

4000
3000

2000

1000

e
—
—
S —
R
-—
o
e

bp

18 4, PCRE o] 83 L. monocytogenes Csnl @2 §-2=}2)

N
e

2)

of\
A

2% . monocytogenes ATCC 153159 Csn2 @2 FHAE E colid A9 A4t
7198 E coli HrhddE g Vectorol] CloningS A%E3F ot Ligation ¥HE 3o
Transformation®l E. coli colonyg 3+&

3) W E AFME AT AdE d& F /e, o= L monocytogenes ATCC

Csn2 ©+ 3z FAx7} £ coliol Xl Toxicst &3S W7] W&l Ao =2 AlgH,

t}. L. monocytogenes® Csn2 Tz o] Ak
1) #x3t 3F° L. monocytogenes strain & Csnl WA ZZEo]| A3 L.
monocytogenes ATCC 153155 W o= PCRES 433l Csn2 @¥d 44 (696

bp)ol FES AESHHOn bl 1Y 54 HAF = U vhst ol FAA FEof

2000

1000

500

bp

a9 5. PCRE ©]&3 L. monocytogenes
Csn2 ©ld fHdzpe] F2,
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2) 2% Csn2 @A FAAE o83l E. colPllA Csn2 @] rts Hxo=z
o] 19 59 o] N-terminalel| Hisidine (His)-Maltose binding protein (MBP)
tage] AL Tag¥ Csn2 @2 Alo]oi= Tobacco etch virus (TEV) protease site”7}

= T+ZE 7FA+= Constructel] Clonings}$ <.

TEV cleavage site

MBP ENLYFQ

<€ > <€ >
46.9 kDa 27.2kDa

% 6. E. colil A Csn2 @z AARS 93 Construct.

3) Coning ¥ Sequencings &3 Csn2 ©@¥&d fHdx2e] IS &<2lst% =4, Genome

670 ofw] =it

o

Aol oln &7 L. monocytogenes F6854 strain® v g o,
Zpol 7t oS HAS RS (2™ 7).

(B) Pl MOGLCSWEMMOMNFNFELLDDPIQIEDSTIFVIEDVRVFANVTIRFFYQYEETEELTIFGA 60
Ll "[E‘CLEu[ﬂ'ﬁlﬂﬁ’lﬂ\]ﬁ[ﬂ\LLDDPIGIEDSTIF‘JEDVF'{FAN\TRFFI'JYEEIEELTIFDAQ 60

CCATACARANTTOAAGATTCTACCATATTTGTAATAGAR!
CCATACAARTTGAAGATTCTACTATATTTGTANTAGAM)

or1 THOPLESSELALITDVLCHD INSAATLELIVADLE GO LNERPEVESMIDFLTATISELIG 120
Ll ¥HgPLESSELMLITOVLGHDINSAATLRLIVADLEQQLNEXPEVESMIDELTATISELIG 120
T AN U e i s S N S S S G N O]

GATTTTTCTATCAKTAC
FATETTTCTATCAATALY

CAGAAGAATTEACCATTTTTGHETOEE 180
TATAACARTTRACCA GREOCE 180

0r1 VELLEHELDLEEDEIMVIELFRALGIKIETESDTVFEXLIEIVOVYEVLSERELLVLINY 180
L1 ‘:'EL LEHE LDLEE’DE ITV IEL FHAL L'rI K IETA&DT\-'FELL 1E I\?Lllr'ﬂ-‘ 1. z\'.l‘l'f.. LWL I]'f'\u 180

L"I'IG“GH'.'AETCJUCWMC J.M oo ori CSYLTEEELLELRRYISLYQVEVLFIEPREIEGSPIVTLDPDYFLHEVENSY 231
COMALICICTINCH, 300 Ll CSYLTEEELLELRRYISLYQVEVLFIERREIK GSPOTTLDSDYFLIVENSY 231

1 e ey e g
aus TEATIAKTTA ofo| . 4+ 2| K] F6854 ATCC 15313
11 Gln Arg
! 52 Thr lle
W 59 Gly Asp
i bttty CrTTATATCAR 400 61 Thr Lys
4 S N ko ot 24 136 Met Thr
ors 221 Pro Ser

