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ABSTRACT: A certain size of DNA (28-29 kb long] to be packaged into P2-size head and the mutation in sid gene of bacteriophage P4 are
the major factors to overcome “P2 sir-associated helper inefficiency”. To clarify whether the presence of sid mutation is essential to
overcome P2 sir-associated helper inefficiency” or not, we tested the P4 derivative, P4 delR/-:krmr, which is sid” and whose genome size
supposed to be 28.5 kb long in the case of being packaged into P2s;5-sized large head. As P4 delfv/::kmr showed the low EOP with P2 s/ri3
lysogen, P4 delR/:-kmr phage stock was prepared in P2 s/r3 lysogen host to increase the EOP with P2 sir3 lysogen. Through this
process, P4 delR/::kmr had been adapted for P2 sir3 lysogen. With a CsCl buoyant equilibrium density gradient experiment and gel
electrophoresis of the isolated DNA, it was evident that the adaptation of P4 delR/::kmr for P2 sir3 lysogen was caused by the
conformational change of DNA to be packaged into large head. The burst size determination experiments with P4 delR/:-kmrphage stock
adapted for P2 sir3 lysogen and normal P4 delF::kmr phage stock showed that not the s/g mutation but the size of DNA to be packaged
(28-29 kb long) was essential to overcome “P2 sir-associated helper inefficiency”.

Key words: adaptation, bacteriophage P2-P4, DNA conformation, sid mutation, s/ mutation

Hhe| 2] @ uk2] P4= w 2jof A 2| & Aok RS 2L
QX 0k 0 B2 Escherichia coli A3 W o] ZSefAn|E A=
UTH7} =29} 2| (helper phage) ¢l HH| 2] ©.3}2] P27} 228
ok A= FAS 4= Gl 91/dubA|(satellite phage)o]th
(Bertani and Six, 1988). 2}8)| 2] 21}2] P4= dhe| 2] @} x| 2
SA18k o uel 2] 3k x) P29 jele) 2] A4 $AE of
gotzu), uhee] 2314 P22) 2] HEh1/3 HE 2 A4
o] 2112 packaging3}7] o] e 22 o) AL 91
W] 7] AA 8- A}2] sid (size determination) = 2r a1 Q)T
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(Shore et al., 1978). 1& 2 & v} 2] L. 1}X| P49} v 2] @1k
%) P27} o] EAJE v Z4Ejo] AAE FLTH (progeny
phage) S-S TJRLE 2He ]2 2 7171 Paolc}. ue 2] 2.5
P29} P4o] S5a ATHARS: utel 2] o3t A] o) 23] W 1]
A S Atk 22 At Al 2Hl o] H ot Dokland
et al., 1992; Dearborn et al., 2012).

Hhe| 2] e a2 P42] 2] 7] A% A sid of] o7t
A2V P4 sid 7} 2] E QAL o] ¥lo| A= vte| 2] 2] P29
4|7} packaging & = Q1= w2 E A3 Sk L 2ol 271
T 370 o] v 2] @ubA] P4 -4 DNA7E 501 Qlth=
A& CsCl F-oF -5 = HAAF(CsCl buoyant equilibrium

density gradient experiment)& Z3] GolHth(Shore ef al.,



DNA S S8 HE ofx| P42 A o1 - 121

1978). o] 24k P4 sid” Ho|A| ™ 2] ¢tolli= P4 §-4 4] 9] dimer
E+= trimer7} packaging o] 31& Zlol2t F45to] gront,
& ] &of 501%l=DNAE Z | sto] 17| F-53F 23} P4
S A 9] dimer, trimer £]°]] monomer = £A|5H= A o2 &+
2] %] o] 27l T=+=37l 2] P4 monomer”} = ™ 2] &0 packaging
= 4= Qlth= A o] & A i Song and Kim, 2006).

FAR} sid= 2] 25 WA S 2]5X] X](outer scaffolding)
IThS Seafali Thl A coding S A 0.2 BH] T Marrvik
etal., 1995). B1H| 2] u}x] P22] £ Q JRA| = thal 2.2 0 =%}
Noj| 9]3)| coding =] triangulation number”} 7 (T=7) 21 P2 =
719 w25 2ot E=dl, U e 2u}A] P47E A 5HA
=™ sid®] 23] coding == T A 9l Sid7F v ] 2 g 5
QX)X iR 2 2-8-5}0] triangulation number 7|4 (T=4)¢]
Zre 3719 W]z} Z2H = ti(Dokland et al., 1992).

