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. ABSTRACT
The RNA ejection and penetration steps of phisee 217 into - I

«»

tion has been investigated "in greater detai

s

. ° . : . .
't was found that viral RNA extensiwvely degraded in «itn
by the indirvect effocts of Podecavy is able to penetrate into host
. o ; !

&
: o1 y YL - : - i 3 .
“bacteria as fragments. fhesé tragments are quicklv.degraded by

. . Lo c g . : S - .
ctellolar nucleases and the nucleotides are reincorporated into ~ell-
Y - : )

- . E
ular ribonucleates.
W . ;
K .9 . B e ' '
- The presence:of a saturating coencenteatfon (1.0 ..g/ml)

o o - . -~
D RNade in an infection medium does not affect the penetration -7

co °

- . . . . . o ; . - '_
rhinge A protein: however, the RNase does rediuce the lovel of “RNA
I ) < ) . .

Tenetratiang to 3% and 237 of that injected inte cells by phage in a

minus RWase infention, carried out gt M0L's of 100 and 1000 particles/
B ° - )
. x

rcell, respectively. Subsequent studics shevd ghat the penetrating

‘in the presence of RNase in intacg and infoetious. - It was surmided .
- - . - N A2 * :
: o . . hd
that there exist positions on the‘F?pilus where phage RNA mayv eject
and penetrate without being degraded by RNase. ' .
. : Rapid inactivation of R17 phage oecrurs «hen particlgs are in-

: ' T2+
cubdted at 37° in the presence of ascorbate and Cu” . The inactivation of

‘ressed or reduced

phage is temperature dependent, requires 0O, and is su

hs 2
by the inclusion of EDTA, catalaseror 1 o a scavinger of hydrexyl free
! ’ » - ‘3‘ K

radicals (-OH), in incubation mixtures. = Thesze o%seryations support a
o - i <

A : 2+ o

mechanism whereby O, and Cu” act as catalysts in the generation. of .
o Se . - o : ) ’ ) )
Yreactive -OH species from ascorbate. _ -0H appears to inactivate phage

DA

primarily through sthe clgavage of viral RNA and probable alteration of
- L » E » ;

o+

‘e



T
When host bacteria are intectod with v orbhioate g Mir

tooat e RNA

cd phage-of dvvrhuwﬁnx inluvtivi(ivw, the e vant of pone

»

decreases inoa nonlinear fashion while the arount of o penetrated A
- . 7,

protein is unaftected.  This observat ion suppests that RNA fragments
\

Hodecreasing average lengths are being trancported into cells: per-
*‘t § I ; ’
’ . (o -

N
Haps as A protein=RNA compleses, A partial or fractional RNA cjection

code Is alse’ capported by the detection, In the Supernatant of it ecged

o

“cultures, of rartially eepty capsids containine fragements of the orig-
inal Fenome., fhe average size of the RNA trapgment in such partially
. » \ X
Crpty capsids was shown to increase with decreasing infectivities (or
. .

increasing aveernve number of soivsiong per RNA moleculg). )
° : )
- Pilden breaks in penetrated RNA were further demonstrated hw
: IR v, s SR ’;Zp 417 1 N 3 . -
. £ the roadisnctive profile of P=labeled phage RNA (isolated

i

fectoed ¢011s) separated under benign conditions to that Separ-

ated under Jdenararing oonditions in palvacrvliamide gels. - A shift

toward lower molecular weight fragments was observed when the ENA was

serarated in SM urea.gels at 60°. It thus appears that RNA fragrments
£ PP 2 £
/

held together by cemplementary base pairing were melted apart under
- ’ ' Ta

raturing cenditions, o

©

. ° .
. . . vy . .
Analvsis of the coat protein mass/PNA mass ratios of particles

Tocovered Inothe supernatant vielded risults which indicate that coat

-

o

Tonomers.rmay detach from the capsid and becore cell-associated during

N . . . ) : 35, - -

ohage infection. A substantial amount of ‘S-radicactivity was found

to be associated with infected cells which were exhaustively washed:; .
vost of this radioactive material was- shown to migrate as coat protein

“DS-polvacryvlamnide gels. Tt was tentatively concluded that phage

a



colipre probabby dovolves the diaaociat fom toom (e cap o

coat s renere s which mav be troane oo ted into the oo 1]

Partiallyv copty capsidas wore propared and ivol ated on o
1
o~ ; ‘ - | “, ‘
Porve seale trom 0 adenosine or B opuano s it 1 ahe? od plhiagne. !

DEROPSGp tatio of the BNA fracments resoinine o part ially Doty

' !

.

caraida was found to inerease T”IW“fipf froact fonal HNA'J]wrliUH, '
Wi e the R”“/ﬁp rat o was found to be marbodly e thon the ratice
A . Lot phare BNAL ene tindines cnecost ot the 30 -
et anwmv ; ‘ﬁ%%{Vﬂnrflfﬁnn with A‘vrutwin) act s

s the piiot cond duriag o procesa,

.
<
- . -
K «
f
N g
,
.
. . . R
- | :
. ’ .
- L]
e
y
. o ;
. o
: N
" e
\ . -
. . o . N
- < . P
a
. .
-
. .
~ D
‘-
v -
¢ 5
>
PRI
r
Vil



v ¥ 0
W

.
bt
TOT DI

RN Y]

ot i1
Pt
1

N

w

;17-\"
oy
[P ST
ot o

Pyt
o

[

hoterraphic re

R
i
o,
,

torerer b oo ld bike ro thank b, Yo e Bl

ANCENOWE B Doy ME sl

ek ceen oot e e and e et ot

Tooalae vtk Dl Moo tor bt conanl Cat ion

to ontend mv et itade to Mios o

prodactton ot some tigcures, to Mr. Payl

arat fens, and ro Mras Jean Wenn for her

DOrt oo gkt o creent oo chors

FUCUD e very o rach o appreciated. 'heir
Poave wade Tife very enjoyal®le tn the Taboratory,
sroatefal too the Dopartment of Biochemistry

wupport in the form of foaching ausistantships.



N
| O I IR I IRt B R O
T !
]n ',‘n RN . - -
1 4
I vhoor e e .. .. . .

ot S abie .o .. . .
ot Mhheee Ut o . . . .
R [ TR R T R .. L
o IR O N E RO IR A S e
Shoee Niaor ot ion tmdd e N Protoin
. .t -
: . A et bon . e e
oAU P it o P S ...
vy vee g “},‘,‘ A TR R TR Yo
L. X .,
ot oriala e .
R .
1. Zaceooriacand Bactericphande ©
. .
. ' 4 o
(a)y  Bacterd plhage oL oL L L.

(b)) Eacteria e e e e

- . . - g s
. Sacterial Colture Media
N

(a)  Tris (hvidrdwyrethyl)
inimal salts (M) o dium

(b)Y Various (MM-based medlia .

~
]
~—

‘rvpticase sov hroth (I'sB)

.

ird agars .. 0 L 00

5. Radivcactive Miterials e e e e

o e

B>
AN



vy

Al 1
R
. 4
3
.
. §
4
ot '
1 1
1
" (-
opd
Coial
Ly
oot
e
Srrer
A -
LNOOT
T,
ol
Yiral
RIS
RS
.

LTt Bin e o [MINER
R S I A N TR TR R B I . .
Ve B R I B A RS N A |
A T RN il [ DO
[ Pt L R ST TE R TORINE RS I
! ! [ A . ... .
b 3 ' TN
Poobane o R R A TR A ST T
Pl R I 0 IS AP R
; Vot ey . .. .
ot T d S CA R T ey ’ .
-
oA ST tabh e Priddaet s L.
ol O - Tnnoleble Prodiets L.
Protepe ot ing P
. K ot n <
R ivotor Infections Ph .o
! HEEE S - .. .
Pt fon EAS e,
. .
oo Ely Proroetdor ce e e
o Oraid e AT B e e e
N ‘” n
Pic o Acid - Cu- [haectivation sof R

R

tl
>

1o

oo Pt ro it ben o Pl

Fvsvies o the Poant ol it

"l‘]l«l'ﬂll Plhice b o f P

brooide R A
0o RNA C e e e e el e
.
.
i .. e

vecryiamide Gel Flectrophores=is

. . - - . . . . - . . -

Kl

At o

o

o l Wit

<

bt
L
. "‘r
)
"t

S

Sy

XY



"

R
[N AN
T -
1 I

o et

. i}
L Y H .
1 1y
¥
t Dt
b £
- - MR
Lo (0
a0l o
[T TR I

Tity

L
e
.
.
a
=
ol
.y

Cae o0y e

m

Mode of ““-“

- Do ioal ot

PN Al

[T !.\':'\i‘
:

Plew 1
cond v e

IEFRR

o1 1'~-‘}4-\l«

| PR
' 0 o
Vo AEERY
' IR
[

A

- .
I v
L : RN
b :
.-

[N RN

.
ML
'
i
I

! Tt
-

PN

AV T I
A P
L

de .
“

« -
ot
£ e
o

.
Y+
.
e .




o
i
i
1
)

'
P
' ]

!
. ‘

[
3
'

'
1
¢
'
f
R
“

Pt
TR AR B R
L . L
~ - B ot
. ot U0
o H
5,
ot gt
o0 . ot
|
ot . [
. Y
. ' . !
)
« A
e L 4
Tared o
oot Uart
ity e e
O
[ I TP AT
o e
'
(RIS
Ty e il
. ML e
ESTES SRR I
)

! s
0 g
[
.-

1

.
o
P
,

[}
'

‘

[
o
. IR

[

(4l

AR

-

H

o
o



-¥&nd

o
“Groupr Analyvsis

Grour Analvsis
- . -

.
.
A -
P
.
.
N .
\

>

5



(9

(9]

Las

tad

i~

e

(O8]

N % . ’ ) R . e ¢
EIST OF FIGCURES ‘ o
) . . .
. ! Page
. © . . b
Schematic diagram of an ¢xponential gradient -
gel-making appavratus . . . . . . . .. . . o . . 37
Ine effect of bacterial strain and rifampicin on
the kinetics of phage RNA penetratien . . . . . . . 47
[he effect of the multiplipicy of int
the ‘amount of RNA penetrated .
infection . ..o . . oL L oL g e 49
. i 3 R .
Fate of penetrated P-labeled R17 DNA e . . . . . 53
A comparison of the fate vf penetrated phage RNA
t bacteria . . . . . . 57

in- RNase 1 and wild type hos

67

lineticsiof phiage R17 inactivatcion by ascorbic
acid, Cu™  incubation . . . o . o . .0 o . . L. . .. 73
The effect of catalase on the inmactivation of

e e 2 ' =
phage RL/ by ascorbate-cu?t . L L L L <. T7

ubation mixtures

of free radical scavengers

i~

A corparison of the sedimentation propertv and .
buovant density of RL7 phage extensively inactivated

s . 2 : L o
with ascorbate-colt oL o0 L L L L. e . 82

B - N . L
The  formation of exiranceus 3'-A vpnds in R17:

s . . - : - OH S
ed in siths as' a result of asc -

orbate~Cu“ B
S <

32

sorviamide gel electrophioresis of P—RNA
N bl . .
tated from ascorbate=Cu-t <ipactivared

1
phage and from E. coli (Hfr) cells infected

X

7

iration . 0 . .. . . L. o . . . 100

xXiv-



it
J

wn
o
S

Page

a

N ocompar

fragment

‘riece—1in

The % i'Xt’

ine ‘Lf_l\’i

The rela
protein -
ascorbat

Analvsis
cel Cl(L

denaturis

Sucrose
Rl7 phag

bacteria

CaCl
cells in

ora

High vol
1\@101\\

Schoe

dcoanmw

matic

ison vf thy mass distribution of the total
s produced in a“svstem simulating.a fivst- .
Fected process .. . L L. L0 0 . o e e . .0 105

. .2+ .
of ascorbate-Cu” -
phage e e e e e e e e e e e
' ' ' N ) A .
) o N . :
tionship between the amount of RNA or A
penetration, and the infectivity of 7
i m. ’ .
-t-treated R17 phiage . . . . . . . . .o .0 108
. ~ i

tics of RNA renctration
td}\L/

c-Cu
of penetrated phage RNA'Bv polvacrylamide
rophoresis unddr non-denaturing ang

1e conditions LY., L 0 L L L L L .. .

2+ .

cradient analysis of asco rhac -Cu” —trg o
e particles fdllowing incubation with host

e e i e e e e e e e e e e e e e e 117

- 5

.
-Cu”

incubation

+ N -
—treated
with host .-

alvsis of ascorbare

e

followtng

lamide clectrophoresis of RNA isolated
ticles banding.in heavy and intermediate
of a CsCl gradient . o % o 0 oL L L L0 L 125

lamide gel electrophoresis of total sproteins
E. coli WP156 infected with -°5-
phage . o o . o o L o0 L0 00,

o

gradient analvsis of phage R17 particles
to >un>1L1VQ hest bacteria in the absonce
il
e i 12

Jicnt analvsis of ost
.
the absence of Mg= e 136
tage paper electrophores
ates of R17 RNA . 0. 147
digestion of pp ... . 150

representation of a 1%*1s=d wo'rkiftg model
Rl/ pliage 1nfe -tion of :
D i 162

R

2] H . N
. . . ¢

g the mechanism of




e~
t

Table

v

LIST OF TABLES
{\ \

R ) . . ’ N

- Preparation of Paper Discs for Hot-TCA 'Inscluble
“Products cLoLoL L L L0 L e s L e e s e e e 28 J

Effect of Culgyre Medium and Multiplicity of
Infection (MOI) on Phage R17 RNA Penetration. . . . . 45

o ~

“Plaque Assav of E. coli (iir) Cells Infected

with R17 Phage in the- Presence of RNase . N 69
2. N ‘ ]
)

Effect of .Phage Concentration and Temperature on
. 2 ) . - <
theé Rate of Ascorbate-Cu<T-—Inactivation of R17

Phage . . & . o o0 o L0 0 o0 e s e e s T4
Estimation of the Proportion of RNA Strand

Scissions td Overall Total'Losions Produced

in R17 Thage Inéctgvated by Ascorbate-Gu~ o 9Q
v et g 35 35 . '

A comparison of the S—cpm/ H-cpm Ratios of Cell- .
“xposed R17 Particles to Their Calculatred Values . . 128

d.Group Analvsis of the RNA Isolated from Partially .
Fupty Capsids of R17 . « o . . . o . . . .. 0. . . 153



 Ap
Cp
GhY
pr%
"GIP

ppppG

s

LIsST OF ABBREVIATIOﬁS

, deoxyribonucleate

ribonucle ate
adénosine

guanosine .
X .

*

cvtidine

uridine .

cvtidine 2',3'-monophosphate
‘ :

uridine 2',3"'-umonophosphate’

adenosine 2" ,3'-monophesphate

2

gudnosine 2',3%-monophosphate

. o~ Y .
guancsine 5'-diphosphate .

stanesine *5'—-mono, 27

guanogine 3'—triphosphate

guanosine 5'—tetraphosghate

gyanosine 5'-tri, 2',3'-monophosphate

multiplicity of infection

a; < .
plaque forming units

12

RS}

Curie; 2.2

s . . .
radicactive counts per minute
s -

revolutions per minute ’
molecular weight

. 2 .
sodium dodecyi\sulfate

cethivlencdiaminetetraacetic acid

~

‘contrifugal force.relative to gravity

N

x 10 disintegrations per minute



:

STCA ’ . trichloroagetic acid
Tris - - Tris (hydroxymcthyl) aminomethance
NaDs . v ' ' sodiufy dektran sulfate
PEC polvethyvlene glvecol T
B Al N i
RNase T ribonuclease .
. 0
e '
e g// - : *
pRNase 0 pancreatic ribonuclease
k) B . .
o - .
DNuase b deoxvribonuclease
SVP’ snake venom phosphodiesterase
M . ) Tris (hydroxymethyl) aminomethane maleic -acidl

minimal salts medium

ISB ‘ trypticase soy bréﬁh .
: . i
SSC ’ N “standard sal tne citrate )
0.15M NaCl, 0.015M sodium citrate

CTEMED . N,N,N',N'—totrémethyleﬁhylonégiamine

'AbéO<A260) . .‘light ﬂhs;rbancy of a'Solution in a 1 cm light
v @ path at 650 am (260 am) .

S (fdllbwipg ) scdimen@atibﬁ_constant in Svedberg units- ’
'a numberji  (lOrl3 Séc)' . i _ ’ _ ‘ -

All temperatures are cxpressed in degrees centierade
f Iy . = } — .

“he tevms Toonetrated RNAT or 'penetrated RNA fragments' in this

wsis are defined as R17. RNA molecules, or fragments of molecules,

. . .

which have penetrated inte E. coli host cells. *Similarly, 'penetrated

L protein rcfers'to A protein or fragments of A protein which have
. . . . - a .
peacerated into E!.coli cells.
PO
N o
. . v
S e . xviii - ! -



CHAPTER |

INTRODUCT T 0¥

\
\.