2 7. L. monocytogenes ATCC 15313 % F6854 Csn2 A< w|lul (A) DNA A< (B) of
A A E () Aol opn it 7] H5

4) 91e} o]l ALdE F2lg Csn2 T E ] {25 IPTGE ©183+9 £ colel A Tt

Bask & His-tag¥ Ni-column® 352828 o] &3f+= Affinity chromatography=



T XANMwAD | Y Tl o T EATEOCR] Feetew T T 0| e | et

B S G R i
A S RS R N ST R |

1 D O LMY E N C - PN P P P A F AP B P B e W

P i Y ™

a8 8. L. monocytogenes Csn2 ©aAel A WA Affinity
chromatography®t SDS-PAGE 23},

5 99 Aol B & A= vkef Zo] UlFEE9] Csn2 d¥ido] o d = Columnol| 2
38kl o™ Imidazole gradientE ©]-8-3F4 Elutionol] 333315

6) o]z A A& Csn2 @A 9] N-terminal tagS A A3L7] 98] TEV proteaseE &3}
1, AA¥ N-terminal tag® Csn2 @z RES 237 98] Ni-columng o] &3}

= Affinity chromatographyS thA] 3 ¥ F33S (28 9).

| |
| | | g

s ! < e 1 T 9T )

« " L3 m wl

|
C S I B ) |
o

% 9. L. monocytogenes Csn2 Tl o] 5= WA Affinity chromatography
9} SDS-PAGE 23}

7) Yol B 4 9= vkel 7o) TEV protease©] 93k N-terminal tag®] #|A7} vl LA
AFAolq o) Adg2] Csn2 @S N-terminal tag¥ 7 Elution¥ 1o, kA
Elution® Csn2% N-terminal tage| #| A% A &< @Ay E3trjo] Qli= AFejdS

selshel ¢
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8) ol ¥ Csn2 S Size-exclusion chromatographys ©|-&3}o] H T}

FH= AAE Al=sdls (2" 10).

M Bi 22 24 25 26 28 30 32 34

- P R B -

% 10. L. monocytogenes Csn2 T A Q] Size-exclusion chromatography
2 SDS-PAGE 23}

Aol dag Ao T F w2z GAHA FUSe T, o= vhEA
A Aol selH.

2}, L. monocytogenes® Casl w@z o] Ak
1) 883l 3%F9 L. monocytogenes straing A 2 PCRES 35lo] Casl @&
AAF (867 bp)e TS AlEslgom olgfl 17 1104 A 4= &= upe} o] L

monocytogenes ATCC 153159 A%t Casl @A o] G FZo| A333S.

= 1: ATCC 15315

2000 :":‘_ 2: ATCC 15315
1000 [ 3: ATCC 19114
500 [ 4: ATCC 19114

5: ATCC 19115

bp 6: ATCC 19115

a7y 11. PCRE o]83t L. monocytogenes

Casl @94 fFHzte] T3,

f Casl 9ol §A4% ol 8slo] £ colilA Casl o] Ag BHow

)
olX
i
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t}2-o] 13 129 o] N-terminalel His-MBP tage] il

Tag¥} Csn2 ©ad Alo]d
+ TEV protease site’} = 72& 7F# & Constructol] Cloning3}$la

ST DNVER- Tev -GS 75.6kDa

a9 12. E. coliPl A Casl @12 A2HS- €3+ Construct

G A o) FARAE Ao R E colielA IPTGE o] &3 1}
ksl S Small-scale® A|d@3st¥ o 1 A3l AgAoldde (18 13).

€ Tagged Casl

dwy SRS B

=

L L-1PTG

2. + IPTG
3. + IPTG (Soluble)

a9 13, Casl @ g o] Aoy Ay,

4) 919 A& & N-terminal tag¥®} 374 Casl @A
Ni-column=

E. colP| A Hohdds o
o] 8-3}+= Affinity chromatography& 3J3}% &

200 2000 | IV

gt

AL e

\
: _"L‘ e LA | u/ \EH_HH;,_;ﬁ

——‘l—l———*"l |-|-|u||--

=g,
loat] ga' |48 [i4e (s Waie

a0

% 14. L. monocytogenes Casl iz el 31 Ha| Affinity chromatography.
5) ‘ﬂoﬂﬁ % T /y\