ShH v 2] @upX] P4 EA ol A &= P49 Sid 7] 5ol ¥t
5014 ko HhH| 2] @3} P27} packagingd = = 2
£ A5 WolAlEe] ReE AL oA S P2 sir (sid
responsiveness)et 5=, Eelgl 100] 7] sir Mol S
o N S A} Aol ZAEFATHSix ef al., 1991). B 2] ©.7}7]
P4 S AA|=P2 A9 13 A= H B2 &, o] 2427 =3
Me) P4 §AA 7L P2 sir 7} AAJBH= 2 v e]o packaging D
4= 9l oy, AA| 1 burst size (1 ©]3P <2} plating T w 2] EOP
(Efficiency Of Plating)+= tds] WA YeEPFTKSix ef al,
1991). Hhof|, vhg| 2] 2.u}2] P4 sid Ho A= 27 E=3712]
P4 7|5 & w2 o] packagingsto] F-A ot =, & mefut
A P2 sir #1017} =g 2 918 v Bars] 4]
FA 0.5 GAE 90  burstsize 274 A5HS 8l AHAlo] of

210 2 ERGTHKim ef al., 1998). 0] AARS“P2 sir-+
=1k H|&-8&4J(P2 sir-associated helper inefficiency)” ]
Zt= go] 2 BorhKim, 2003). o] 2|3 “P2 sir- T £
ahx] B ERA70] o wet 7] 2fe] oJs) Lhehhizx] ]
SJall, P2 sir =87} 214 A A B8] F45he
P4 FreA|et HolAl&S Alstal s4ste A5 Sl
DNA 2] =717} 2829 kb A= =W sid -5-Zx}2] Hol|E 7}
P4 GZ=A7FP2 sir- T =F T A H| 84S S55= A
S 2ol Tth(Kim, 2015). T A 714 += packaging = DNA =
719} sid F7AALE] ®lo] 7} P2 sir- T =R UHA] B A8/
SESH= 35 2910 & YEhgTh

2 Ao A= sid AR §lo] 7} “P2 sir-TH T=F A
H 88475 S5517] 18l HH=A] Hagt 2 IRIAE 1
171 918k, 34 Q1 sid - AE 7FA| ™ packaging® DNA
H7|7}28-29 kb A & E|:= vl 2] @1} K| P4 S| 2] “P2 sir-

ic)

Lot o

ol

T =5 H| B E&4” S5 o] 15 2AFSIIH:

o| 2|3t AF HA o Fgol=P4 FEA R, o] H Aol A
ZAE P4 delRI: :kmr 0] AFEE]| QT o] A& P4-7] 2] ZH&
™ 2] of| packagingd = Q1= 2|4 H7] 9| P4 {2 A AF-E 9
o vbEol % AL =, T1 24 3-8 o] Al dAtof]l ApAlE] A8
o] IthKim and Song, 2006). 7+t3] A SHA, P4 -5-4 4]
SDNA % Bee] 9 3hA| 2 415kt B ash oo e
Ak WS 71 A 2|3 o 4] Allo] oz 3 aA) v
4 SRS RoT o] ) %] 271719495 kb7] Hl S
U= in vitro A 23 P4 G =A| 2, 3712] - AA|(9.495kb x 3 =
28.485 kb)Hko| P2 sir7} A /d 5= 2 2] &ofl S0 4= Qlk