. N . ‘\\
Since the discovery of the prototvpe of the male-specific
RNA bacteriophages, f2, in 1961 (Loeb and Zinder, 1?61), a great
I ' o
s ‘- : ke . 0\ § . -
wealth of scientific information has sheen' garnered from in vivo
studies of phage RNA a8 a model mRNA in protein svnthesis and as

a template in RNA replication. One notable highlight has been the

elucidation of the strategy by‘which tfe phage utilizes the secondary

%
.

structure of the RNA and various protein-RNA complexes to regulate

a B .

- N Yo

. ’ L\
translational and transcriftional processes. Extensive treatment

s v

of this aspéct of the RNA"phage infectious cvcle can be found in

reviews by Valentine et al. (1969) , Sugiyama et al. (1972), Kozak

-

and Nathans (1972), Hindlev (1973) and Weissman°(l974),

Despite .the amount of effort experded in investigating the”

: . AT . .
RNA phage system, one area of the phage 1ife cycle remains poorly

.

understood, nagmelyv that which concerns the early events occurring

. x . v K .
jnst beéfore the RNA is injected into the host cell. This stage of
the phage evele can be furthg;’subdivi&ed into three distinct se--
quential steps: (a) the attachment or adsorption of phage particles

to receptor sites on seX pili; (b) a cell-mediated, structural
change in the phage particle leading to the Sensitization of the RNA
’ ° i M ) - ‘

% . ’
to ribgonuclease and/or the uncoating .of. the viral RNA; and (c) the

ﬁrdnsport of 'the RNA to and across the cell membrane. The follow-

ing will be a brief survey of all aspects of the RNA pBageVSystem

e



that touches upon these carly events,

A, Phage Structure
One of the most attractive points about the 2 class of
RNA phages (members include R17, R23, MS2, fr, M12) and other

related proups (Sakurai et al., 1968: Mivake et al., 1969) has been

their simplicity of . structure. Within a group such as the f2, members
differ to the extent of only a few amino acid replacements in their

coat proteins (Enger and Kaesberg, 1965; Weber, 1967) or base
, - ‘ . /
substituttons in their RMA sequences (Thirion and Kaesberg, 1968, 1970)

and findings from one system can usually be applied to the others.

In general, the f2 'type phages have a molecutar mass of about 3.6

~ 106 daltons (Gesteland and Boedfker, 1964), The' protein capsid

v

consists of "180.coat protein subunits (MW = 13,750) arranged in ico-
" sahedral svmmetry-(Vasquez et al., 1966) and enclosing a single"
stranded RNA of about 3,300 nucleotides (MW =1.1 x 106)

“(Sinha et al., 1965). In addition, each particle contains a single

copv of a minor'coﬁponent (MW :;A0,000)'knbwn asrthe "A" or matu-
‘ratgon progein (Steitz, 1968a, b).

Genetic studies have identified”the presence of thfee
cisgrons (Hdriuéhi et al., 1966; Cﬁssin, 1966), two of which are

accounted for by the coat and A proteins; the third cistron codes for

the viral RNA svnthetase made during the- early stages of intracellular
infection. The order of these three cistrons on the R17 genome was

deduced to be "5' end - A protein - coat protein -~ synthetase ~ 3'

; , L : S
end" on the basis of the distribution of the three phage protein
.Initiation sites between two specific R17 fracments (Jeppeson et al.,

S

to



1970).  This approach to the problem was made possible by the
clevant series of experimonts exccuted by Steitz (1969) . who
isolated RNA fragments protected by ribosome-RNA init {at fon

complexes corresponding to each of the three cistrons. Using the
N

RNA seauencing techniques developed by Sanger's group (Sanger ot al.

1965, Brownlee and Sanger, 1967, 1969:; Brownlee et al., 1968), she

was able to show that cach initia®@ion scauence was unique. Cal-

culations based on the chiin length of the phage RNA and the
molecubar weights of the three protéins indicate that. sequences
exist which are not translated. One of these'sequences was,
identified Jné sequﬁpced By Nichols (1970) and shown to be an

intercistronic region between the.coat protein and svnthetase genes.
More recently, Fiers' group (Min Jou et al., 1972: Fiers et al.,

a

1975) has scquenced the entire coat protein and A protein cistrons

of ‘MS2 phage and 'have proposed several "flowér models'" showine the
p : prop ; : g

- 4
extensive intrastrand hvdrogen bonding of the RNA sequence’ in thermo--

dvnamically stable states.. On the whole, a helical ,content of about

o "
S

707 has been estimated for the isolated RNA (Mitra et ai., 1963) .
) o

dnd about 80% for the RNA as packed 1nto its capsid (Boedtker, 1967)
The phage RNA in qlcu is a hlghly organized structure

Low angle X-ray scattering studies have indicated‘that thebphage 3

-

B - - o . .
particle has a mean outer radius of 131.7 A and consists of an

e '
outer protein.shell of about 30 to 40 A thickness, an inner core

©

. Pl [ Y
of RNA and a small helléw region of about 15+ A radius at the center.
The inner core contains only about 80% of the BNA, the'temaining 20%

is considered to penetrate and interact with the protein shell.

. . : —— :
Furthermore, the phage particle is a highly hydrated entity with



4

1.O to 0.9 ¢ of water Grmociated with o pram of virus (Fischbach

et al., 19650 Zipper ot al., 19710, Hohn (1969) previously

proposed that the supar-phosphate backbone of the RNA is essential

.
as a o site of attachement for the coat protein.  This was supported

by the work of Matthews and Cole (19724, b). who showed that the
interaction between positively charged arginine residues in the

coat protein and the negatively charged phosphate groups of RNA s
. ) .

essential for maintaining the structural integrity of phage particle.

It is generally believed that mutually opposing forces gchurated
, & . SR ) .
by the close juxtapositioning of the phosphodiester backbone in the B

folded RNA are balanced by electrostatic interactions between the

phosphate grcups and basic residues of the coat subunits, as well as bv
N - N -~
’ 2 . . : ° 2+ .
the presence of chelating counterions such as Mg (Spirin, 1964).

Additional stabilization of the highly folded RNA molecule may be
provided by the. presence of spermidide, an organic cation which was

recently shown by Fukuma.and Cohen (l97§"to be an indigenous com- .

.
. .

ponent of purified R17 bacteriophage. Up to 1000 molecules of
spermidiﬁe were :associated with the virion when it was’isolated in

0.01 M KC1,while the phage RNA isolated with phenol plus sodium

laurvl sulfate contained approximatelyv: 70 to 90 molecules of sper—

» >

midine.

o

Much progress -has recently been made towards a clearer

N 9

B

understanding. of the structural organization of the phage capsid

Mathews and Cole,(l97ia,b); on the basis of chemical modification stud-
. 5 ) ” 13 . < .
ies on the % phage "toat moncmer, have proposed a structural model.of

> .

phage capsid in which: (a) the hasic aminn-acids are on the interior of the



shell neut ralicing the RNA phu:;plu_n“(n- proups or o interact ing with
counterions; (b)) the acidic amino acids are on the exterior
surtace ot the phapge capsid fnteracting with solvent: and ()

the apolar (hvdrophobic) residucs are between these two charged

.

shells, holding the protein subunits in place {Matthews and Cole,
1972a,b). Calculat ions bgsed on the diameter of the phage

particle and the number and moltecular weight of the coat protein.

subunits indicate that about BOY of the surface area is accounted.

for bv the 180 ;su}wunits (Zipper et aAl_ , 1971; Hohn and Hohn, 1970).

~ N .
This implies that a certain amount of porosityv exists in the phage

capsid. Evidence in support of this concept has come from the st udv

of-eldéctron micrographs of phage particles and the obscervation that

the capsid structure of R17 is readilyv permeable to heavy metal salcs.

Careful characterization of the breakdown produéts of R17 phage treated
\

with guanidine hvdrochloride by 0'Callaghan et al. (1973a) led to the pro-

posal that the phage capsid is made up of 20 nonagons’ arranged in icosa-

hedral symmetry. However, ‘a weakness of this model is that it was derived

with the nonphysical assumption that identical polypeptide chains dare ar-

s

ranged in normidentical bonding environments. - This situation clearly
violates the principle of guasiequivalence which serves as a guide-

line for model building of viral structhresu(Caspar and Klug, 1962; :
Dunker, 1974). More recently, Dunker and Paranchych (1975) have

advanced a revised model of RNA phage capsid structure in which the

protein subunits are arranged in a hexagonal net with quasiequivalent

<



dimer bonds and quasicquivalent hexamer bond., . Additionalty,
thoey proposed that the A protein is cituat ed in, and protrade:.
throurh one of the opening produced hy the coat arotein sabianins T
which circumsceribe the 3-fold axie. -
k. Phace Adsorption and the A Protein

The first step in the infectious evele of the male-
specitic RNA phapes luf;:ins»z with their adsorption to the sidey of
Ly . -t
tilanentous appendapes produced by Hfr  and F cells ) but not by

. . *

F'ocoells.  Crawford and Gesteland (1964), who first observed this .

adsorption phenomenon, called these appendages "fimbriae"”. The
. .
nore widelv ageepted term, F-pili, was suggested bv Brinton et al.

(1964) who had shown that the presence of these structures is a
. . '

Avcessary condition for sexual conjugation in various gram-negative
, : . . .

oreanisms. Maximal attachment of the phage particles takes place
in 0.IM NaCl solutions or in solutions with a similar ionic st rength

(Danziger and Paranchveh.1970a). Divalent eations are not required

. U

for attachment although their presence is required for RNA pene- .

tratign (Paranchvch, 1966). Adsorption studies carried out at 0

to W or with cell-free pili indicated that the process is rever-—

sible and that the recovered phage particles retain full infectivity

(\’alent-ine and Strand,. 1965 Brinton and Beer, 1967: Paranchych

et alt., 1970). Furth.ermore, Knolle (1__967b) has reported that the

attachment step is a diffusion-limited reaction which probably re-

©
.

ruires little or no energy of activation. The process was demonstrated

by Brinton and Beer (1967) to exhibit only a slight temperature depen-

dence



Fhe A pryptean vonstituent ot the Pl appearss too play

an o dmportant rele in determining the Intectivity ot the plhiaye. .

Studies on odetective particltes svonthesiced during thhe parowth of

3

A cistron mutantys ot £ 0t oand RI7 in non perminagive colle
(Jodish et al., 1965 Argetsinper and Guaain, 1966 Hoedsonbery,

~ - .
1966) . and phaye reconat itut ion studics (Boberts and Steit.o,

1967) . have revealed that the A protein s in come wav roegquired

tor the assembly of dintectious phage. For example, it was found

that defective particles of amber mutants assembled in non-per-
missive hosts lack the A protein and do not Attach to F-pili—"

(Valentine and Strand, 1965 1 ﬁdish et al.,.1965%; Heisenberg and
. » - .
Blossing, 19655 Steitos, 1‘)(\8:1‘1)1,.’4,.%”‘( iclegs reconstituted from

AT

coat protein subunits and viral BENA were completelyv non-infectious,

* . . M
whereas infectious particles were assembled when A protein molecules
were included in the mixtures. The low vields of such reconstitu-
tion studies have been explained bv Kaerner's finding (1970) .that

proper ‘assembly is cMgingent upon correct sequential combinations

~ - . -
of phage components.  Tn vivo, the binding of A protedin to viral RXNA

“is an early ecvent in the phage assembly process possibly governing
the correct ageregation of the coat protein subunits to give rise to
infecticus viral particles. Such earlv-in vivo assemblv complexes

between the RNA and A protein have also been reported by Richelson

v »

and Nathans (1967), and Bonner (1974). S ‘ .

The foregoing results led to the postulation of two models

that attempt to define the role of the A p‘rotein; The "'core' model
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Class I11 particles, ,lack the A protein and. do not attach to e

"piliated célls: the RNA of these par}icles is completelv re- L »

sitstant ,to the aecivity'of RNases. About lO - 20%,(Class’1
' I : .
particles) are infectious and adsorb relatlvelv stronglv to

“the equ111br1um ratlo of &ttached/unaetached lnféctloue

. Fpili,

\

phage bein approximately 9:1.  The other 7O - 80%_of the

particles (Clasg;ll particles), although‘nonihfectious, are able
“ v . i o .

to mttach wedkly tq F-pili. Moreover, the eqUilibrium ratio of . ) ' %§

N

'attached/Qn&t ached phage at each successive qtage of a multi-

'stqp adsorpt1 n e\perlment has shown that the relative af?lnltv '
. - - . 0 - P » -
of infectious Class I'particles for F~pili is approximatelv 3- o

v
. o
- o

fold greater han that of the non—iﬁfectiohs Class I pa?§1Cles
Thelqtructure of the receptor slte on the F-p

S is

. |
o . i-

" unknowrn. E—pﬁll have'been-charecterized as flexible, filamentOus
\sfruetﬁreé, which are 8. 5 - 9 5 nm in dlameter and about 1 -2 . . . L

| _ _ -

“Um iong (Briiton, 1965). -Negativelv Stained’pili\show an

. aﬁparegt axipl ‘Hole about” 2. 5 mm in diémeter}r FElectron micrographs
' A éhage part1cle§ adsorb’ in lafge 5umbers.along the
entlre leng h of these p111 suggestlng that every pilin sub-
unlt hae.eo 1valent caoac1ty to atta@h phage

llghlv purlfled F- p111 preparatlbng -homogeneous by both

o

'chemlcal a%d phvelcal cr]terla, were- recentlv'Studieavinﬂdetail
-by'Briqton;and co-Wdrkers (1971,;1973)w They found that the F- ‘ - o i
‘pili are Omﬁoégd of polymerlzed phosphoglvcoprOteln subupits of . ‘ ‘ : ’%
mo]ecuﬁar weight. 11,800 The pilie subunit is unusual with respeet ' | :
. to amino jc1d composition; four ef the commonly oCcerrihg amino. i

1

B




. o

. . , _ : : N v .
acids - cysteine, .proline, histidine and arginine - .are missing.
The amino acid Soquonce has not been determined} The p111n

molecule’ also contnlnq two phosphate molecules and one D- glucose
I -’
molecqle‘cévalcntly linken to it. It is. not known whe%e the

‘phosphate and'D—gln;ése molecules are attached ot whether éhey

are’ exposed at the surface of the pilus.
U7 N . . )

Genetic studies on the F factor transfer -svstem have

.indicated that F-pilus synthesis is a complex process involving

‘

several Biosvnthetic steps responsible for synthesis, modificatian

o

‘and assemblv of pilin subunits. These studies have identifieﬂ 12

cistrons required for F transfer (Achtman et al., 1972; Willetts

o

. C :
‘and . Achtman, 4972: Ippen - Thler et:al., 1972; Sharp et'al., 1972;

Willetts, '1973) and of ‘these, probably one (rra 4) codes for the

-

F-pilin protein subunit (Paranchych, 1975). . Mutants have  also been

10

isoléted»ynich are unable to adsorb certain male-specific phages

Thesé;mdténts comprise strains that are rqsistanﬁ to all testedbmale—'

I

spec1f1c RNA phages but susceptlble to DNA fllmmentous phages (Meynell.

.

.and Datta, 1967 911verman et al 1968) and ‘others whlch are resist-

¥ .

ﬁn%‘to one RNA phage, MSZ, but susceptible to another, QR (and to

DNA phage’s) (Meynell and Aufreitef, 1969). ‘It appears that factors

such as.the primdry structure of the pilin subunit and the state of

; 4

iglncosylation'gnd phosphorylation probably determine the tightness

nf phage dsorptlon as well as the type ‘of phage adsorbed. ‘Biochem-

1cal and phvs1ca1 characterlzatlon of the pili isolated from the

aforementioned mutants may well shed light on the subject of phage-
. . - ‘c N . o

-pilin interaction at. the molecular level. 7 “



C; Phage RVA Fjection

When P D1lxatcd cells are infected with RNA phlges at

-
. - - - -

37°, thc phl&t attachmont step is followed almost 1mmed1ately by
an irrevérsible step which is annlogous to the irreyersible biﬁh;

ing step of Tl bacte rlophage (Garen " and ?uck,=l951). As_ is the

case klth phage attachment, the phqge eJectlon process exhibits,
hY

11

no need for divalént cations, and proceeds normally when all divalent
o , :

cations are chelated by EDTA (Paranchych, .1966§). The completion

)

of this step results in the loss of phagé'infectivity‘ndd the .stnsiti- <

. L * . <
zation of .thg viral RNA to the degradative actipn of RNases (Valentinge,

0

and Wodel, 1965; Danziger and Paranchych,'l970b).. This_éhenomenon

is generally attributed to & stage of the 1nfoct10uq procqu 1nvoIv1ng

the transfer of phaqe RNA from the virion to the F- pllus. and has been

.doktrlbnd as the rlbonuclea€e 5enq1t1vq3<tep (Valentlne

and ﬁedel 1965: Paranchvch. 1966) the in;pptinn step (Yﬂ%ﬂnriqn“

-and Wedel,, 1965; Silvermam and Valentine, 1969), the invasion step

(Knolle,. 1967a,b) and the eclipse reaction (Paranchych, 1966;
S : - . . ’ i . .