upe} 7ho] thi-E-o] Casl @@ o] Columnel ZgH3}A]
Elution¥ o™, o

1= Casl w¥zo] Soluble aggregate® <AJ3l7] wj&d
o] Ayt2HE dE Casl @l o] 3

-



vl L. monocytogenes®] Cas2 Traiz o] AAk

1) 3413t 3%F9 L. monocytogenes straing Aoz PCRES 433lo] Cas2 @&
A (342 bp)e]l TFS AlLslor ofgl 1y 1504 A 4 e upe} o] L
monocytogenes ATCC 153159 A%k Cas2 @A o] FAR} FEof| A 333S.

1: ATCC 15315

2: ATCC 15315

3: ATCC 19114
1000

4: ATCC 19114
500
300 5: ATCC 19115

6: ATCC 19115

19 15. PCRE o]
ol §Azpe] &

3l L. monocytogenes Cas2

&
3
= .

2) T%H Cas2 @M FHAE o]&sto] E colPllA Cas2 ©@¥de] YikS HHow
thSo] 19 169 o] His-MBP tago] il Tag¥ Cas2 & Alo]oi= TEV

protease site’} = TFE 7}FA|+= Constructd] Cloning3d}3i<-.

DHISE-INNVEENNN- Tev INEESAN 55.2kDa

18 16. E. coliPl A Cas2 @z A4S €3+ Construct.

3) 91} o] Cloningdt Cas2 @@ o] A5 o= E colelA IPTGE o] &3

A S Small-scale® A @sidleon 1 237 HeAoldds (21 17).

55kDa '“ <€-Tagged Cas2

!u‘ﬂ 1. - IPTG

2. + IPTG
3. + IPTG (Soluble)

a9 17, Cas2 @i d o] Aoy Ay,
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4) 919 A3 F N-terminal tag¥® &4 Casl ©WAS E colPlA FHopdsldt &
His-tag¥ Ni-column®] A3 28-S o]&3= Affinity chromatographyS G331

(29 18).

0] 3 T

s

¥ 18, L. monocytogenes Casl izl A WA Affinity
chromatography.
5 Casl @A} wpz7x 2 ff5£2] Cas?2 wW¥lzo] Columnel| ZAg3sHA &l
Elution¥ o™, o]+ Cas2 @l z#o] Spoluble aggregate® =A35}7] WY &= AL

o] AnenE WAL Cas2 W¥do] F& APe] AP B2 & + UYL

o
ih]
ri

vl. L. monocytogenes®] Cas T2 o1+
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Cas @¥lde] % 9 7|sd7o] H8d Sid 43 &9 dids Aist=d 4
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3) ol¢t TS AESS vPF R Gx AFAEA A e mA AbEid tiE L
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59 HAE E 0E WAY ATE HoE 9TE AW AR,

2. Listeria innocua®) Cas THiz I3t
7b. deto 2 M9 L. jnnocua®] Cas ¥z &

1) L. innocua= L. monocytogenes®t 2 <4 (J&, genus)dl Eole AMAo= L.

L

=
monocytogenes®te] vl F-AA AFEZHE FAFSE CRISPR-Cas system= H.-f-3+



o] FHEomR Yeto A dAslr|2 AAT (BMC genomics. 11: 688 (2010)).
2) L. inocua®l Cas¥¥d S22 Sw3sl7] st 229 L. inocua strains< =4 4
TFAZEE Fo] wolon o]58 U oeZ PCRE Fa3dd L. inocua Csnl &9 A &

A7 (4005 bp)el FEE Awatglont sl e.