P4 delRI: :kmr2 A2 Q1 sid S AAS 7HA| AL Qo B 2 P2
sir3 £ 40 plating 598 W) H]THs] WS EOP (7.4 x 107)
= X9t} o] EOP= EA 12| stock-S A 01 <324 (P2
sir’ 89120l plating 3+93-2 1] 90171 Ze}(plaque) -2
B2 A1, P2 sir3 -4 plating 312 w] Jojx Z2}
248 BRI 5fo] 01T ratio 2, 5% T ulHR 45
U 870l lulu} 2 1 (adaptation) SR A & Lpeh 25
b2l 5= 9L} HAFR ol %A ol A 0] P4 delRL: ko
1}4] stock-2 A2 W 2] £:0]] 2F 9.5 kb 2] -3- 4 A| 7} packaging
9] ISR o] Fol A QAL A 2RI P2 sir3 §- €
P2s-517]9) 2 jeahe AR E U EE U] ESA
o)1 2 W] 9} 474 Ao o] 2go] elojibx] efo} plating
o] £ §-& U} W9FT}. Bertanio} Weigleo] 21e] 2] 2.514] A2
EOP 3} &3] A gt} ¥H & (restriction and modification) &
S I ARS wjeF o), deke] A3 TS A X H EOP7}
=01X]= Zlo] &E A ¢Jth(Bertani and Weigle, 1953). P4
delRI: :kmr TR & P2 sir3 S 4 <3554 329 platingd}o] &
& Bola N 2e SH L0 4 85}o] tholxl ol £ &
FupASo|n R, o] ezt AJRslo] P2 sirs § U4
LA T A Z41-2 uHE L] THE0] 2 A28 544 stock &
=2 EOPE K. Zlofe} of 4513l et k4] stock ©] A| 4= 7]
29 A 7 5 5HA 433 8+ th(Kim and Song, 2006).
P4 delRI: :kmr Tt S P2 sir3 8- 4:32A| 3Zo|| platingd}o]
5 @2 oY S aE EE A E 2 S ARl
agar plug AAE S0t o] 25 ml&] P2 sir3 g4 <0432
HjeFol o & £71 & 37°Col A S35 S5k 2w
STt w2 FA o] dojdol whet Fg 7} 7axstr] AR
Shal, S8 = a7 AASHE o YR E AA HAE
AA st A 7} 1 Q= 452 47,000 x g 2 2A7F 231
2 A E | (BeckmanAl LE-80K F11<: QA1 E2]7], Type

35 rotor)dlo] u}x] AHL A3l o]= 1 ml 0]5}2] 0.075 M

p

N
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MgCl, 2+5-Hof| =50 T}A] stock-S FH|3FI T} P2 sir3 8-
A0]| A D)7 P4 delRI: :kmr stock-2 P2 sir3 &L ao] 2-2-5}
o] AT 2 =2 EOPE E ¥ tH(Table 1). P4 delRI: :kmro] P2
sir3 §-A 4 SN O A HEE: 54 | 3}4A] stock O & THE
O Z| = TG ol A P2 sir3 G- 4nof] t sl 2ARE 2-5-0] Lol
A& EOP A3 o &2 3013k 4= QI QITh P2 sir3 8- 4xof A&
St kx| Eeta g Belste] A P2sir’ SUAE 542
shof 12| stocke A| 28 =H, o] A2 P2 sir3 -§-2l4xof A
S IR & ThA] P2 sir -S40l A Z4] 2551 Bho] U
&2 Zop/HA & 2 0 & gk Zlolct o|F A Al xH 1A
stock 2] EOPS 2435 e U, dAFSH 2 P2 sir3 840
gt &-g-o] AlebA] e o] W2 EOPE & ¢tk Table 1).