Danziger and Raranchych, 1970b). Recently Paranchych (19.75) has

,rcgommonded_that-the more brecise’term,'the RNAesjegtion step, be

adopted to describe this stage of phage infection.

The tvmporature—dependehée of the RNA ejection step tégether

o

with the 1nab111tv of cell free F-pili to ellclt thls reaction strongly

i .

indicates that some high energy compound or "state" of cellular origin are

required for the activation of this step. Danziger and Paranchych

(1970b), by studving the effect of temperature on the rate of the-ejection

reaction, calculated the energy of activation to be 10 kcal/mole. -

o . . <
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"The additional finding that the presence of “metabolic inhibitors

~

blocked. the ejectian process was ?ggarded as being consistent
g%

1
. -

§ . o . N R . ) - -
with the cellular energy premise. However, subsequent findings,
. . > .

that -the addition of metabolic poisons such as cvanide and

arsénate to certain bacterial systems leads to .the lgss of F-pili
: L J

.

from cells, introduced an élemént.of doubt to the previous in-

° @ s °

-terbretatiob, (Novotny ﬁgigl., 1972; 0'Callaghan et gl., 1973¢c),.

- More direct préof'ofhthe-lfnkage of the cellular energy
‘state to phagé RNA ejection Was'furnished by stwdies in which the
; |

“the four common nucleoside triphosphates (ATP,

cellular leveléfo

Y ! -y '

GTP; UTP, and CTPF) were monitored during the phage RNA ejection step

(Paranchych 2£ §L;, 1970).. 1t was’ found that the.additidn of R17

I3

phage to‘F—piliatéa bbcteria proauced sudden losses in cellular

- RS

.nucleoside triphdép&pge (NIP) lévels, a process which was essentially

. ) o
completed. after 5 Tinutes. ) ’

)

- .y N
. )
. " There is als

o

some indirect: evidence that the energy de- -

a

i°)

P

pendent .RNA ejection stﬁp is not directly coupled to the @ephosphory— (o

~“lation of NTP's, but rather to an'as vet unknown high energy gompound -~

located in the cellular-.membrane. Ydﬁazaki (1969), for example;

e

has shown that the ejection reaction causes an .abrupt inhibition of

° :

a o

amina acid transportintb the . cell, suggesting that the RNA ejection
. - . - ° . :

process and the amino acid transport’ process may compete for a
: L] o . .

common.membréne—associated.enéng source. Additionally, Danziger
- . . \ N . )

and Paranchycﬁ'(l9705) found.thét piliated cells still retain their
ability to promote ‘the ejection reaction with high eéfficiency under

Y
. \

. \ ‘ ) :
conditions where the level of ATP’ (and presumably other arsenate-

L
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# - - . . ' - .

& - a

sensitive high-energy phosphate compounds) in glucose—-grown cells

was reduced to less than 10% of control levels. It thus'sopms,i—"‘

thapntho NTP losses engendered by the RNA ejection process mav

A

reflect the general energy state'of the cell rather than a direct

utilization of these compounds, - - ° -

icts that the A

- ae

The tail model described. earlier pr

<

protein is attached to orfe end of the RNA - gendme and ﬁpulls; the R
4RNA out o} the pafticle d%{ing the ojecﬁion ér ce;s.i The éro—

.POSGd eXistenpe of ﬁ:specific RNA—Ahpro§ein complex imélies that

there is a polarity’tS»RNA ;enetration: that is, either the 3'i

:or the 5'-end®of *he RNA will act as the leading end during the

i 2. - - .
fmoyefient of sthe -RNA across the cellular membrane. Support for this . ..
concept can be found in the different fates of the Class I and Iil

[

particles, during the ejection step., K¥ahn et al, <l972)‘have

-
S . °

i
quantitat

ed—the—imount—ofplage RNA—and—#% protein penetrating ‘in— .

fected cells. and found that these two components enter the cell in ’

about. equimolar amounts; presumably these components originate fJ;cSma
; A ; . N . . A
. . i

Class I particles. -Class 11 partitles; on the other hand, appeaf

to urtdergo an abortive RNA ejection step. The A proteins.from.sucﬂ_;

particles readily dissociaté from the capsids .and either remain ad- -
. 3 . N Q . : S

L

sorbed to pili or desorb into the medium. pueﬁtb’a postuldated-

weak lihkgge between the A protein and the RNA, all or most of the

RNA is lpfttbehind in thekCapsid in the RNase-sensitive state (Krahn

N (o4 . . - a >
.and Paranchych, 1971)1 Furthe? evidence alluding to the existence

‘of an A protein-RNA complex .is brdvided~by Oriél's '(1969) finding .

e % - :
that the A protein lis associated with RNA fragments released from

<e
. -
e

. - . ) . : .-



~ one or both of.the 2 fragments remain complexed to  one end of the

whole phage following treatment with alkali or heat. As was

mentioned earlier, an A protein-RNA complex was detected in

@

the early assembly stage of infectious particles'(Kaerner,“1970;

Bonner, 1974).

.

At present, the naturé of the signal which triggers the
onset of- the irreversible ejection step is not completely undér-
stood. A revealing piece of évidence has been the discovery that

the A protein is fragmented into two subunits of molecular welghts

15,000 aﬁd 24,000 pri&r ﬁo penetration into the.host éell (Krghh

N v

et-al., 1972). This event has been interpreted as a possible trig-

. . ) . . e
gering mechanism which sets inito motion the subsequent steps of

. -

e ' S A . T W R . :
‘RNA ejection and penetration. ‘At ‘the moment, it is not known whether

. -

RNA during RNA ejection and penetration (vis-a-vis the tail model),

14

FT.VHQthe£~phé§£§agme&E&ﬂ3%%4@H€beeﬁme‘sepafate~entitiES“after“ﬁ;“‘*“"‘*;“‘"“

protein fragmentation. Furthermore, the cleavage of peptide hond

@

is a strong indicatjon that an enzyme i5 involved.  This putative

enzyme canh either be located ou the FfpilUS’(thUS far no enzymatic

Aactiyity'hés been detected in F-pili) or on the membrane at the base

of the pilus. 'If the  latter, possibility were tfue; then the pre- -

diction can be made that phage would 'be eclipsed at the base of F-

pili, and qhat'attabﬁed phage particles have to be tfansported to the
bésento enter into this reaction. The possible role df,the'F—pilus

as a transport system for phage is discussed below.
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cells is the same whether RNA penetrates or not, it s probably

vtioh. Krahn (1971),on the Other‘hana, belicved théf energy is

- needed for RNA penetration. ‘He cited the figure of 36 kcal/mole

D. Ihg_RN&_Ponotrﬁtiog_froces@

ofAbﬁqrgy for the RNA penetration step.. Paranchych (1975) has

. P
sugpested that since the pattern of NTP decrease in infected

s
b

the RNA ejection step alone that requines an energy of activa- . I
[ N . / A B ‘

. - - . / . .
reported by'Knblle (1967p) as népresenting the overall activation

energv required for the RNA phage ejection and penetration‘éieps.

The difference of <26 kcal/mole- between Knolle's figure and, the .

£~ -
v af : .

value of 10 kecal/mole found for the energv of activatioﬁtfor the

- .

ejection gtep (Danzigexr and Paranchyéh; 1970b) was interpreted by
Krahn to represent the activation energy of RNA trangport into cells:

©

There is some uncertainty regarding the requirement )/

15

O

The controlled exrrusion 0f RNA“{TOm Che. phage capsid and

o

its penetration:into the cell ‘appear to be critical stagés in RNA

phage infection. Their success seeﬁingly depends on the RNA béingW‘

in a proper physical state. As described previously, the RNA is -

v s

exposed te the surroun@ing’medium during these steps and the presence
'of -RNase precludes RNA penetration by degrading tlfe RNA before it can

penetrate (Zihder, 1963; Knolle and Kaudewitz, 1963; Valentine_and

‘ Strand;-1965). The penetration of phage RNA was also found to be

- +- + +
blocked in the absence of divalent cations such as Mg2 ,.Caz s Sr2 s

or Ba (Paranchych, 1966) or in presence of antibiotics such as

neomycin or streptomycin (Brock’, 1962; Brock and Wooley, 1963;

‘



Schindler, 1965). Since tlie adsorption and the RNA ejection’
steps were not affected by the preceding conditionsy the focus

of action appears to be centered on the exposed RNA. Although s

-

‘the mechanism of action of divalent cations has yet to be eluc-

° .

idated, they may conceivably hélp to .stablize the phage RNA as . KR

it unfolds and ejects from the capsid. - On the other hand, the

injection of RNAvmay somehow be blocked by ‘the binding to RNA of

neomvcin or streptomycin, compounds which are known to be able to

e \

- . ' - . i 4 . 2 y 1
form complexes with nucleic acids. The formation of this complex is.
< . *

probably reversible as it was observed that sufficienﬁly high con-

- . o - ) .
centrations of Mg ions’ were able to cancel the inhibitive: effect of

the drugs on phage,infection (Brock .and Wooley, 1963; "Schindler, 1965)..

Besides its role as a phage réceptor site, the-F—pilus

is also regarded as the conduit thfough or on which thérphage RNA

posed.to explain the mechanism of 'nucleic .acid transport®by pili.

.
3 ¥ =1 = 1 a . 1 XL 3 . 3 h 3
is—transported—inteo—the-—hest—eell: varreus—modetsThave beernr pro=

o LN

Bfinton (1965) originally suggestéd'thaf the F-pilus was a hollow

tube th;oughAwhiéh the nucleic’” acid is transported. More receﬁtly

he has proposed that F~§ili may consist of two panﬂllel_prbtein

filaments, each consisting of an assembly of Fipilin monomers

.

(Brinton,-197l). The transfer of single stranded DNA from donoi'h

to recipieht“cells is thus envisaged by Brinton to occur either by

a conduction mechanism (I T move  between statiénary F-
’pilu§ filaments), a convew. 1ism (DNA strand is bound
to one of the filament . . ¥-pilus Eilaments move with

respect to¢ each other as ﬁ%inuuug conveyor belt); or a carrier

.
\



B

the side, filamentous DNA phage to the tip, or an Ff'cell to the

mechanism (DNA strand is bognd to both filaments; assembly of

[

the F-pilus at the ‘membrane of the donot cell and depolvmerizatian

at the membrane of the recipient cell results in the movement of

the F-pilus towards the recipient). In contrast, Marvin and

Hohn (1969) and Curtiss (1969) have proposed a model in which the

F-pilus retracts'into the donor cell after receiving an appropriate

.

stimulus. . According to this model, the adsorption of RNA phage to

tip of the pilus all trigger a retraction of the pilus through a
process of sequential depolymerization of pili subunits within or

at the cell membrane. The model proposes that 'such retraction

° 4

results in RNA phage beinﬁ pulled to the base of the pilus, where

*

it ,injects 'its RNA, the F bacterium Héing pulled up close to ghe

male bacterium, where a classical cdnjugation bridge is formed, ‘and -

.male-specific DNA phage being pulded to the cell membrane, where it

17

either injects its DNA or is pﬂlled into the cell’as an edtire L,

.

virion.

H . ) =4

The evidence advanced thus far to support the pilus retraction

hﬁpothesisbhas béen ambiguous.. Jacobson i1972), in a study of the

o

‘;,‘penetration of the male-specific filamentous phage, fl1, has shown that

the average number of F-pili with phage attached decreases as phage
DNA enters the cell, and that a short lag of 1 '+ 2 mindtes separates

the loss of F-pili énd_the penetration of the DNA. During-this lag

period, phage particles were seen to accumulate at the surface of

the cell. ‘Similar obServqtions'ﬁere reported by’Bradiey (1972b) on

o



the interaction between the RNAAp'ha‘g.',(: PP7 and Pscudomonas
7;‘1‘};_(_11{5”1.711&5*;1 pili and interpreted on the basis of pili retraction.
From parallel studies oévthe R17 and M13 (a DNA filumcntoﬁs
phage) éhage systems, “however, Paranchych et al., (1971), and

O'Cnllaghaﬁ et al. (1973a) conc¢luded that nQ pili retraction

had occurred but .that observed losses of pili from infected cell

were due to pili fragmentation. * In these studies, -the number of

¢ 5

‘pili fragments in the medium were shown to rise soon after phage

e

infection. The possibility that different mechanisms exist for i

nucleic acid transport in different pili systems, or that DNA or

o

RNA may be tranépotted by different means, cannot be ruled ouf at

s
’

this time.
o The ﬁurpose of the foregoing discussion has been to

delineate the present level of understanding of the early stages

18

of BNA-—phage—infeettonr More fmportantly, it has attempted to pin-

point the many gaps in this knowledge and the contradictory infor-

mation that exists in some areas. This thesis describes studies
. ) A

° . -

N > < N .
Dfocusing on the fate of the phage RNA during these early stages of

infection and shortly after its penetration into cells. - It will

also describe sgudies‘on the gffects of free radigalsbon the ghége
"RNA in situ, and the cxploitation of the resulting f-indi{{gf, to de-
termine the polafity of RNA-penetrationi It is hoped that these
investiggtion§ haQe resulted in the clérifiéation of §ertain aspects

of the ecarly stages of inéégtion-althoﬁgh, uﬁdefétandably, the story

is still far from coﬁplete.

J

e



CHAPTER 11

MATERIALS AND METHODS

A.  Materials
L. i2<1_é_&,<*r,i,ﬂ;_.aﬂiliﬂtﬁrvt@f}).‘uﬁ
(a)  Bacteripphage.

The RNA phage Rl7 originnlly isolated by Paranchyéh
and Graham (1962) was used throhghout the studies dos;ribed in
bthis_tﬂesis.

* . (b) Bacteria .

The various strains of Escherichia coli used ‘are:’

‘Strain . °Cenotype
‘gnggiEAG;156 P Hfr met Tir Sm” derived from
~ o - s s
AB257 (Hfr met T1 Sm~).
- . _ i . . »
E. _coli ED2644 - . Flac Sm® Spcr T6r derived from
ED24 (F lac . Sm® Spcr T6r); .
E. coli AB301 Hfr met
Ee. coli AL9 Hfr met RNase.I derived from
'AB30L
P, * o o -, - . - - R S ... r
E. coli ED2602 Flac in ED2601 (F lac his trp Sm Spc™ Té6
: . ; . gal 1ys ).
E. coli B wild type.

- Except where specified, E. coli WP156 was used as host cell -
in penetration experiments and as seed culture in plaque assays.

All strains of E. coli were maintained on hard aghr plates

for routine use. Permanent stocks were stored on hard agar slants

. " 19



in wax-scaled vials,  Cell cultures were started by trans-
ferring a sinple colonv on an agar plate to 10 m! of medium
which was then shaken in a 37° water bath overnight (12 to

18 hr).

. 2. Bacteria lm(iumlit:?uf e Media

minimal salts (1MM) medium
The basic TMM salts solution contained the following com-

ponents in moles per liter; Tris, 0.05; maleic acid, 0.05; NaCl,

0.043: KC1, 0.027: N}14c1., 0.019; Naz}!POA, 0.001; Nazsoa,. 0.001.
After dissolving the above in distilled water, the pH was

adjusted to 7.3 with concentrated NaOH and the.soluﬁion autoclaved

: . 2
. at 126° for 15 min under a steam pressure of 20 lbs/in™.

a

Complete TMM (CTMM) medium was prepared by coﬁbining the
. N

20

sterile componehts listed in the following proportions:

’

Basic TMM salts solution 910 m1 T
Fagles amino acid concentrate'(ldOX) 10 ml ‘
50% (;/v) glucose e 10 ml

0.25% (W/Q) L—met%ionine ' 10 ml

O.SHM‘MgCIZ | ’ o 10 ml

20 mg % d-biotin ) ‘ . 50 mi ,

(b) Yarggys'TMM-based media

R

. (i) CIMM(-aa) medium. This medium co

regular componeqts o0f CTMM medium with the omission of the Fagles

amino acid. concentrate.

tained all the

(ii). OCT™MM (+ casamino acids). Casamino acids (Pifco,

0.05%) replaced the Eégles amino dcid mixture.

.



() Trypticase soy hroth (THEY

Autoclaved solutions had o tinal

pH oot 7.2
(d)

U A
Hard agar

Trvpticase soy broth 30 ¢/
Bacto-Agar (Difco) 15 ¢/1
while warm into disposable Petri dishes

o .

()

Top apar
Top agar was prepared

agar concentration was 11 g/1.
volumes

as above except that the final
Sterile top agar was stored
at 4° until used.

in 50 ml
In preparation for plaque assavs

the agar

r
was melted in a boiling water bath, dispensed in 2 ml aliquots into

sterile culture tubes and maintained in the liquid state until used
bv incubating in a 45 - 50° Temp-Blok (Lab-line Instruments, Inc.).

3.