1. 0. &4
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29 19. PCRE |83 L. inocua Csnl w2

FAA FE AR,
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2 A% YL, e FFY HU4 AT GNoE ATE AdsE AR
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-
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2) S. pyogenesT L. monocytogenesSt 2 & ()&, genus)< ofY Ak F-AFSH Cas ©

MAES B33l 9o (F 3), phage A8 A A ZA4 CRISPR-Cas system®] 7]%©]

j"

1S AGE Streptococcus thermophilus®t 32 & (J&, genus)o|P & AT o=

b
ol

-

¥ 3. L. monocytogenes®; S. pyogenes Cas Tz o] v,

=T L. monocytogenes S. pyogenes Sequence identity
Csnl 1337 aa 1368 aa 44.4 %
Csn2 231 aa 220 aa 58.6 %
Casl 288 aa 289 aa 68.1 %
Cas2 113 aa 113 aa 74.3 %




3) AF7HA HA"E Ao ED A9 CRISPR-Cas system< Cas ©ilz ] FAMA,
CRISPR-Cas system® A 84, CRISPR® Repeat A¥ 55 =3

Moz wejste o

3t Type ¥ Subtypel® /I 4 Ad=d (29 20), &2 Type % Subtypel =
HHF5%+= CRISPR-Cas system= 1 Foluy 2o Aaglo]l ml$ FAS Aow ZAEZEXA

S 4+ 9J& (Nat Rev Microbiol 9: 467-77 (2011)).
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cas5

RE L R R
I gt ¢
— o) EpEpI)
5 | cas7 cash cosdeos3’ cosd cosd
L R

cas)

_.?k\‘:‘_.
— _‘.f-' Rt
cas? cas3easd” EEEEAR cos6

Casd

casd

oasd sl casd

5 R R
[—"\ s, —
L L —
casd: (B cs?  eas7 cosS easbe  casl casd?
L R RE
— >
o
cas]l  coslcasd P csv? esyd candf
casd casl  cas?  csnd
s cas] cas?  casd
RE L 5 R R R T
s -—h\\ M‘
cash  cas10 l'iﬁﬂiJl csmd  camd  csmS csmB casl  cos?
RE
N somanih
! v o g
cmrl casl®ll  cmrd  omed  [EEES)  cash cmrb casl cosd

I-A (Apern or CASSS)

I-B {Tneap-Hmari or CAS57}

1-C (Dvulg or CASS1)

I-E (Ecoli or CAS52)

I-F (Ypest or CAS53)

A (Nmeni ar CASS4)

Il-B {Nmeni or CASS54a)

I (Mtukse or CASSE)

-8B (Polymerase=-RAMP module)

13 20. CRISPR-Cas system® Type % SubtypeE (Nat Rev Microbiol 9: 467-77

(2011)).

4) AT+ WAl L. monocytogenes®t S. pyogenes®] CRISPR-Cas systeme X5 Type

119 Subtype I-Ac] %aln], w]$ §A8 5S4 7HA1

Venter Institute-Comprehensive Microbial

Reportoll A= & 4= 9L (19 21).
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18 21. L. monocytogenesS}t S. pyogenes CRISPR-Cas system&9 A
(http://cmr.jcvi.org).

5) L. monocytogenes®t S. pyogenes®] Cas ©WAES 77 H A3 bz Family =

+ Superfamily®l &3to] #HEAS (3£ 4)

4. L. monocytogenes®}t S. pyogenes Cas Tz o] 43}
g3 Family %=+ Superfamily (Nat Rev Microbiol 9:
467-77 (2011)).

(e

L. monocytogenes S. pyogenes
Csnl COG3513 COG3513
Csn2 Spy1049-like Spy1049-like
Casl COG1518 COG1518
Cas2 COG3512 COG3512

6) W3, Bacillus halodurans Csn2 % Streptococcus agalactiae Csn2 T}z ol tjsh
AT AH=FE o5 Cas @ME S0 & & (4, genus)dll Fdl= AdsE=2HH
g Aol Eetar 1 Vs FE27F wle fARSke] SR ol #2 Type
= Subtype® CRISPR-Cas systemel] £38l= Cas @A EL U8 £ AFOoZEE
FeHlAsolE AR wg FAME ¢ des BHoAFeE 5%

30759-68 (2011); J Struct Biol. 178:350-62 (2012))

a9l (J Biol Chem. 286:

7 Y9 AHES =gHow 18 ul, L. monocytogenes®t S. pyogeness= w-$- A}
3} CRISPR-Cas systemS E-F3ta 9om, 159 Cas UMAEE T3l GAE Ao
2 AEXE F 9o, wEbA L. monocytogenes Cas G