P2 sir - 20| A uF50] Al T}A] stock©] P2 sir3 -9 4 &
Az el 255 Hol= 7|2t gk At W A
o] glont, HhH| 2] 2ubx] P29} P4 o] AHZHFa} 4f & A of wh
o} ohr ) o] 322 & = Utk 5 P4 delRI: kmr 2] 12| YA}
52 P4-227]9] 2R whR] w2 Qb 9F9.5kb O] A7 S0
UC B2, P2 sir3 G4 SA I Qbol| T & F9H 74
A DNA ©] & €|(conformation)+= monomer¥ 7l o] =43}
A & 12HE BA| = o] vh=o] X 74 4] 2] & Bl &= monomer
7H 2 A o)tk 1L P2 sir3 84 <354 = P24is-
719 2wk gt R, £A)%E monomer FE| 2| P4
e A A A DNAZF 2 m 2] o]l 37)7} 17k of| E= trimer
7} packaging & o] oF d}+= T} (Pruss et al., 1975; Six et al.,
1991)0f| 4] F-go] Bol# -2 EOPE H & Ao & A7t
o} P2 sir3 8- 4 <524 229 plating 31912 o] W2 RIEE
EEA olXl Eet+= Pas- 2719 2 H 2 ¢ trimer T
£ 3702 P4 delRI: :kmr - A 7} packaging &l T}A| JAL==
o]Fo] Aol aL, o] 5 A s}e] P2 sir3 8- A <A 320
A G017 1] stockL P2y,s-27]9] 2 2ol 2 3}of
trimer = 37112) P4 delRI: :kmr 3-AA 7} S0 Y= 14|
AR 2 O FE = S Aot 18 B R o] stock o] -]
QIS 0] P2 sir3 891 plating £, 719 ¥ 51 7 €]
AH=-0] G- A A DNA = HFZ P2,;,5- 7] 2] 2 1 2] o] packaging
H 4 e FHE 2L e B R EOP7F ol A o' 7
Fle} 3HH, o] F A P2 sir3 U4zl A3 3}A] stock P2
sir” §-2:0] plating5} & v = H e 0] 23 717 glo] A&
2 S & plaqueE F/J5to] EOP gh& 4ot ER & 4lSITh
P2 sir3 Q40| A W5 21 P4 delRI: :kmr 2] plaque & A o]
CHA] P2 sir -840l A 719] -2 stock 2] 7-9-, P25~ 7] 9]
£ m 2] of| packagingd = 3= FE| 2] DNAE 7H2l 1hA] 1A}
S OHA P2 sir” 894 554 0] ZFHAIA P4-H7) 9] 2k

AU

=32l A Als2d AllE

W7} A E = B o' # A 2841 A THE o] A stocko] =2
2 P2 sir3 £ 4 X A] #-3(indicator strain)o]] Z2-2-5} 4] Z-5}
o] Y& FOPE 1o/ B A ow A7y

5}4] stock A1 TPl ALEE SR E7} 71 P2 G4
o] sir o] o 2ol W} packagingl DNAS] Fe}7} A7)
A=A E s fIl, 217] ThE A 2o A Al 2 E
3}7] stockS CsCl F-oF o5 x HXFAS(CsCl buoyant
equilibrium density gradient experiment)2 E3f £-415}91ch
CsCl 5-0F w50 = HAPA -2 7] 20 A i o whet =3
3} THNilssen ef al., 1996). = 1A stock o] U H= 9
7}1.38 g/ml & 51520121 CsCl-§-9 o] S0 3l= A2
of| 718}z, 4°Cof| 4] 55,000 x g2 60A]| 7t FQF 1145
2] (BeckmanA} LE-80K Z 114 141 8.2] 7], SW41.1 Ti rotor)
ShHlch ddEe] & FE ol & ol 8-S 1+
S(fraction) &2 5} H.2 T2, 7} 53] 0] W T = refractometer
(Atigo model DR-AYE AR-310] 275} 2 1] 2] 7)2] o
7Htiter)=P4 A A| #FE A2 Et T assay S S35l 245}
o] W= HH3lo)| whE o}R] H3E = (density gradient profile)S

o] Zk2- w2o] 1 7)) %A vto] packaging H THA] UYA=2]
L=} AR5z Dol A 512 peak & H itk HEHof| P2
sir3 & 20| A W01 7 317] stock- P2gi5-7] 9] 2 2]
of| 3 7} 9] 74| 7} packaging Tl 14| UAHE2] W =of U X|5}
= o)) she] peak s B

7} 1}7] stock o] 4] Lindqvist 2] B5(1981)] uf2t DNAES
F2sielch 2800 1A ol 22510 ol F R g B9
Mo 7 13] 32Z&3 Z ethanol A O & ulx] DNAS] I
29 913 0|5 Here] W %Rl %k ZFstocke] 7t
Z] DNAE 0.7% agarose gelol| A Z17] 4 53}o] Fig. 25 43
t}. P2 sir3 8- Aol A -8 P4 delRI: :kmr 4] stock 2] DNA
(lane 3) ]| A= trimer©]] 335F= %13} band 2} monomer =7|
9] 93 band7} ERHET], ©13= P2 sir” -S40l A A& P4
delRI::kmr 3}A] stock®] DNA (lane 2)o| 4 YEU= A3t
band2} =77} & %] 8} T} Lane 39| A] LFElt monomer band
= = g &9 3709] P4 delRI::kmr 874X monomer7}
packaging® T+X| YR50] P4 delRI: kmr 71 A trimer7}
packaging ) 5}4] QI2F5e] 41of QIEH 218 Hof ek 0]
£ Songd} Kim (2006)©] P4 sid712] £ 2] <] packaging=