Bacteria and Phage Diluent

All dilutions of bacteria or phage werc made with a sterile

solution Eomposed of 0.97 (w/v) NaCl, 5 mM MgCl,, and 5 mg % bovine
serum albumin (Sigma Chemical Co.). Diluent was dispensed in 10 ml

volumes into sterile dilution tubes (20 mm) and stored at 4°,

4.

These
solutions were prewarmed to room temperature before use.

Chemicals, Enzymes apc- Reasents :
Unlabeled ribonucleosides, ribonucleoside mono-, di- and

pJ

.

triphosphates, guanosine 5'—tetraphosphatei(ppppG),.sodium dextran

Trypticase soy broth (Baltimore H]nlugival Laboratorica) 1t
NaC ]

After dissolving, the solution was autoclaved and dispensed

v o/
8 /1
%

21



sulfate H00 (Nabs) , byvnorsyvme Coyge whit e, pomcreat ic rdbhonue Lo

(Y Tecrvatatliced) and bovine Corum gl bomin were putchaned toom

.
-

Stema Choemical o Polvethylene plyeol cooo (e wae '-!;[’L‘li.wl
. ,

-

by .1, Bakex and (o, Urea (ultra pare) wae, puoachased trom Maon
e

Research Labhratoric:. . Sodiom dodecvl gultate (SD9) wae whi aioed

trom Matheson, Coleman and Bell. Fhies N0 e et cmploved 1o

. .
solubilicing polvacrvlamide pol Slices was from Nuclear Chicayo.s

DNase (RNase free) . snake venom phosphodicst orase (sVEY . aldalione
. . ] . s

phosphatase (Fo ocol i), and catalase (boeet iver) in a powder torm

were purchased from Vorthington Riochemical Corp.  The asource of

Rifampin B-prade (Rifampicin) was Calbiochem.

NONGNT N sttt ramethvlethvlened i amine  (FEMED) oacrvliamide

x
and NONT=hicomoethvlene (bis) acrviamide was Sbhtaioned from Fastoan
Chem. Co. The Tatter two were recrvstalliced before use according

to the procedure published by Loenirg (1967) .

PGP was isolated adcording to the procedure outlined bv

Roblin (1968). About 200 mg of veast tRNA (Sigma) was hvdz:mly‘:«-d

in 5 ml 0.3N KOH for 24 hr. The hydrolvsate was passed through a

X - [
7 x 1.4 ¢cm column of Dowex 2(C1 ). After elution of the mononuceleo-

tides with 0,005 N-HC1, pCp was cluted with 0.03 N-H(1. Fractions
B

containing pGp were lvophvlized and the solid residue taken up in
distilled water. At pH 8, pCp was Jddentified by the spectral ratios:

250 nm/260um = 1.12, 280 nm/260nm = 0.68.

“5. Radicactive Materials

. B
Radicactive precursors for the preparation of labeled

. - 32 . ..
rhage R17 were obtained from the following sources: P (inorgdnic



phospha&c carrlor'free)“:md'*_SQ(I\.'aszSO[4 in H 0 800 mCi/mmole),

New anland \ucloar« %i §— gudnoqlne ¢ 5L1/mmole) 3H‘—2,8—’adenosine

(30C1/mmole) 3H—5,6—uridine (AOCi/mmole) and ?H~2,5—histidine (45

i) ‘

Cl/mmole) Amershém/searle. ©

e

B. - ngypbwpiwﬁgqggria -

Experimental cultures were grown - at 37% in a rotarv—
. L , .

o s

shakihg.&atcr bagﬁ from a“1/100 éiLh%ion of. an’ove;night E.vcoli‘
'cgiture‘ In..order to achleve maximum aefatlon and - av01d excessive
broakige of\f\pllus,>sgallow cultures (generally ZOZ of the flask
.vo}ume) were Qhaken at @ speed of 175 rpm in baffled culture flasks
§BUTJCQ Glass Co.). ‘Under.thése coﬁdi{ions,c;lturé%Agenerally

) L o 8 L ) ) .
_redched a cell density of 4 x 107 cells/ml about four hours after

i

.’5‘)

i o o ’ - . ) . N - » .
iNOCUKCtiOnAiT,§Y0Wn in a minimal salts medium, and about 2 hours

for ce ils gxowlng in FQB - s I . i

| The dgnqltv of viable - E. coli cells in TMM media was .de-

tormined from a standard$CUrve.C@nstrgbted by plotting the. absorb-
. N s " . :

ancy ay 650 nm of a’'1.0 ml-volume of culture (in a cuvette with a
light path of 1-cm) vs the viéble cell counts. Viable cell counts
were determined by plating an appropriate dilution of the culture

.~oq hérd‘agar plates’ and _incubating overnight at 37°
! SR
< . ?
- A ' >o>
C. Prgpdxatlon and Purlflcatlon of Phggg Rl7, -

: (
. Cell L\blS and the ParL131 Purlflcatlon of the ReleaQed Phage

bv a Two-Fhase _P,Q,l);'&e_,r_jy_s‘tsm

1

'Cultur?S of FP156 cells were grown at 37° in CTMM(-aa) to

.



.. 8 )
a cell density of 4,x 10 cells/ml then infected bv the addition

i

of puvified phage R17 at a multlplicitv Sf 40 PFU's/coll. After

. S 3, .
allowing atout 10 min for phage adsorpt1on incubation was con-

‘,tihuod with vigorous shaklpg (150 'rpm) for 3-4 hrs. Celd lvsis

was discqrnible through the'appeayance of clumps of cell wall

debris éécdmpahied‘by.a roduction in the optical density of the

/

infected culfure. Cell lv<1q was cog Dloted bv addln lvaozvme
, : g

(66 mg/l)-ﬁ c‘chloloform (3.3 ml/l) followed b\ a further incuba-

fion'at'37° QQr 30 min. g@g titer of crude lvsates thus obtalned:
L 11 L ) : -
arlod from S x 10 - 1.2 x 10 PFU/ml.

‘ ~Th phage in the crude 1ysaceﬂdﬂs:concentrnted.and'par4
tially purlflGd bv us;ng a mOdlflClthn of the 11qu10 twofphaée
pol\mcr method dO%Crlhed by Albertsqon (1967) To a. iOO ml lvgate'
ulsradded 0. 71 Q sodium dt\tran Qulfate (NaDs), 7.15 1 polvethvlone
olvcol (PPC) and 1.8 ¢ NaCl, and the mixture was shaken to'homé—

veneity before it was stored at.4° for 18 - 24 hrs in a 250 ml -

'polybarbonate centrifuge bottle to allow phase formation. The next

dav, the bottle was centrifuged at 3000g for 20 min before most of
the top PEG phase (comprising 90 - 95% of the total volume) was

removed by aspiration, care being taken not to disturb the inter-

-ﬁhnse; The pellot'of'cell debris and the NaDS phase with the con-

-'Lentr1t cd phage waq then rcsuapendpd in 5 ml of 0.15 M NaCl buffered

with 0.015 M sodium’ citrate, pH 7.0 (ssc), and centrifuged'at 10,000

‘g for 10 min. The pellet was washed 4 more times with 5 ml SSC.

To the ComBined washings (20 ml) was added 0.15 volume of saturated

KCl solutign:to precipitate the residual NaDS over a period of 2 hrs




©

'

iat %°. After removal of the précipitated.NaﬁS by centrifugation
at lQ,DOQ g, for IO'ﬁin, the phageqsuﬁp@n%ion was dialyzed against

SS¢ (4°) for at loastIIBFbrs} The phage was then pelleted by

o

centrifugation at 50,000 rpm for 2 hrs in the Beckman 60 Ti rotor

and finu]}y resuspended in 4 nil SSC in preparation fot banding in
N , . . . . Lo 0
a CsCl ‘denstity gradient. '

2. ¢sClL Isopvenic®Banding of “Phage ' 0

<

Equilibrium CsCl density gradient centrifugation was carried’

out by qdpiﬁg 2.4 g CsCl . to the re3uépended“§hage'(é.ml) and spin-

. ) s o .
ning the mixture at 35,000 orpm for at least 18 hrs in the . Beckman -

SW50.1 rotor at 4°. Ahout 25 - 130 fractions were coliected by pierc-
ing the bottom of. the nitrocellulose tube and dripping 11 - 12 drop
; '(1 g ' '

N +
fractions

]

inte a series of 13 mm tubes. The position-of the phage
’ ’ .y . .. [} N R 9 . .
peak was determined by ascertaining the relative absorbance at 260

nm orsthe radicactiviey (if the phage is labeled with radioactive
. o < d . -
~,

'procursors) of cach fraction. Usually the infectious bhagg'banded

G

as n,EHnrp reak towardé the middle of the gradient while a small

amount ot noninfectious particles. formed a shoulder at lower densities.
The fractions corresponding to the main peak were poaled and §ubsehuent¥
lv dialvzed against SSC at 4° overnight to cremove the CsCl.

o

3. Assay for Phage Density - - ‘ B

The number of pﬁage particFescin a phage solution was
. R . . ' ' o ‘ ) o
determined from optical density measurements with a Beckman (DBG)

. . ] °
. spectrophotometer, using an extinction coefficient at 260 nm of

7.66 .\1g_1 ml cm D (Gesteland and Boedtker, 1964). Assum‘iﬁ"g a

[ ' - o=
molecular mass of 3.6 x lO6Adaltons pef.phagg‘particlg, as reported

=)



a9 .
b ’ K .
\

- kY

) ' N \\« | :

by the foregoing workers, one absorbancy unit was calculated to

. . 13 .

contain 2.18 x 10 particles.

at a doﬁsity of 5 - 10 x'lO1 P

from a 100 ml crude lvsate..e

articles/ml whs usuallv obtained
: x
)
[\_/// G \
- - q K
- - . . . y
2 ° D Radioactive Labeling of Phage R17 , b "
e m e ‘—'—“ ST T T —— %\
9 : y
L. ,B_b"p,‘,’t*_‘.‘_l‘_?,l.i.l,‘ﬂ.ﬂf*_R}l-_Pﬁ?_&e__R_Nﬁ »
Ovvrniéht cultures of E.

y

a

. ! .
coli WP156 were grown in
o -

MM (~aa)
medium with the phbsphaté concentration lowered t% 0.5 mM. A one

o
k) Kl

ml aliquot of the overnight culture,wdsftransferreb-to.lOOvml of

3

- R g ,‘\! - .
.fresh medium with a similar phosphate concentrationt.and the .cells
grown up to 4 x 10 cells/mi. R17 phage infection was -carried out

as ‘described for the preparation of cfude/lysates, At .5 min post-—
“obt:#

. L 32 . © a
infection, a neutralized solution of P inorganid phosphate (10.

2

L

- T . () o y . s -] .

mCi) ‘was added and -incubation.continued. Freshly purified phage
from such crude lvsates normally had a specific radio-

activity of 2:x 10_6 cpm/particle.

“H-Adenosine and °

ﬁ:ﬁuanosfne Labeling of R17 phége RNA 7.
The proéedhre followed for the labeling of R17 phage with' "H-
. 3 . by

~guanosine or H=adenosine was identical to titat- described for the
<

preparation of unlabeled phage -except that one of the

2
topes was-added at. 20 min post—-infectien to a final activity of

2 radijoiso-
. ‘ N . , , , '

50 uCi/ml. The specific H radioactivity of phage thus prepared
was. §jmiiér to that obtained for freshly purified 32P—labeled phage.
35 1t o |
3. "Szlabeling of R17 Phage Proteins

35 )

S-labeled R17 was prepared as follows: A culture of E.. coli

A vield of about 0.5 ml”og phage



Y
o o .

ED2644 was grown t6& a density of 4 x 10b.bncteria/m1 inACTMM(faa)

medium containing "a concentration of NnZSDA of 0.021 g/1 (1.5 x
Ao [+] . . .

TO#AM). Phe cﬁiture wvas infected with R17 phage at a hultiﬁlicity

4
(0.8 - 1.0 €i/mM) was added to a final activity of 50. uCi/ml.

0% QO_PFU/coil.’intubaLcd for 10 min at. 37°, and then Na73580

- -

. : .. N . coa
Purification of the resultant lvsate was carried out as described

for unlabeled phage preparations. The recoverv of radidaetivity
- . . Or N

: -7 : . ' - .
wits about 20 - 4 x 10 gpm/Partjcle. All the'}SS—lnbeLed‘phage

°

components were insoluble in hot trichloroacetic acid and SDS

nolync}yTamido gel analysis”of the protein conmponents revealed that

o

997 of the radiocactiwvity.was incorporated into coat protein,

4. Labolihg;gf:5}7,9hagp A.Protoihowith;Badioactiye Hisﬁidiﬁe
The éntofof.thc A protéin erng phage infection can bevfollodoa

by labeling the. phage wiph rndioacéive histidfne: -This préceddre,

cxplo%té the fnctviyﬁt the-A p%otoih s che iny_hisﬁidihé—céntain—_

o
A&

ing polypeptide associated with;wild;type'Rl7 (Stéitz, 1968a). "R17

e . 3 s g S - .

Phage was labeled with "H-histidine according to the method origin-
ally déveloped by Krahn (1971). A culture of f@tcbli_WP156:was
prown to a density of 4 x 10 bhacteria/ml dn TMM medium containing
10 ug/ml of 19 amino acids (no histidine), and 10 ug/ml cach of
urocanic acid, adenosine, Qnahosine,_cy;idine, and uridine._ At 15-
min after infection; 2,5-"H¢histidine was added‘to a final- activity
of -37.5 uCi/ml;‘aﬁd 7 min later, the pulse was terminated by the
addition of unlabeled histidine to-a final concentration of-10 pg/ml. |

Incubation of the culture was then continued until lysis oc¢curred

3-4 hr later. Purified{phagc obtained from such crude lysates gener-

o



o

)

: : e . cos e 1 -8 o .
ally had a specific radicactivity of 1 x 10 cpm/phvsical particle,
and contained about 65-- 70% of the radioactivity in the A protein.
" The remainder of the fndioactivity.wns found to be in the phage RNA,

equally distributed between adenine and guaniné residues (Krahn,

1971).

£, Hot. and Cold TCA Radioassay
¥kndioacﬁ{}ely luboiedyphage suspensions 0%'E:,Eﬂli-i“f?§téd
with such pﬁagéfwere assaved &)rTCA;insoiuble m;terigl bv applying 0.1
ml n}iquqt&uonéo MM Whatmén filte£ discs (2;1‘cm~d{ametgr) p{nﬁed’to

a board. 1f required, several aliquots were ‘added in succession with

a drving step separating cach addition. The paper discs were pro-

<=
c

cussod bv - scheme mpdified from that-published by Mang ‘and Novelli

Q

«

(1960): For reasons of safety, ethanol was used in place of ether.
o
1. Hot TCA-Tnsoluble Products
T&bie-Z.l

?feparhtiqn.of Paper Disdsﬁfor_Hof—TCA fnéoiﬂble Products

Step . Hime Wash.medium  ‘ Temperature .
Lo 30 min 10% TCA L 4
2 5 min - 5% TCA o g
3 - . 45 min . szoTcA . .. S 90°
o 4. 15@min 5% TcA - o 4o )
s 15 min - . . 85% EtOH - S o200
6 - 15 min _ 90% EtOH - - 200



.

2. Cold TCA-Insolible Products

<&
Y

‘“Treatment was similar to that shown in the above scheme with

the substifution of a 15 min 5% TCA (4°) wash for step 3.

. R R o .
F. Radicoisotope Counting
Dry samples such as tadicactive material embedded in air

drted filter discs after TCA treatment were counted in 5.0 ml

ﬁolu;nc—bHQGdisciﬁtilldtidﬁ fluor (prepared bv the additon’of 4 g

Omnifluor from New England Nuclear per liter of scintillation grade

toluene) in a Beckman 1.5-250 liquid scintillation spectrometer. - .

” © Aqueous samples were assayed by'cdmbining 0.5 - 1.0 ml

sanmples with 10 ml Scinti. Verse (Fischer Scientific) in a scintil-

lation vial and shaking the mixture.-to homogeneitv. The efficiency

. . ) N . . ,) B
of counting in Scinti Verse was >95%, 85%- and 30% for B”P, 355'and

. .
5

3 ' . ' . :
< isotdpes, respectively. oo -
Single iéotope'restricted channels were used for double-

labeling experiments and .counts were corrected for overlap.

External standardization was used t6 monitor the efficiency
e . - .

- of counting in-.a series of similarly prepared vials.

Samples with low levels of radioactivity were counted for a
suf ficient length of time_to‘rqduée the error to less than 5%. All 'sample
valucs were corrected . for background radicattivity registered in con-

trols containing no .added sample.

.

'

The number of infectious phage in a suspension was ‘deter-



«

~mined by serially diluting the sample and mixing 1.0 ml of a
d;lution.with 0.2 ml of seed culture (4 x th cells/ml) and 2.0
ml of liquified top agar. After agitation, the mixture was poured

onto hard agar in a Petri dish and allowed to harden before the
g . ‘

1, a °

plates were inverted and incuboted at 37° overnight before scoring

y . < . A — L S :
for plaques. A single dilution yas usually plated out in triplicate.