S. pyogenes Cas T AL AFsl= Zlo] EEstial AR

o, =



. S. pyogenes®] Csn2 Tz o] Ait

1) S pyogenes®] Cas ©@¥ld AAS Q3] S pyrogenes M1 GAS strain® genomic
DNAZYH F 4F¢ Cas @A) i3 §d2 255 PCRe °| &3 3% & &
Bt A

2) R T 4F9 824 F Csnl A& A 3F9 Cas @4 F2 (Csn2,
Casl, Cas2)& E. coleA9 o} w3o] 233t construct® A &3} aL, o] 5 Csn?2
GdS O 3 2 V)sdTdd 283 FEd N e 2 Allsted A

3) S pyvogenes Csn2 WAL N-terminal® His—-MBP tagS ©]&3F affinity
chromatography, TEV proteaseE ©]83% His-MBP tag® #3g], gel filtration
chromatography®] 3@7Al= o]Folxl £ 2 AAWMS T Aisien 1 ¢
kS )29 Size—exclusion chromatography® SDS-PAGE Z¥#& ¢ 71535192
(14 22)
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a9 22. S.  pyogenes  Csn2 gl )
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T

18 23. S pyogenes Csn2 ©@d AA=
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4) 9o A Ao AAozRE X-A AABS 0|83l S progenes Csn2 @l Aol 2

4 TEE MY (1" 24).

38 24, S pyogenes Csn2 Tl do] 23 L%

5) S. pyogenes Csn2 WMAL tetramerZA 77} H]o] Q& tThololE = HQfo]
ring %% 7FA22 =4 ring®] W74 (inner diameter)©] DNA o]% UAS 488
T A= WEY A7]olal ringd WH-IEWHel| FHstl EAFe] ddHRern=E, S
pyogenes Csn29@+M A& S-A3E 7}2 double-stranded DNA®}S] Astal 7lsAdo] =

Uil f5 7hs

6) o]|ZH-E Csn2 @Wido] o]F UM DNA9F AFE 7Hsdo] wohe 3S A2 A =
Aoem S pyogenes Csn2 wA o]F A DNAS ZAsts glsty] sk
electrophoretic mobility shift assay (EMSA)E F313}lo] S pyogenes Csn2 T 7 o]
o]F W4l DNASH v 5ol oz ZAgshs A om sl (L 25).
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2) 919] ol AT AT Yt obd E 9o FEsA L.

R EES
%gug‘;g%% Protein Data Bankel]l ©@¥d 3 X 5= (ID: 3TOC)
%‘gn‘g‘;‘i%% Protein Data Bankol @9 Fx A B 55 (ID: 3V7F)

Crystal structure of Streptococcus pyogenes Csn2 reveals
= (SCD calcium—dependent conformational changes in its tertiary and
quaternary structure, PLoS One. 2012; 7(3):e33401

3 10. 71EF A0 Ak 8

3} e
St FRAESS] & d3]/2012-06-26/Crystal Structure of

St ] 5
H é‘;mﬂ Streptococcus pyogenes Csn2 Reveals Calcium—-Dependent

Conformational Changes in Its Tertiary and Quaternary Structure

)=k A EAYETHE] st 3]/2012-12-17/Crystal Structure of

| k<
A @Emﬂ Streptococcus pyogenes Csn2 protein, a component of
CRISPR-mediated bacterial immune system
AT %5 8P4 A/2012-08/H & ol 3hal 54 & o
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7F. Csn2 w2 #A& &fjo A4 4K

1) 5Y AT 25X Streptococcus agalactiae Csn2 T 2o
(J Struct Biol. 178:350-62 (2012)).

2) o] =EoAN AREL S agalactiae Csn2 T A o] 219
A DNA 23S tHstdlen ol 2 Ax9 A4 A3}

3) o] =EoA & 7}A] Eol@&wrsl A3FE A AFEo] molecular dynamics simulationg:

F3l A3 S. agalactiae Csn2 T AL ol v} DNA At WAooz 7]E AA

A Csn2 tetramer? %% ring

o
oft
ol

bol Agsts A o119 ring whRFD A

= WA T Aok (19 26).

I8 26, 59 AHo] Aeks Csn2 ©@rl Aol F7}
2] 7}53F o]F U DNA Z3 ¥4l (J Struct Biol.
178:350-62 (2012)).
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