DNA Sl MS 7421 mhx| PA2| Y o7t - 123

@A) 87

log (titer)

2 T T > T
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Fig. 1. CsCl buoyant equilibrium density gradient profiles of P4 delRI::kmr
stock prepared using the P2 sir* lysogen (A); P4 delRI: :kmr stock prepared
using the P2 sir3 lysogen (B). The ordinates of the profiles show the P4
titer of each fraction expressed in log scale, and the abscissas show the
density of each fraction measured with a refractometer.

1 2 3
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Fig. 2. Identification of the phage DNA isolated from two different P4
delRI::kmr stocks on 0.7% agarose gel. Lanes: 1, 1 kb ladder size marker
(Enzynomics, Korea); 2, DNA isolated from P4 delRI. :kmr stock prepared
using the P2 sir’ lysogen; 3, DNA isolated from P4 delRI::kmr stock
prepared using the P2 sir3 lysogen.

DNA-E agarose gelof| A 2415135 w] &2 Aol LA g

stol| Al =27k vkl o], uhA] stock o] A| 2 <A 27}
7HA P2 -9 48] sir Ho] of Fhof] 25 A/ E= hA| w2] A2
79} B¥5=01, packaging ¥l %14 DNA S| el 7} 4-5-5= A
= & = ATk Table 10] 2oj5= EOP HSh= A= %74
E7} A 5oh= wHA] 2] Z7] 9, packaging == P4 -4 T}
A 2] DNA |7} 255 of b 210 i

A0 QL P2 sir- B =R IA| H|EEAS S5

Table 1. EOP of various P4 delRI::kmr phage stocks

Phage EOP (P2 sir3)*
P4 delRI: :kmr - (P2 sir’ lysogen)b 7.4+13 %10
P4 delRI: :kmr - (P2 sir3 lysogen)® 7.5£1.1 x 10
P4 delRI: -kmy - (P2 sir3 lysogen) - (P2 sir’ lysogen)’  2.6£0.4 x 10

"EOP (Efficient of Plating) was expressed as the ratio of the number of plaques
appeared on P2sir3 lysogen helpers to the number of plaques appeared on P2 sir"
lysogen helper. All EOP data were the meanz standard deviation of more than three
independent experiments.

"The phage stock was prepared using the P2 sir" lysogen.

“The phage stock was prepared using the P2 sir3 lysogen.

dStaﬁing from the plaque of P4 delRI::kmr * (P2 sir3 lysogen) stock, the phage stock
was prepared using the P2 sir” lysogen.

ol

Ak 1A A7 A2 Six @b Klug o 3272 Q1 Wi of whzt
Z=3) 5} TH(Six and Klug, 1973). 745ks] 7]4:314,
o] M.O.1. (multiplicity of infection) ko] 3 oJA H| =5 T} X| &
7VelaL 78 7+ A8 =& 314t LB (Luria-Bertani) Bl 95l
25 1004 348101 37°Co) A 7} o] ol 2 57} ol
1) eferat ., 9bd ol orale] ek assay &
A Qe w9 o7l g T E AR 2 1
=] burst sizeE A3