H.  Phage Attachment Assay

The filtratipn assay employed to measure phage-pili com-
". 7 .

plex formation was eéssentially that described by Danziger and Paran- '

k3 .
chych'(l970a). WP156 paetefia‘(é X 108 cells/ml) in CTMM medium -
were incubated at a multiplicity of 103 32'P—labeled‘particies/cell

-

at 4° for 20 min. Aliquots .of 2.0 ml were’then passed through

.

Gelman GA-6 tridcetate filters under a vacuum of 6-in of. mercury. -

= .

The filters were washed 3 times with 5 ml of cold TMM m§dium)-dried_l

and assayed for-radiocactivity. ' o LT

[.. Penetration Assay

The penetration assay 'as applied in the quantitation of

'

the amount of a- given phage component (RNA, A ‘protein, coat
protein) having pbnotratcd cells is essentially the method described

by Krahn (1971) and Krahn et al. (1972). A¥dquots of infected

«

.

bacteria at variocus times post-infection were poured onto 0.5

- 24 . '
volumes of frozen TMM (-Mg~ ) salts medium to stop further penetra-
tion of phnge.components,.and the chilled cells were ghen pelleted

cells; after being resuspended in 0.2

o

at’ 10,000 g for 10 min. The

< o ,



o

-

¢

I «

. o ’ 24 R . .
volumes of, cold TMM (-Mg™ ) by repeated trituration with a pasteur

pipette, were forced tlirough a svringe tipped with a #26 pauge

- Lo

needle. After the cells were pelleted again bv centrifugation,

rhe eafernatant containing the extracellular phage was remaved

- - + .
and fresh cold TMM (—Ng2 ) added: the wash cvele was repeated a

1 0

total of 6 times before the {inal cell pellet was resuspended in

- W N . .
a predetermined volume of TMM (=Mg ). Aliquots '0f this suspen-
sfon were djrectlv asgaved for radioactivity in combination with

. - a
. v o °
Scinti Verse or dripped onto Whatman filter discs in preparation
o . . ’

for hot TCA treatment.
O - -

o

b
ES

° The efficieéncy of the above washing procedure in remov-

e

ing- all extracellular phage from infected cells was shown by control

- . at

“infections in which E. coli B (F) at 37° or Hfg cells at 4° wvere

infected at similar multiplicities for the same period of time. It

was found that negligible radioactive counts .were associated with
. . . R ) . o

- o

these cells afrer ’tho_v were washed 6X (Krahn, 1971).. In the latter

_cate, the result agreed with Brinton and Beer's (1967) finding that

3

. ' ° . B

C . . L. .\
no RNA penetrates sensitive bacterla\xat 4°
o ‘ Furthermore , when a sonicated ¢xtract of 6X washed cells,
. : 3 , ) N g ER s

infected with R17 radiocactively labeled in the RNA or A prbgein, was

. i

analvzed by centrifugation in sucrose gradients, greater than 95% of

, . . v <

the RNA or A protein radiocactivitv remained at the top of the gradient

- 3 LQ k=] o
~while tittle material was found migrating with 78S intact phage
(Krahn, 1971: Krahn et al. ,°1972).  These results indicated that the

e .,

A protein and RNA components had penetrated as frde components and were

not associated with extracellular phage particle’s.
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I /\Aly_«‘n_n Ultrafiltration
Phage "particles in a larpge vélume were concont rated by
ultrafiltration through a 6.2 en Diaflo, XM=L00A membrane (exclu-
. . o . .

sion Mmit = 100,000 daltons) housed in an Amicon Model 202 unit

Ceapacityv: 2000 ml) . The procedure was carried édut at 4° with o

. : 0
moderate rate of stirring under a N, was pressure of }1() - 15 Tbs/in™.
‘ - u

The flow rate was about 2 - 4 ml/min.
t o ’ » !
+ « c -~

K. Sucrose Gradient” Techniques ) .

Linear (5 - 20%), 4.6 ml sucrose gradients were usual lv
. o Q
prepared’ using a two-chamber Buchler gradient maker. Before using,
vradients were equilibrated by storing at 4° for at least 4 hrs.
' . ’ N v
o Aqueous samples (0.2 - 0.5 ml) ‘were lavered careful 1v onto

vradients without disturbing the meniscus. Centrifugation was carried

out’ at anappropriate speed and temperature using a SW 50.1 rotor in
a Beckman 1.2-65B dltracentri fuge. o

Fractiongd from gradients were collected bv piercing the

o o

-

bottom of the cellulose nisrate ‘tube with a hollow needle.

2+ ; :
~ . L. Ascorbic Acid=Cu” " inacti vation of R17 Phage . B

Phage particles were incubated in a buffer solution made

o

up with dedionized distillog water and containing 0.69 M NaCl and .

0.05 M Tris - (pH 7.3). Phage suspensions, . CuCl, and L-ascorbic

2
acid seolutfons were made up with the buffer at 10X-the concen-

tration to be used in a particular experiment. ' Freshly made ascor-—-

bate¢ solutions were used in all cascs. Tncubations were initiated
. bv the combinat ion of, prewarmed solutions and buffer to give a tenfold



'

dilution of the components; zero time of incubat ion corresponded

to the addition of the phage suspension to a reaction mixture as’

o

the last component. Phage inactiviat ion was "quenched' at anv
.

time bv removing aliquots of incubation solution and combining

. . )
immediatelv with 0.1 volume of ,10 Moethyvlenediaminet et raacetic

acid (EnTa). Subsequently, the quenched solut ions were kept. on.

ice while awaiting further treatment. In anéxic incubations, all
. iR |

. . o

wanipulations were carried out in a glove bag kept inflatéed bv a

steadyv stream of nitrogen gas. Before use, all solutions, which

were maintained at 37° in a "Temp-Blok", had nitrogen bubbled

through them for 20-30 seconds to displace dissolved oxveen with

-

Phage suspensions having different ratios of plaque [orm—

- c‘ : - . "' N
ing units (LFU) to physical particles were obtained on a preparative

. 24+
scale by incubating phage-ascorbate-Cu mixtures in 2- to 3-ml

“volumes.  Aliquots of 0.5 ml were taken out at appropriate time inter—

2+
vals and quenched with EDTA. Separation of chelated Cu . ascotrbate ,
and EDTA fPom treated phage particles was-.achieved by passing the
mixture through a Sephadex G-50 column (1 x 12 ¢m) equilibrated with

the Tris buffer. The phége fraction was follo%ed visually by an

added blue dextran marker, or bv measuyrement of radioactivity in the

caseof labeled pha.'ge.

A Y .
M. Ethidium Bromide Binding Assay

" The binding of ethidium bromide to phage RNA in é_itu was

measured in a 2.0 ml selution céh‘taining 5 % lO-BN Tris (pH 8.0),



. - — o C e . .

5 x 10 M OEDTA, and 0.9 pp/ml ethidium bromide. Phage was added
. : . . 11 .

to the reaction mixture to a final concentration of 10 phvsical

particles/ml.  Fluorescence readi ngs were made in a Turner 4730

spectrofluorometer in round borosilicate euvettes with thoe exeiti-

tion waveleongth sot at 525 nm and emission at 600 nm.  All read-

ings were performed at 25°,

N. LQQL@j}T_ofiﬁNA
' The initial stages of the isolation of RNA from 6X washed
infvrtod_il}gﬂgAworo similar to those doscribéd by Sagik et al.,
(1662)4 ‘Ahout 2 - 3 x 109 COIlS Qore resuspended in 1 ml of buffer
containing o‘_.m M Tris {(pH 7.3), 0.01 M KC1, 0.005 MCl,, 300 ug/ml
lvsozyvme and 50 Lg/ml DNnﬁo; - The suspension was froz;n rdpidly‘iﬁ an
FEUH—dry ice bath, then thawed ahdvincubatod for 5 min at 14°. The
mixture wvas hrought to 1% in SbS»and 0.2% 1in Macaloid (Union'Carbidc)
and. shaken for 5 min at 20°. Doproteinizatjon was comp%ptgd by add-
ing an equal vniumo.of huffer—saturapeﬁ phenoi and’ shaking for 15

min at 4°. The resulting emulsién was centrifuged at 10,000 g for "

10 éin, afto} yhich—the aqueous laver was remov§a, and Macaloid and
phenol added- as before. The phenol extraction pfocedure was repeatéd
three times. The -final aqueous %olution was three tiﬁes extractgd
~with cther and Nziéas was bubbled th%ough thg solutlon as a.last Step'
to remove residuni.(w}‘Ax The RNA was tﬁon érecipitateﬂ by the
additionof 2 veolumes of cold (i20°) MtOH and O.l.volumes of 207% potas-

sfum acetate and stored overnight at -20°. The precipitated RNA was

. then collected by centrifugation, driéd under NZ and stored in a B



desidceator it 207 until oused.

The same procedure was tollowed tor thel foolation of
RNA from intact phage except that particles were suspended Jin

the Tris batter minus DNase and Lvsosvme. The | recocothawing

Sten was alsoe omittoed.

O Alkalbine Hydrolvais ot RNA

Psolated RNA samples were taken up in 0.5 ml of 037X
KOH and incubated at 377 for 24 hrs in covered tubes.  The hvdrolv-
sates were carefully neutralized to pH 7.0 by adding small incre-

/- )
nents of a2 sturry of Dowex=50 (in the pvridinium form). Ouantitat ive
recovery of nueleotides and nucleosides (cspecially in the case of
Ao and AP was achieved by washing the Dowex beads with five, 0.5-ml
i
t

aligquots of 107 aqueous pvridine. Lastly, the products of the

alvaline bvdrolvsis were obtained in a powder form bv the removal of

water and pvridine through lvophilization of the combined washings.

P.o sbe-Pelvacryvlamide ( ?@_1_/?19.?}},:@}1;03&}_s_,.oh,f.,_ng_g@;in

HJQioautively labeled R17 phagg proteins were analvzed bv
the =shS-polvacrvlamide gel electrophoretic system described by
,I aermli (1970); Gels containing 12.5% acr_vlnm‘ide were prepared from
a stock solution of 307 (w/v) of acrvlamide and 0.85" (w/v) of bhis-
mw*_vlamidé. - The final concentrations in the gel were as follows:
0.375 M Tris-HC1L (pH 8.8) and 0.1% ¢DS. The gels were 'Iwol)'mefized,
cihenically by the ‘addition of 0.025%7 (v/v) of TEMED and 0.025% (w/v)

armanium persuliate.  Ten em gels were prepared in glass tubes with
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#1

total denpth ot L ovm and with oo e bde diameter b o, bl
booctackine el deecribed by Lacimml i owere not o onaeed in thi e
Ulon. The clectrode butter (pH B3 contained 0005 N Tra, O, 1a>
Moptvedine and G010 s, '!"ln' satmples were Suspended inoa solat fon

with the tollowingy composit fonce O.0625% M Tris Hel (plt 6.8y,

SO0 e lve e 00T 2 mercaptoct hunol and 0L 001 boomopheno | b o

o
O Uhie dvee Fhe proteins woere completeby dicaociated hy drmmer g
the s les tor o Somin din bhoilinge watorp . Viter laveringe the /"\‘
5} VS
canple on ton ot pela cloectrorihor e W carried outooat o3 -5 A
: <
per ovel at room tempedatare unt il the dve ik ey reached e hott om
ot tive el Cols \cvlz"!ulimwl into about titty, 1.6/ mm wide coctions

with a  molti -blade "cheosecutter” uased in conjunction with 1 toflaon
biock slotted at 1.67 = intervals,  The radicasaav of fhe el wlicen

sy . X : - v
tootecomplished using the same procedure deseribod below for RNA

L
0 . /,
voe L, . . "
o
0. Polvacrylamide G el Plectro phoresis of RNA ‘:: 5

1. Pyooenential Grad fent Gels -
= e O Q .
For routine analvsis of KNA, the volvacrvlamide exponential-=

viadiont svstem of Miraule and Scherrer (1971) was utilirzed.
To produce the exponential eradient, am appiaratus as schem-

at icaltly ropresented in Ficure 2.1 was-used. The mixing vessel con-

el

sisrs of a 5 ml elass chamber fitted tightlv with a straight-sided
) %
rubber Stopper and eqiripped with a 1.3 en magnetic bar for stirring.

Passing through the stopper are three outlets —“one leads to two peri-

stalrie purps which draw acrviamide solution to two class tubes. .

2
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&
. B

o ] - o -

Figure 2.1 Schematic d i.;;g;r‘am of "the exponential gradient gel making
Iip;i.‘lriltkls; . ) ; ) .

(b)) magnetic st il,‘jl'_QI‘, (c) I’J}:’p’ox peristaleic pumps (LLKB,
intrument graup 10200); gear box used: 4725, i

of higher concent rat ion.
g

]

(41_) clanmps,

.= acrylamide solution.
C,= acrylamide solufion of Yower concentration.
g 2 : , ;

< . ) , ] .

c




Jpocket appeared in the chamber. .The gel casting operation was in-
tiated by switching on the masnetic stirrer and -peristaltic punmps

and releasing ythe intake -tubing clawp. ) ’ : >

EDTA, pH 7.4), 2% y,ly(cvlrpll 15% acrvlamide; 0.25% bis}acrylamide@

cand 107 ammoniun persulfate to cach ml of ¢

b
ey

, o

Another is the intake conduit through which a low concentration
. S . .

o

. - i,
acrvlamide solution A(C,,) passes at a rate cqual to the rate of
removal of solution . from the chamber. The third opening scrves as ,
o / )
. . . ) /
an airrelease valve.

The simultdneous prép:;r:lt ion of two, 0.7 10 (‘ni, 2.5 -

157 «oxponentiial pradient gels began with the addition of 2.2 ml of

a 157 aerviamide  solution ((71) inte the mixing chamber. The air - ®

release valve was opened and the stopper adjusted so that no air v

=

- 9

According to Mirault and Scherrer (1971) , the corcentration

Jof the acrvlamide in the gels thus generated can be described by the

cguat ion: | : : . :

. o ) _
_— Cz)o\'/\i R G, -’ (1)

Cvy = (C

where C(V) = acrvlamide (‘oncunt?ntion in the:mixing chamber after
e - - .

dilution by volume V. of acrylamide solution’ (C,)s C1

= higher concen- -

2

tration acrviamide.solution, C, =dower concentration acrylamide

solution, V. = internal volume of the mixing chamber.
: i ! nat. :
Q. : v - N -

The composition of the® C, solution used is as follows:

1

~177R‘1\1.~\ buffer (0.04 M L’ri(*t‘ll:llqu.:lrlxixig’, -0.02 M sodium acetate’ 0.002 M

Po.lymcr ization wap initiated.by the addition of 0. 67 ul of 10% TEMED .
. . . 0 . - B

1
¢

! ¢ 1 |
C',) consists of: E-RNA buffer; 2.5% glyveered, 2.57 acrvlamide ;,z.
. . b

and 0.0427 bis-acrviamide. To evach ml of C, were added 4 nl of 10% :
- ' . 3 A -~ - ‘,)‘l - N
A A

Rt S

+*
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< ¢ © [ o a
- o (’ o @
. FEMED and 10% ~ammonium persul tate. . s
o 5}
For filling, 0.7 (inside -diameter) ¥ 12 cmoeplass tubuogs
< , : " - PR T
T ‘ o Q' h . N - ©
: : T : ) : . Jooo W
. coated with Canalco "column coat' were incl igled at about- &5 L0
. ) .G Q" . ° ERCI N
when o filled to a height of 10 em, the adryvlamide flow was intler- “ o
. PN . L . - . 0
rupted and the tubes were carefully scet upright and Tavered Jeithae
. o Y : +4 o5 : o
- - . . . M X . . | . 'U - K - N ey =
buff.r containing both catalvstsat the same conceneraton ‘;1“’01‘11
the (7, solut fon. The pels were polvmerized at.roem gemperatyre B
‘ o . P . K " 2 A . o .
. . ‘o 35 a : o a T
N o o Q ©
. renelly 0\"(‘1‘1101"):11( before use. o . 2 ‘ v
L R A - ) o o K o :
. - T . i . ) o, S < P - [
= 2 . V ' - < . P ‘0 ) . ¢ <
° Hleetsophoreais was -carried out in an -Ortec modbdl 4200
' - . - 0. LG 2 “ e . o . E o
. <. © * 5 o q' > oo . - ¥
Co- capparatus modified to hold disc gels. "ATvoleapie seradient .was : <
[ - . o, . . ° . : R
- o - . . [
- 7 L=upplied by oan Orted 4100 pulsed constant power pack with the dis- | o
B ' . . o ' = o Q: °
2 . . i . < . Lo . a o, . -
charve capacitance seto o 100 microfarad. and, the pulged cate st ogat : A
o S P0 A =0 °oe \ - : e
250 pulses percsecond: 2= CoeE L . o Ty . .
. - ? o S o 2, v . e -
: . o B <o E— o .
L .t A \ c - w9, 9 . 5 : . - :
o ' - Gels, were prerun at 4% at-10 volfsAcan for 30 to 6 PR ?
‘ o . : ST p S Y R ’
é . ] . 2 < c : . L) RS
Sous g an olectrdde s buffwr of-the following, composition : but fer,
. R ERa L ' = ° PRI < 3 B IR
o L LT e e o Lo ° o ¢ °
2050 glyveerol, 0,27 SDS, 0017 .so*einl um  deoxveholate: o ™€
- B . 0 N ° A : - . R
L ) t o . o ] . . ) ) . e ? o “
o . . . o, N .. S . . . )
. simples containing. 1077 ¢lveevrol #nd."0.001% bromophenol = Tay-.
2 . ] . o V“ ! o, : CE Q‘ ; &
. N R . B : i T, N A " L E
ered under the buffer and electvophdr esis was carried out at 4° and °
‘ ‘r;"‘yj ’ ':‘ . - Y L . =l :-" o = ) e
under 107 volts/cwm. Normal léngth of runs wére 6 - 8 lirs. . N .
\ 0 ST e - el - .y o .
i ) ” a - °
- N - - - ro ar = s . :
B After “ecach ran, gels fcre frazen 4n an ethanol~dry ice bath, .
. o R o S o ) ’ - o 2 - »_" ) . .
thawed STight v and pushgd out fl(;om/'t' he glass tubes. “While stitl .
. . - N - . H ° ': I3
) N F k4 . o . o ¢ -
 frozén, pelswere sliced into dises with.a eutti ng devive faghioned ’
: =? - ) : o -
: @ '-“ . ] ST : ER o e N ] Lo o -':
trom.an arrvay ot razor blades spaced af 1.25 mm intervals. © Each slice
’ ’ : oo e . e : ° o . e 2=
“was then inserted®into A scintillation vial,” 1.0 ml- of 4 mixture made
) PR - : . 3 R Q A L P N
B . : “ . - v = o . Vt <¢ C. .
up- of concentrated NHAQH and; NCS solubilizer in & 20:1 (v/v) ratio
! ’ R . S -
: . N o o - ) -
was added, and t'nhv vials capped and incubated fat 40° forf 12 hrs. The o
v < T .o i
AR . . e
e . - s L. ) X
: o s
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o
. o @ N . i

vials were then uncapped, and the contonts brought to dryvness in

a 60% oven. cAfter thorouph .cooling, radioactivity in ciach sample

‘was assaved with 5.0 ml of a toluene-based f luor. R

N
y ' - « 0y . ’ i . - . < -
oL 2. Polvacrvlamide CGel Elect rophoresis of RNA Under Denaturing -
yactytamide el blectr LR AR ML RAA thder Henatu
[3 . . o . ° ' A
7 Conditions " N
- o “ o F © o h . ’
0 o o : . 2 3 N . . o ’
. - . The analvsig of RNA under denat uring condit ions was Y
5 . ‘ R . . - e .
- .

v . * . )v \ - - e < PR
cScarried.out using the 8 M urea and low salt but fer Svatim of Reiinders

[

“eteal. (1973).  Urea pols were, prepared by combining 7 velumes of a o
“solution containi ng 8 M urea. (ultra-pure) , 23 mM Tris-HCL, 2.3 mM
TBTA (pht 705) with 1 volume of 9 sol ution containing 19% acrvlamide,
- - Q. . = t
- . - S . a. c . R G A‘ .
® LY bis-acrviamide and 8 M urca. Affer “the additon of €Q.104 vo Tume e
< o y o - . . . . .
a 0% L . . o a
. Sof LOD TEMED and 100 ammén ium persulfate, the solut jon was degassed
C o S . ) ; - - ¢ ‘ - ’
Gnder vacuum for 5 %min before 0.7 x 10 em gols were poured and .
. < . ? ) B R o PEEE a o
© o alltved to set for atileast” ° : . - "
- . " - 4 o . . L B
L The eloa rode buffer contains 8 M.uread , 20 mM Tris-HCTL and
o o : . ° o o o . ’ . N < ’ _‘.
. Cpnie - o Yy ey 13 - . < :
2mM O EDTA, It owas alloved ‘to-equilibrate dvernight in a 60° oven- Bowo
. L2 < . . : : .
fore a,rnun. ’ .
. e o .
o - - =0 Lo ) . - . R . B -
As was tle case- for grn;iyvnr._ gu,‘ls, Jurea gels were prarin
. B ° " > ' ’ . a o . . ’ . °
o at 10 velts/em for 30 =760 min at 60° Hefore .samples dissolved in® tle .
v BN o _ S ; . . . ‘
- E yo 3 . B (‘ ) - ) - -0y g p e
2lect rode  bufifer vind conta fning T0%, glyveerol and 0.001Y bromophenqgl:
. - : ) o -
blue were applicd,  ETectrophoresis of samples were carried: out under
. . 3 . - g .= @ .
the same conditions:for up_to o hrs. The gels.were sliced and the © v
? . - El ’ ) © a N ‘. . ‘} o ’
“Usecrions treated for, radioas say according O the proto®eol desice ibed
v . N o
. i P . 2 . .
previously. R .
, o :
- o a . - < o
y : B v
. 1 - : . i .
R High Veltape Paper Flectrophoresis . : : o
L - Paper electrophoresis was performed cin a Gilson High Voltage :
. - S , .  bel '
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. bleet ruphbr;ltn r (Model D) equipped with a larpe f iberpglass tink -

as Jdesceribed by Dvever and Bvoum: (1967).  The rescervoirs were il led

[

with 0.04 M sodium citrate bhuffer at tpH. 3.5.

Whatman no. 3 MM paper was washed oce with. 0001 N.NH[OH

.

then rinsed with several changes of deionized water, and dried be-=-

dord sample application.

RNA alkaline hwdrolvsates redissolved in 500 = 100 ‘111 of

deionized water together with added marker compounds were applied

. ~ L. . . . B . .
as 2 = 4 cm wide bands on, the paper at a loading not greater than
1T ome/em. The paper was wetted with the sodium citrate bulfer amd -
: . i . )

clectvophoresis carricd out at 30 volts/em for 105 min. After air

sdrving, nonradioactive standards were lTocated under shore UV (254 6m) .
a . ’ . . - .
light. " o ’ i . -

' >
Radioactive materials on -an electropherogram were quanti-

tated as follows: *The electropherogram was cut up into 4 x 0.5 cm |}

4 i
3 \

strips at right angles to the divection of migration of the samples,)
’ . - . - o »\ ° M
wfien cach strip was further cut into 4 sections. and inserted -into | :

seintillation vials. Fo'l,lnowing the addition of 1.0 ml'of 0.01 N NHAOEH

to vach fraction, the vials were capped and shaken. in a reciprocating

‘wshaker overnighte Ten ml of Scinti Verse (Fischer) were then pipet-—

tvd into .each vial and the contents were shaken to homogenedity. . The

)

. o . . .
vials were pericdically apitated over a poriod of 6 — 7 hrs to allow

. - . : : .
cthe water miscible fluor to completely elute and displace any aqueous
material &till associated with the paper frdpments. The efficiency

‘of recovery of tritium counts from the electropherogram was of the

order. of 977 or better. : . C

- o -
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Nucleotides to be further » characterized were-oluted from
‘the appropriate sect fon of an 01('(‘trop.hdroy,rmn wi‘t,h up to 5 "~l]' of
distilled water. Desalting of ”t:h(.‘ . elut .c. wils ;]Ci) teved by allowing
nl’lb]:ooF fdes to adserb .onto a Nor.ﬂt (‘(‘,hnr(‘.oal) (f‘(‘)]umn. The colunin

. o . -
was made by transferring 0.5'ml of a 1:1 (v/v) mixture of 20y

. Q .
vicked volume Norit and 507 packed volume Celite on a sintered
: 1 ! , :

celass funnel (in's ide «l‘i—'.'.nnuLér of 2 A'(“m .‘ med.ium po 1‘()!5‘“ v). -~ The Norit
('ullinm wWas \w;ls’hwl with 5 ml 0.01 N 'H(}l‘. the ::mnp]é :(:lzcidifi(‘_d t..o pH 3
- 4 vwi th .l N HC1) \,\;HS filtoered through, and the Col‘.u‘m'n wn‘;c. washed
again wi th 5 ml 0.01-N HCL. The nuchvotidos ‘w'or.o cluted » from the
Norit, w‘ith t'inu‘oe 5. ml p(njLiGn}: ‘o~f 0.5 ml .(‘.Onc,ont rated NH‘A()H/].-OO m(,}; ‘
:ot‘ S()f;/ vtih:molk. SThe c.:ﬂvl.'moll' (11\151t(;s wm‘e’uv:lporhthd L:‘o.v(.lr.}.’n(\'gs ux_lder

st ream of nitrogen. at room temperature. More than 80% of the radio-

activity swas recovered ‘in the ethanol eluates.



CHAPTER 111

.

THE EFFECT OF RNASE AND STRAND SCISSIONS ON THE -

i PENETRATION OF R17 RNA

W ! ) . ¢

Ao I;IILAI‘F()_L luct don

The inhibiting effects of RNase on phage RNA penctration.

-

are well known (Knolle and RKaudewitz, 1963;: Zinder, 1963). Huw&vvr,

the mechanism of action of the enzyme at the molecular level requires

clarification. That RNase will degrade. the RNA from phage particles

baving undérgone the Irreversible step of RNA ejection is clear enough,

but {t is not known whether the A protein is dalso prevented from enter-

- /, - . . . W
ing the cell or yhether RAA fragments could penctrate. in the presence
Y _ . : ‘

of RNasce., It u/ﬁa:nlgmisod that if fragments of phage RNA can penetrate

T

into the cell in the presence of RNase, then the polarity of RNA pene-

-

tration (i.e. the pilft°or'luudingbcnd of théoponctrating RNA) might

be determined by isolatin the penetrated fragments from infected cells
. ' \ & |

and examining them for the presence or absence of the origigal 3'> or

o

5'-unds. ) ) : ' ‘ oL

~FogelBerg and Artman (1970) had previously reported that non-

infectious RNA can penetrate into E. coli. Thev showed that at a MOl

Qf.ZS pﬁrtfc]cs/vvll or 1 PFU}ccll (phéir nvvrnéc BH—lahpled MS2 phage

stock had a PFU/particle ratio of 1/25), 30% of the dinput label was

: o
found to penetrate into cells during 60 min exposure of cells to’ phage.

< .

Since an average of only one out of 7 - 8 equivalents of penetrated RNA
. =3 ' « .
was infectious, most of the injected material ‘appeared- in some_way to

be defTective, Furthermore, they found that the noninfectious RNA was

o

"
c e

degraded within 10 to 20 mimites into basic subunits {hlch were incor—



; : . ) ‘ ' ,’ /g /‘

‘e

“

porated into all nucletlce acid r.onmmwnts of the cell.  Although
the RNA . isvlated from their phape stocks appearcd to be homopencous

on-sucrose gradients, the authors did not rule out the possibility

of hidden Hrouks lu‘\ing present in the folded RNA. It occurred to

-this writer that a logical extension of FEngelberg and Artman's work
N w . . . N

would, be the deliberate infection of cells with highly inactivated - “

32 o ' ) '

P-labeled RNA phage which had been obtained by long term storage.
. / -

B

0 32 i
lhe penetrated F-Tabeled RNA could then be analyzed by polyacryla-

: . . .
mide gel electrophoresis to determine its state of intactness. Such

. Lt : ’
studies should provide information regarding the fate of any frag—-

3

mented RNA following infection off sensitive cells,

The present chapter thus describes a series of studies re-

N .

lating the oftect of limited fragmentation of the phage genoine to, the - . -

RNA penetration process.  Also,the effect of the presence of RNase on

phage infection was reexamined in greater detail. In brief, it was

found that: ’ .
(a) Phage RNA fragments can penetrate into E. coli; these fi‘ag,—

ments are quickly degraded by cellular nucleases. : -
(53

(b) A limited number of intact infectious viral RNA molecules is

x a

able to penctrate into cells in the presence of RNase. The 'number of

molecules which are able to undergo successful penetration appears

to increase with the multiplicity of infection. . R

B. Results and Discussion
1. Conditions for Mcasuring RNA Penetr: 'tii on.

Sahe wmethod ecmployed to quantify the amount of phage RNA that .

- [ - N
\N N . . . N .
has penetrated into E. coli cells is described in detail in Materials
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and Mothods. Briefly, intected cells were, chilled and peld leteoed,

: ' . 24 , ~ )
resuspended in cold medium (-Mg” ) and forced through a #26 gaupe
syvinge necdle; complete removil of all extracellular phage was

achicved after repeating the operations six times.

Using t he above procedure, it was found that the amount

of viral RNA penctrating male cells is dependent on the strain of

bacteria, the medium, the duration of infoction and the multiplicity

of infect ion (MOT) . As shown in® Table 3.1 for example, it was found
that the amount of RNA injected i‘nto‘.l’,l)Z(J()Z cells increased with the

n .
multiplicity of infection, and that culturing the cells in a rich medium

such as Frvoticase SOV Broth increased the relative amount of RNA pene-
trated approximately four-fold over that found for cells grown {nm a

minimal mediam. .

Table 3.1

Effect of Culture Medium and Multiplicity of Infection (MO1l) on Phage
RL7 RNA Penctration

AT ED2602 cells in minimal medium )

Phage Toput : cquivalents of phage RNA

“penetrated/cell /20 min’

;
h .

10 ° : . 0.5

0o - 3.0
1000 ‘ | 4 4.6
’ , : <
b. © ED2602 cells in TSB ‘
“ 10 ' 4.0
u 100 - ' ‘ 13.0
1000, o 1706

) ) 7 . ) , ) . : v1 32 R
EDI60Z cells were infected at log phase '(uxl()b cells/ml) with P-labeled
R17 phage (PFU/particle = 1/200) . for 20 min. The assay procedure was
as out lined ip Matcrials and Methods.

/. r)
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, v
In Figure 3.1, the kinetics of penetration ot RNA into

ED260Y (Flace) .m’d WPTIS6. (HEtr) coells are {llustratoed. When WRIDGO

)

ccells in lop phase were challengoed with RL7, the RNA penctration
Process was found to be very rapid during the first 5 - 10 min
ot duntection, then somewhat slower during the remainder of the

caperimental period. In the case of ED2602 cells, the RNA. pone-

.

trat ton wias (‘f‘-,‘H‘ll'l ially l'('uynplvt‘\-d in 10 min: thercafter l.iLt Te or
no inerease in RNA penctration was obsoerved. A comparison of the
phiage cquivalents of RNA penctrated per cell for the WPI56 and

FDI6O2 results show&d that in mipimul medium, 3: times as much RNA

had entered the WPLS6 cells as cowpared to the ED2602 cells at
1O min post intection.

A two phase process of RNA penetration was originally re-
ported by Brinton and Beer (1967). They suggested that the rapid

initial phase of RNA penctration was apparently promoted by cell-
associated F-pili which were present in the culture at zero time,

while the second slower phase probably represented the promotion of
. , 1 )

RNA penetration by low levels of new F-pili which were asynchronously

produced throughout the infectious period. This two-plhhse process was

also, evident” in our hands ,when \41‘156_%}{}’1‘) cells were used but not with

ED2602 (Flac) cells.

To 'pruvidg further >':x1pp(>1't for the idea that the sccond phase
of RNA pvm‘t,ratﬂﬁ in Hfr ("olls wias due to growth of new, pili, phage‘
infection was also carried out in 7§hc presvace of L‘i.famgicin, an inhibi-
tor of RNA polymu‘rns‘c. As can be .scen in Figure 3.1, the incl_usioﬁ of
50 pg/ml of rif;nnpic»i‘n in the infection medium results ir;,thc ;"'Curtail-

<

ment of further RNA penetration after 10 min in the WP156 system. With
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Figure 3.1 The ¢ffect of bacterial strain and .rifampicin on the
kinetics of phage RNA penetration.

. ocoli WP1SH cells (or .ED2602) in 120 ml CIMM (Faa) at 37° were grown
“up to 4 x 107 cel1s/ml and infected at a MOI of 1000 particles/cell
with 37P=labeled RL7 phage (PFU/particle & 1/10). Aliquots of 20 ml
were taken out at approprtrate time intervals and chilled by'(*omfwining
with 10 ml, frozen TMM (~.‘-1g2+). The infected cells were washed 6X with
TMM-Me st as doscr_ib&] in Materials and Methods to remove ¢xtracellular
phage particles. The washed cells 'were resuspended in TMM _(Mg2+) tora
gigj‘nsity of 8 x 10° cells/ml and three 1.0 ml aliquots were assaved for
“P-radioactivity with 10 ml Scinti Verse. 1In infections carried out

with rifampicin, the drug was added to cultures (final concentration =

50 ne/ml) 5 min before phage addition. ¢ ©-@® ) WP1S56 cells; (O-0O)
WPI56 + rifampicing ( A-A) ED2602; ( A-A) FD2602 + rifampicin. i

.4\



Qo

48

- \

EDIOO2 colla, o 2970 reduction in the amount of KNA penctration was alao
observed in the same concentrat ton of (e druy, Clearly, the sovond
Phase ot RNA penctration into WEInt ). coli was totally appresaed by it

ampicin.  Althouph this oboervation o not conclusive, it Qs compat ihle
with the hyvpothesis pu tooncard botore: e, , the drug had probably inhib-

ited the svnthesis of new Fepili without aftecting the biological tunction
of pili existing at tlhe time of its addit ion. This interpretation is

supported by the f indings thataranslation and transcription ot mRNA in

E.oovoli are coupled processes (Bvrne et oal., 1964; Miller et al., 19/70),

and that bacterial protein svothesis ceases within several minut es of
inhibition of RNA transcription (Levinthal et al., 1962).
.