ZAA = 7} u}A] stock 2] burst sizeS H] W 5}HH, P2 sir3 -8-Y
40| 2-3-% P4 delRI: :kmr stock ol A= P2 sir3 -8 20 o3
“P2 sir-d E=230}R]| B G4 23 S 2 burst size
= wolou}, HOEIR] RO stocko AL P2 sir3 BULE &
ZHER Bho] 712) 4512 Tk 202 LERtT(Table
2). P2 sir3 §U2S HEAER Sho] ol M P4
delRI: :kmr stock 2] P2 sir3 8- 4~of t 3t burst size (15)+=, Z
LR U S AA 7] sid ¥H o)A versionQl P4 sid7 1
delRI: :kmr 2] P2 sir3 S-2~0f t 3t burst size (38)oll+&= 1] %]
2] B5FATHKim, 2015). LU P2 sir3 £940] AL Ex]
O0FO P4 delRI: :kmr stock 2] P2 sir3 &40 Tt burst size

ol
)
)
A
o)
e

Table 2. Burst size of P4 delRI::kmr phage stocks

Burst size with E. coli lysogenic for”

Phage stock =
P2 sir P2 sir3
P4 delRI: :kmr - (P2 sir lysogen) 51.6+10.5 0.003 + 0.0007
P4 delRI::kmr - (P2 sir3 lysogen) 28.5+6.1 152+43

“All the burst size data were the meantstandard deviation of more than three
independent experiments.
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(0.003) 3Th= oF 50008} A= 57 202 ek,
“P2 sir-He] =R H| G575 S5 A& Kol 4
t}. Table 2 2] data 2 5-E], sid G4 A}2] ¥Ho] 6] H=“P2 sip-3
H = guA W EEAS IRt BHel 847} ol
PRz APAS o 4 9l A el sid SRS 7171 Pa S
u}-%| 2}, packaging® §-A A DNA 2] =717} 28-29 kb A =
531 P2-217] 0] 2 2] Zhofl G012 4= A 462 AR P2
sir 912 HFATINE Be) T4 4 Ak AL
Table 20| 4] & 5= Sl 3ich.

1 Q178 £, P4-27]9] & vjelo] Solgl M4
Pasid " T}A]2] 90 P2 sir3 B9 SEA|EOA 54 A
7] packaging =|<= DNA 0] S e|7} P2y;,5- =71 9] & w2 2+
packaging 4= 91125 %8 El= W4 EOP Al CsCl 5o}
U HAME Y )i EolE wX DNAY A7 952
3 2Fo18t 4= Q) qiT}. A Lol A AFR-E)E P4 delRI: :kmr-& P2gs -
37)9] & W zE]of packaging® G- DNA 2] =7]7}28-29 kb
AT, of2lg Hg TG A A P2 i T £ v
B80S R eh] i TUBS MOl P2 sird 474
2O A Fburst size 5 Ho|H FABIITE AEZ 0=, sid -
Ape] Wol e} AEFo] P2,,s-51719] 2 vielo] packaging )
DNA 9] Z.7](28-29 kb)7} “P2 sir-T+&l =-Lubx] v F-8A4"L
FRsk o] 7P Z0% 24k o] WaksiA

of
N M
ol

2

H 2

P2-=7] WE]of| packaging 2 £% DAN =7](28-29 kb
long)} kel 2] 5.5} 2] P4 70 A} sid®] 1101 7}P2 s 742 T2
S U] E S T S e R4 JEE YT
A} sid2] wo) o137} W22 2 helsl7] Slal, HAE
sid FRARE 7HAH P2;5-37]19] 2 wE]ol| packaging 2
DNA =17]7}28.5 kb¥]+=P4 delRI: :kmr-& A-8-51o] A3 35190
t}. P4 delRI::kmro] P2 sir3 S-g4a0] i3] ¥-& EOPE Ho]
B2, 0| 57H1717] 919 P2 sirs §ULE SFALE 3}
o] T}HX] stock2 A| 2313t} o] T ol 4| P4 delRI: :kmro] P2
sir3 G910l ) 2-5Hs AL PRSI, CsCl of 75
WE WAAEI 25 DNAY H7]95S Fa 7o)
packaging 2 2] 27]0] -2 DNA Fej wsfo] o]at 2-go]
= A& doblh P2 sir3 8-H4x0]] 21-3-%1 P4 delRI: :kmr 1}
-5 X] 9F8-P4 delRI: :kmr stock 2] burst size A7 A&, sid
27} #o]o] 43kelo] packaging = DNA ZL7]of 2J3 P2
sir- T EZ 2] H|58/g70] SR T AS Hojgirh

=32l A Als2d AllE
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