: . .
o, subseqguent experimnents whire the penetrated vival RNA

.

was to b analvsed. by polvacrylamide pel electrophoresis, it wias nece-

Sessar dctical considerations to maximize the amount of RNA injec-

ted dere 0 the 5 min period to be used.  An infection time of 5 min
. .. . .

I
. i , 4 \1"\" - -t LT
was chosen as a compromise by en’ the need .to recover as much labeled

A
phage RNA as possible from infected colls for vel electrophoresis and the
. . : €
need to minimize the extent of degradat ion of penetrated phage RNA by

cellular nucleasts. The results of a study correlating thie amount of:

phiage RNA penetrated per cell in 'S min to the MOI are illustrated in

Figure 3.2 As is evident {from the curve, the saturation of sites on

~

the coll from which phage RNA could boe injectoed appeared to be reached

at o a MO of about 1000 p:n'ti;‘l‘os/m-lll and  the half maximal raté of RNA

«
penetration was estimated to be at a phage concentration of about 85
’ ’ ’ .
parericles/cell. A replotting of the data (Figure 3.2, inset) in a

frowaver-Burke form indicated that the "Vmax" was cqual wto 110% of
the amount of "RNA penetrated at a MOL of 1000. At 5 min in minimal

\
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Fivure 3.2 §& Thé of fect ofF the multiplicity of infection on the amount
) SRNA pengirated at 5 minutes post infeetion.

. L - H
FEo coli WPT5648 120 ml ("I‘\f‘“i(+'m) were frown up to 4 x 109 cells/ml and
then subdividad into s‘l\3 20 ml aliquots. FEach culture was then infect
at oa differend® MOI with 7P labeled R17 sphage for 5 min, chilled and
wished 6X ga_ evcribed in Figure 3.1. The washed cells were resuspended
in TMM(=My I\toxa density of 4 x 108‘(.£115/m1 and three 1 ml aliquots

mp]o‘,,wn- assay vd for 3~I‘—r adiocactivity with Scinti Verse.

from cach .

) D | 1_]" _
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mediam, thaa g cguivalent to approxioatelby T phoge cqut valont -
ot RNA pencirated perce el 1. Note that Uhe colls maat he tneabat o
tor caotherr O myn to donble the sonomnt of penetsated BRNA to abhout
[N
b ) o
SO phapge cquivalents KNA/cel b (Fipure $.1) . ]
)
Jeoo Fate of Penctaoat edyPhaye RNA
A sunpension ot KU phaye particles Tabeted in the RNA
) "
with 7P and tored at 47 din 1ox S50 paadually hoecomes inact ivat od
e rednlt ot st rand nrluuiﬁuu Atising from the recoil eneryy o
e 30 s
leased trom dismatation ot P oto S Strand hreaks and base alter -
dtions also arise from attack by the radiolvais produoct s ot water
(Singh and Nicolau, 19717 seoe also Chapter V). Becauwse of the rve-
. . - - ;~‘. ,u‘
sultione variability in the level ot infectivity ot P-tabeted phage,
the dnfoctivity ol stock phaye preparations in torms of the ratio ot
plaque torming units or infectious particles to the total number of
. ' P
phvsical particles (PFU/papticle) was %‘)utinplv assayed before cellu- £
"0 )
o , . > 32 :
lar infections. Most of the inactivat of "TpP-labeled  R17 stored:
. C . ' i 7 32
_oat A% can be attributed to the indirect effects of Podecay since it
b ‘
L 30 : . —
. was observed that P-tubeled R17preparations which were stored in a
protective mediom containing glveeral and bovine serum albumin at -80° =

(condictions ander which sccondary effect® arve minimized) experienced

virtuatty no loss in infectivity over 30 davs, while the infectivity ‘
AN . ; ) : : '
deercased 10 -100 fold if the phage preparations were stored for the
o osame period ated® (seeoappendix) . It was also found that the-rate of

inact ivation of phage stored at 4° in $SC was highly unpredictable and

a large variation was scen from preparation to preparation.

R
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Repeated” RNA penctration exporiments using ~7P- .

) . * . ,2 ’g B . ,A . e .
laboled R17 phape at MOT 's of 107 to 107 'particles/cell for perviods
up to 20 min led to. the .observation that hifhly inactivated phage

. ) * o _ _ Lo Lnac ‘ U
stocks with P¥U/particle ratios as low as 10'—5 to '10_'7 st1l1l resulted

“in the injection of 25 to.30% of the amount of. RNA. injected with

.. 1 . ) » - .
freshly propared “7"P-labeled R17 stocks (i.e. about 5-8 phage equiva=

lents of BNA- por celd dn the case df the high]f inactivated particles).

These resutrs are not preseuted at this time because a more detailed

‘»'stmi.v of this praohlem is given in Chapter V of this thesis. What is’

a 3

. - . < § f . N ' . )
tmportant here is the fact that.none of the injected RNA was found to

S

give riwe to infectious cinters when cells were infected with R17
. ’ | B _7 l~ - . ' A
“phage of PFU/particle ratios as low as 10 .. This finding confirms .

the varlicr conclusions-reached by Fongelberg and Artman that noninfect ious

IS

RNA most probabtly does pencirate cells.
To painsmore inférmation on the ngture of the RNA in cells
infected with “7P=-Tabeled R17 having varying PFU/particle ratios, the RNA

was extracted from infected ©cells and analyzed by exponential gradient

polvacrylamide pels. 1t was found that. the “phage RNA isolated from
cells™infected for § min displayed a mtero fieneous population ofofrag-

o - 1 . Ct X : ©o- o
ment sises if the phage preparations used. had dnfectivities signifi-
cantly lower than t Nat of a freshly. Iabeled priéparation (PFU/particle

/5t o-1/10). Not surprisingly, the extent of fragmentation dppeared |
to increase with decréasing nfectivities of the . particles (Figure 3.3A,B).

The f_:i_tv’c of the 1'-11_j-«}w‘,tt.‘d_RNA- fragments was - tollowed in a time’

course study as 'il-]\.xstjrutod in Figure 3.3. "Aliquots {rom infécted cells
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Repeated RNA penetration experiments usimpe TP-
ke

. BN 3 _
labeled RI7 phape at MOI's of 107 to 107 particles/cell for periods

© 20 min led to the observation that highly inactivated phage

up t
TN P

r) , , : =S -7 .
s'with PrU/particle ratios “as low as 1o to 10 still resulted
he injection of 25 to 304 of t hv' amount - of RNA injected with

L KR ‘ .

freshly prepared J7P-labeled RI7 stocks (i.c ., about 5-8 phage cquiva-
tents of RNA per cell in the casce of the highly inactivated particles).
These results are not presented at thiis tfime because a more detailed

studv of this problem is given in Chapter V. of this thesis. What is

important hére is the fact that none of the injectéd RNA was foundd to

0

pive rise to infectious centers when cells wore infected with R17 0.

) s . ) : -7 , AP .
phage of- PFU/part icle ratios as low as 10 . Thik finding confirms
the earlier conclusions reached by Fogelberg awd Aviman. that noninfectious
. . . P . B

RNA most probably does penetratg cells. . . . -

M To gain moite fnformation on the -nature of .the RNA in cells -

infected with “P-labeled RI7 baving varying PFU/particle ratios, the RNA -
was extracted from infected cells and analysed by exponential gradient
. . / ~

“polvierviamide gpels. o Lt was found that the phage RNA isolated from

colls intected for 5. min displayed a heterogencous-population of frag-

: ) !
ment sices if the phage prepirationg used had infectivities signifi-
B - " - .

cantIv Tover than that of a “f‘r"cshly Tabeled pr(-pngntion (I’P‘(}/}\alt‘ti(‘lL-'
T Y75 to 1/10). Not surprisingly, the ‘extent of’ fr:lg',mm{t.'1(I"i0n appeared

to increase with decrenstng infectivities of the particles (Figure 3,3A,8).

f a

The fate of the injected RNA fragments was tollowed in . a time

course study oas illustrated in Figure 3.3, Aliquots from infected cells
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!*"i‘gilll% 3.3 Fate ot penetrated b P-Tabeled RI7 RNA _— ’ -
“ . .

50 ]l of ‘I!J»,n-wn*idinu awoere added to 100 ml (MM + Q) of L coli wp
156 cells 30 min betore cells wore to reach a density of 4 LI0% coliwy
ml, At Jrhis density, the celtls worve inf‘v'crv(j,wit,h Epllabe lod R17 phage
At MO ot 10 pariicles/eoll, At 5, 15 and 46 wmin post infoction, o
Shonl oatiquot of the culture  wis roemoved and . chilled by beiny swirloed
fn-a bisaker with 10 ml frosen 'I'.“IM(~M§',2P) medium, The in'fl('(‘tg'd bacteria
weret then wanthed 6N to remove: extra=cellular phare and then extracted
tor total RNA by DY -phenol aws describoed in Materials Aand Munt'lm(ls:'. The
Slsolated BNS was thoen redissolved in"FE-RNA buffer containing -10% f{l}'u-x\\l .
017 SDS and 0L 0010 hromophenol blue. Samples contatning 3000 to 500 Hg
RNA in 0.3 ml were analveed in exponential (2.5 - 15%) gradient pols
at 10 valts/em for’ 8 hewrs.. The details of the electrophoretic svstom
and. the radioassay of*polvacrylamide goels are given in, Matevials, and
Mothods., (D) }‘l"l,"/p:i’z'tich‘ of phage = 1 x 1.()—7; (o @) H=radioactivity -

frvecelTualor RNA, (0-=8) 329 craq foactivity in }n-mélrnl(-d phage RNA, | o
(BY FEU/nnrricte of infecting phage - Lo 107%, » i i
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. . . . 3 - .
were ext racted Tor total RNA by the SDs-phenol procedure described
i Materwiales and Metheds. Internal markers were provided by H-
; 0 .
uridine<labeted  rRNA coextracted with the penet rated phape RNA. In

©

the pel systom, thé mobility of intact 285 R17 RNA (MW = 1,1 x 10())‘

is slightlv  lower than that of 238 rRNA (MW = 1.1 x 10Y). As cmn

be Seen in panels A

1 - ’ 4 the extensivelv fragmented RNA from a

[ .
highly inactivated phage stock” was rapidly degraded and copverted
S tlo 2385, 168 4% and 5% components within 1,5 min after entry., The
viral RNA traguwents that were still present at 15 and 40 min-can be
. . Ve -

attributed to deprodation products of Targer fragments and {ragments
ot KNA which continued to be injected during the second phase of

RNA penctration. - A aimilar fate was tound for the RNA injected from

phave.of a hivher PFU/particle vat iv (Bl .;). However, the rate of
depradation ot the parental RNA magerial appeired to be slower in ge

= . . : . 0‘ .
Cthan din A This can be-rationalized on the basis of a longer time
required to degrade the lavger average size fragmints tound in

v - . .

Ih. . .

In a variiation ot the above experiment, Hfr cells yere in-

foected at o MO of 10 p.n.‘['i('lv:;/('vl I for 5 min before -they wire chil-
‘@ o . .
Ted smd washedrysix times to remove all extracellular particles. " The

M a

woashed colls were resuspended in freshomedint Gnd ineubated at 37° for

I . .

_ ' o ; e
upt to 40 min., Polyvacryliamidé pel analysis showed that ot the end of
. 40 win, all the original phape” RNA Tdbel that was assoeiated with the

) wiashed cells had begn converted into rRNA. » This was furt her evidence

a

that the =ix tilies washiing proecdure had reduced the level of extra-

cellbular phage particles todusipgnificant levels since extracellular.
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phage RNA cnclosed in intact partlicles would not be expoected

to be catabolized and converted Into cellular rRNA's,
An additonal comparative study on the, fate ot pene-

trated RNA was carried. out us ingi the RNase 1 deficient E. coli
: + ‘ . .4: N W p
‘stratn A9, and o RNase 17 control, AB301,as hodk celVls. Fip-
‘ : i o o T .
ure 3.4 A shows the profile of the RNA isobated from P—-‘l.‘lbt;,lvd
. . ) i J

R17 phage with l’l"ll/-p;n"t icle = 5.0 x 1()_j. Figure s34 B and € show

1 he profiles of the injected RNA . at 2, S and 10 min: post infection
fn ALY and ABIOD cells,respectiveby.  Ou compaving the distribul ions
in A, B, and €, one sces that the amount ot intact or near int.act

Phiipe RNA wias not iceably reduced at two min of - in fection o AB30L
., :
Q- .

cellsbut not in A19 ¢colls. At 5 and 10 min, the RNA in ~(1/_l'(.‘ AB3O1

bost had been progressively degraded ioto smaller (rawnents, while :

in the ALY (RNaso 1) host, the breakdown of the Larger picees ot

.
‘ ~

RNAinto smal ler fragments.was less evident. ol Ydct, the distei-
bution of frapments at 10 minutes largely resembled that obtained at
. ¥ N .

2 miw, < - ) SN
Although several typed . of nucleases wust play a volé i
KNA-catabolism, the above result indivectly, fmplicates RNase L oin

such a role.  Spahr and Hollingworth (1961) had originally isoliated

this  "latent KNase" from the 308 ribosome subunit “andshad coadculated

-

ll;(ll it was px'v.:—:vht i some but not all x'il‘nl:smm-r: of lmu'(vri’;l.. Sub-
Tvequent o studics have shown that 'I.{N:.isc 1 g-oulgl be released dinto the
.;mm!imn when B ocoli were osmotically shocked (Nousal ;u'u] Heppel ,. 1966)
or treated with VI'II)’I'A'—‘ 1;}?{!&?}%)"”9 (Neu and Heppel, l()-()/o). 'l.‘}ii:f was  in-
t'«-rpn-l‘ud iﬁ”nn-un that” some RNase 1 may be I‘A(\;‘(ll(‘d on l‘{w ;m(ur u\lli

membrane surface or that the bulk of the ribsowes containing RNase |




Figure 3.4 A comparison of the fate of penctrated phage Jin RNase L

und wild type host bacteria,

ATY9 (RNase 1) and AB301 B.ocolioin s;up;n:uto 100 ml ((I'l'MM-#n:l)'r\;ltlxx‘us;
were prelabetled with '511~uridinp as described in Figure 3.3, JAroa
density of 40w 100 cells/ml, . cach culture was infeocted with 9p Tabeled
phage at a MOT of 107 particles/coll V=25 wml o aliquots wore removed at
D205 and Y0 min porit infection, quickly ¢hilldd and all samples washed
OX as described in Materials and Mot hods The radioactively labeldd
RNA from washed, infected ¢071s was then isolated and subjected to
expenential pradient. polyvacryliamide gel clectrophoresis as described
For Figure 3.3 and in appropriate sections in Materials and Mot hods.
(A) Profile phape RNA isolated from intact phage (PFU/particle = 5.0 X
l()—i), (B) RNA isolated from infected. A19 (RNase 17) cells (C) RNA
dsolated from AB301D cells., . , : .
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occurs near oroat the cellular membrane.  The data presented here

are insatticient (o tell whether phage RNA was ln:inf, depraded while
. &
being transported across the menbrane, or whether RNase 1 aets on

the trapments atter their entry,
Finally, it was observed that the DNA-dependent RNA pdly-
merase inhibitor, rifampicin, has an apparent stabil fning eftect on

' . . ; d .
the torepoing depradation oflphage RNAL  As demonst vated ecarlier,
. <«

the addition of 100 pg/ml rifampicin to cells at 0 - 10 min betore -
the addition of Phil)',t‘ precliuded the penctuation of viral (RNA atter’

10 min infection. In Figure 3.5 the penctrated RNA from two Jdif-
tercat phage stocks has been isolated from WPISO cells intfoected for

5 and 40 min and analyeed by pel electrophoresis.  Examinat ion of

the, RNA protfiles obtained at 5 and 40 minutes shows that the injected

f ril/gmn'n[s: had undergone lTittle alterat ion, since no ghift ot the radio-

. 4 -~ o N - : . . . . N )
active label toward smaller fragments could be discerned in cither A
N - . . N

M )

er Boat 40 min., Morcover, since the phage stock used in Figure 3.5 B
had a PEU/particle ratio of 10 7, it would certainly have, been depraded
amd the subunits reincorporated into rRNA had the vifawpicin not-been
present . . . . .

The effect of rifampicin on phage replication has been in-
vestigated previously.  In thépresence of rifampicin, the Tater stages

ot \RNA phaye synthesis and replication are i+ paived (Rothwell and Yama-

ki, 197235 Fongelberyg and Artman, 1972 . More specifically, at 15 min

post intection; the period l}f maximal iohibition, it has been found

that RNA minusdgtrands are syathesized on the parcatal template at a re-

dnced rate, Vherers the svothesis of progseny plus strands {s completely
I, .
- N . : i .

-
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Figure 3.5 The effect ‘o_f rifampicin on penctrated R17 RNA.

E. coli WPL56. cells (in 50 ml CTMM +raa) prelabeléd with i}l{—uridinc as
deseribed in Figure 3.3 were infected at "log phase (4 x 108 -cells/ml)

“with -?'I’-—lnbdled R17 phage in the presence of 100 ug/nﬂ of rifampicin

whiich was :i(vi(lc‘d 5 min before. the phage; 25:ml aliquots of the infected
cells were rémoved at 5 and 40 min post Infection, quickly chilled and
washed 6X to remove extracellular phage. The RNA from washed cells was
then isolated by SDS-phenol and ‘Suh‘jectcd to exponential gradient poly-
acrylamide gel electrophoresis as described for Figure 3.3 and in
Materials and Methods.  (A) PFU/particle of i{}fvcting phage 5 x 10-3

(B) -PFU/particle of infedting phage = 1 x 1077, In both A and B, the
MOT = 1000 part/cell. : ' '



inhibitéde On the other hand, the tnitial prm:q-r;::v:; ot RNA poenes
trat “inn and protein svathesis are apparent ly not attected (FEupoel:
boery and Artman, 1972).  Since rlf:unpi(‘ir') is known to inhibit
bacterial l\‘N'/\ polvmerase both in vivo and in vitro (Weheli (.‘t .il]. y
1971), it wis anticipated that ilsq»ll‘v:n"m‘(- would pn'vvlnt the chan-
neling ot radiocactive tabels from the pareatal phage RNA to cellular
RNA «'nmlmnunt:;_, but that the breakdown of th: phage RNA frapgments

would continue.  The Tact that ritampicin was found to inhibit phage

RNA depradation as well as host RNA svathesis was thus unexpectoed,

and the mechanism by which the protective effect is ichicved s no:

clear. A dircet protect ive effect exerted by rifampicin against mes-

senper depradation scems unlikely, althouph this cannot be ruled out

o

it irely. Porssibly the breakdown of the RNA fragments might be coupled

to bactevial KNA svathesis., In this context, it is interesting to note

that Singer and Peoman (1972) have observed that He La cell mRNA is
13 B

o

stabilized “in the prosence of actinomvein, an inhibitor of RNA trans-

cription.  The basis for this protective effect was not explained.

any of the RNA fragments injected from bhipghly degraded particles are

. . o . - P o
active fnodirecting viral protein synthesis,  Sinve some of the larger
- - . i @ )
than halt sice fragments should contain at least one complete viral
cistron, there is no ebdious reason.why the formation’o: i-itiation

complexes and the process of translation should not. procecd on these

fragments at early times after injection. A worthwhile invest fpalion
would be to infoet cells in the prescence orf absence of rifampicin with

>

highly inactivated P-Tabeled phage, isolate the polyribosome fract ions,

and to analyre for any subnormal size vival RNA fragment that might be

o T From a biolopical standpoint, it is pertinent to ask whether

60



associated with the polvribosome fractions.

Y. The Effect of RNase on RNA Penctration
N 1
Previous :;lmli(-s;\ have shown that the presence of KNage

in the medium results in the complete suppression of plague forma-
tion by coella infected at o a MO ot 1 PFU/cel]l (Knolle and Kaondewits,
19673, Zinder, 1963 and that a concomitant hvdrolvsis ot the infoecet-

ing RNA Occurs (Valentine and Strand, 196%). It was obscerved in /
thic oratory, on the other hand, that a considerable amount of RNA
is able to penetrate into cells infected with a hivgh MOl in the pre-

scence ot RNase (ynpublished preliminary observations). This obser-
vation raised the possibiltity that at higher MOU's, Tragnents of phage

RNA produced by RNase activity mipht be able to penetrate before they

wore totally hvdrolveed.

As ment foned in the introductory chapter, the tail model

ot phapge RNA penetration cavisapes one ond of the RNA being attached
to the A protein (or to one or both A protein polypeptide fragments

produced during the onset of the RNA vjection step) and being "pulled”

into the cell by the A protein. 1f the A protein were to precade the

RNA duving its ontvy, then the above hypothesis would predict that the

Amount ot orotein penetrat jng into the host cell should be unaffected

while thuat of the RNA should decrcase with increasing concentrations, of
RNase in the medium.  That this is indeed the case is ‘illustrated in
Figure 3.6, which shows ‘the relative amounts ofl RNA and A protein pene-

tration in the prescence of increasing concentrations of RNase in the

medium.  The penetration of A protein was determined in a sceparate experi-

ment in which cells wvyd infected with R17 phage labeled in the A pro-

N

G
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priciee RNA aard A protein.

’ . , . . 8 e .

Eocoli WPTS6 (o CTMMian) at 4.x 107 cells/ml wore subdivided into
cight, 25 ml cultures and Toml of an appropriately diluted solution of
pPRNase added to give final concentrat ions of 0.1, 0.2, 0.4, 1.0, 2.5,

- S, and 0 e/l f‘.«gih culture was then infectoed with'rwl‘~1;1bulcd_ R17
phage at o a MO of 107 particles/Zeell tor 20 min (370) before it was®
quickly chilled ond washed 6X to remgve _gll extracellular particles.
The washed cells Wwere resuspended to #dqnsity of 4 x 10° cells/ml. and
‘three, 1.0 ml ol fquots :assa_\'(-il for radioactivity with 10 ml.Scinti
Verse.  The oxperiment was repeated using a MOT of 100 particles/cell,
R17°A protein peactration in the presence of Varyving concentrations of
RNase was similarly determined except that, R17 phage labeled with SH- -

histidindé was used®.  The washed infected colls wore dripped onto What-

man 3MM fitter dises (109 colls/dise), dried and treated with hot TCA
according to the precedure out Tined o Table ?.'l‘. The dried dises
. were asusaved for SH-radiodcet fvity with a toluene fluor as described in

Haterials and "Methods.

* In this case, cells were infected at a MOl of 10 part 1<‘lcsfcu_1 I for
40 min. o

L 4
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Wy
tein with d-hist tdine.

Tt may be sceen that the amount of  phape” KNA penet rated

was sensitive to RNase concentrations as low as 001 ype/ml, and

that o rapid decrease in BRNA penctration occenrred hetween 001 and 1.0

o

pp/mt ot RNase. The reduct ion in the cmount of RNA penetrated did

not approach cero but reached 0 steady Tevel  at RNase concenCrations

in excess of 1.0 ny,/u.xl. At o MOL ot 1000 particles/cell the pl.‘l(v.vnl
level covresponded to about 237 ot the amount of RN/\' penet rated in
the minus RNaae control . AL the lower ‘M()l ot 100 p.jn'l icles/cotl the.
Level reached was equal to about 3% of the control.  The .'nnmlvn( ot
A protein .pt'nv( rating cells was not aftfected by the prosence of }\'N(IS("

in the wedium, Under the conditions of the experiment, about 15
I

phage cquivalents of A protein material penctrated cavh cell ropard-

’ ‘ o . R
less ot the concentrat ion of 'RNase. &

¢« A trivial explanation for the reduced bat significant leyvel
of penctrated RNA at higher MOI's might be that the standard washing
procedure failed to wash of £ all the extracellular phage particles and
’ . ’ *
that the greater the MOL the greater would be the background levels of
intact phage.  This can be discomnted, however, since various controls
(sev discussion in Materials amd Methods) have  shown that t he washing
- L4
procedure suceessfully reduces. the nnmber of such particles (o insignif-
teant levels. Morcover, the fact that the RNA which has penetrated at
frtgh MOT's can be catabolized and incorporated into rRNA provides
further support for the contention that the cell-aussociated radioactivity.
R N ',,
was due to RNA which had been injected iulé@olls.
Two possible models can be advanceed to explain the observed

21
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- * 3
pattern of phage RNA ponctratioen in the presence of. KNase.
f\irst states that the penctration process ltself is upit fected, o
but that the decrease in the amount ot RNA penctration rvesults
from the decreasing size of the RNA Tripments which: wanage Lo
‘ oo v , _ : : .
penctrate betore further degradation. A detined sopment ot KNA -
perhaps protected from RNase by association with A protein will
Abhdavs penetFate cvéntat saturating (L0 ne/ul) concent rations
COof BENawe. T _ R
The second possibility would be a process in which only
thoseparticles which undergo (the ejection . reaction at the base of
the pilus succeed In injecting the phage RNA S into the «cell.  Attach-
wment and ejection by phage particles at a point-on the F-pilus some-2
‘ ’ ' ’ > . w

what cremoved  from the coll surtace would result in the @giplet e ddpvas

“dation of the RNA by the KNase. .Aceording Lo this schime, The . pone -
trated BRNA orviginating from the particl es o oat the coll sartace would o ‘
not e accessible to the KNase In tlm"nn'dil‘Lm. anid, would theretore e~

main intdcet even in the presence of gat urating concentrat fons of RNase.

> 'I'T%u-w exprri msmt‘;}l rrv.‘:u'fl ts (}"‘i-;_:il re 3.6) s .‘how t h:it the ,,;nn[mnt of
. p«-1'1"1;(“1:‘.1(.('(1 A pn\l'uil.] 1‘-\ mkaglffuv ted by t he -pl'vt*'s:t'-n(‘u of I{N.‘IS(".— 'l,'l")'.is K
: ‘phvm\x'wliun can 13("7.1':1(‘ i‘nnnlfzvd in ol l,‘ln'-r model on the .'h‘:::m.npt ion Hg:lt
. I *W*—}rt[Yl'(‘vl v in"P(“‘IAlL‘l rates }r%}l«-;uwg&‘ﬁ[ IV of <V~iv'1:‘ill, RNA after the RNA (;;ji'(‘— )
‘ _ o tioen r:tx»;;. Al ternit f‘vv]&, f\x"'(nn the :;l/;nnlp(iibnt Qf: (_l;«’ t .'1'i.1 moded ‘t,h(‘
A‘ prote in coimponent of an A protein »~>' &NA ("Omb) ox .I‘II.‘I'V ("n;xl i nue “to be
t x.'.‘m:‘purt ed into the cel 1“\m<h'r’ ("nn_(v:].ill ons where the RNA "ta i‘]f'r has” been
° s : ) ) \“ T . . . - -
entirely removed u;x"_rpdm:@l‘il Co a mmall, protec ted fr.‘i}',nicnt_ by. RNase . .
dipestion. ’ ' '
.
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- a 3 . - . . . /

) : «’/ .
The data prvm:vnlml in Figure 'il.h tend to rule out the
Tirst of -_'[ ill‘ i nni“; i‘n}'. mml(.-l G 1 a d i;:v rot e RNA r;xy,mvﬁ( on t he
Pt;m'_L rat ilr}', cad w«'x'u_ i'nd(f(-(zl‘ x"v:;:i::l .‘Hl.l to-RNase, “DI hen onee wm'n‘l d "(-xp.m‘( .
the amount ol l\“N.‘l:;u— res bst f\lil i{NA ) Injm‘( ed.in the presence ot a sat -

urat ing concent rat ion of RNase to be a constamt fraction aof the .nnml‘r!m o
. i N

indected tin I)I\"..Il»::c'n(‘t" of RNA;l::v l«-y,."ll'xllt-:::; of the 1'nnit ikp'l teitv ot

illl'm:\‘l'i.\‘ll. As ::.lm\\'n in i"i)':lxx"(' i.(),. this was not the case.  On [lh,t'

Q('lu'l' Loand . the sccond of tllu- tnru‘-;",u‘iny(» 5:r|n~x‘m':; -|‘l'(‘.\! i&‘(brz lhil‘t “the

}':l“vtll e I.?n- MOT A% the ‘)'_Ml( (i[.; wi ]i be the n’umlwl.“ ot phﬂ.nv:vv particles
- Sy

P ; ’ JA' “’ ¢ = N ’ .. - ) - . .
that will bheehme # tt.‘lrh’!b Chy thee "optimaw’ binding sites at’ or near
v ) PYat2 NI \ A . .
Ohe colt osurface and Bbe able to ‘i,n_'}vv(’l' intact” RNA. _ The data in Fip-
' - : ' s " . '-.@.».

ure 3.6 are theretore consistent with this hyvpothosis,

Addit fhnal support for. the latter hypothesis was also
obhtained 1rom a polvacrytamide pel Celeerrophoretic analysis of vival
RNA ixolated 5 min post infection from cells infocted in the presence:
of saturat ing concent ration of RNasce.  The latter model prodicrs that
the penvtrated RUZGRNA would appear in polyacrytamide pels as intact

CLu ) ) ; . ,.v/"‘\
TRNA (provided thate the viral RNA Jis oot fragmepteds in o situ), whids the

- _ ) . ' i
former model predicts that only REA frapments (n_lj a frapgment ) .w(ml«l\bu, J

-~ B . -

founcd.,

s may be seen in Figure 3.7, nat ive intact R17 RNA predominat és

2

whoether thie” RNA is extracted from llu‘\;éi_rifm*l ing phage (3.74) or from . J)

\ 7

colls (lhnnm‘\:hl'y:mwd) infeeted by the phape in the presence of 5 oygp/ml .

~

RN:ase ('3.7‘ BY. Since A protein penctration Is amaffeeted by l(N;l:“t'; Tt is

SUilD ponsible that penettated A protein materiall originat ing from phage

ey

“which had .ui_-;urhr.'i.!; Ut RNase sensitive A{m:;i_g&g(ui on the F-pilus may hhve

- S g

brovught  into the coll a sepneiit of  RNA protected from depradation v T 'j

, . . ; ¥ . . .
t . . )
_ & S ¢
- ’ - N g . [/
5 5 o X ] ok

i,




Pivare 3/ Polvacrviamide pel analvais of phape RNA fsolated from b
ool intedted with phage in the presconce of RNasce.

I

b . _'i_".c\_li WEThe a0 s 107 col s/t i SO wml CEMM P aa) were inlected

with Yo ohe R17 phave ot o MO of l.()s particles/eell in the ]H‘rfé\'n\"('

ot Ny pRY e, AL S min post inlection, lh(-_(jglllul'ifw.n: qudekly
CHETTSE by beinge poured onto 20 ml frosen TMM (~M}',"’). The cells ware

Cothens wgshed oY oand cxtracted tor total RNA by the SDS-phenol pn‘m-.-('lnn‘
Sl i{u;(l in Materials and Methods, The 3:)1"-].‘11)('f|(‘(1 RNA was (hen o
ahveed by caponential o paadient poel clectrophoresis acceordinge o
precedures deseribed in Figore 1.5 and in Materiabd and Methodss - (A)

Pradile of -RNA faolated” from intact” phayle \_1;'_,:5-(1 for the intee
(e particle 1 x 107D (B) Trofile of P P-tabilisd RNA

1 om

I’l]!'l'\'[('(i] , worshod el l;:. - » . .
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DGt ection, Serters) . The tesults are shown in Thble 302,

. )-‘.xnn;u‘l ol abott 1 MU/900 colls or } phrystenl particlLe/30 colls, fw'n("h

o

' N . B
A protein. - However, Such fragments, it small, may not be discernible

in o distribution such as that piven In Figare 3.

®

Since the torepoing results dindicate that intnet ]‘ll(l)"l‘vRNl\'

it able to penctrate into host bacteria in the presence ot RNasie, N

capeciably ahen velatively hiph MO ave uned, 1t sceemed reasonable

tooeapect thiat some ol Che intect ingy: penomes might be infections,  An
cxbet iment o wan thuas carried out to et this e nmpt idon. Host bacteria

(WP TS0 o CTMM (taad wediom were inteeted at Loy phase (4 X l()\ coells/
, roph, |

IR R . : . 3
ml) with Ptabe Led phage (PEUAp e icle - 1/80) ot o« MO of 10
part icles/eell ton 20 min. TN u-l._b‘l:: woere then washed o deseriboed in

&Y(t'l fals and Methods to remdye extracellular phape, then plated with

A lawn ot sensirive HEr bactkrea and assaved, for plaque-tornning anits

‘)

. -

—
- .

. . o B : ' L .
Peowas o hat the iumber ot plaqueé- forming contiers
cotrenponding to ol s infected with infecot ious RNA was proport ional

o ihe average Nl-i.l'.*“ cauivalent s ot Tofect tons -RNA penet rat e Pt‘l"@ -

. i

Lt is lt'l\'\‘-ll‘i(*:t(,v note that it othe experiment was carrled out using -

. T ) e poo .
: ' oo .- * sy
Sphape ot very low intectivity (eupPFU/particle <710 “)s then the ,
Tntected colla vould not pive vise to pnfections conters although some
: . . . [ " . , .
. N : Q

-,

Snowdintect fous BNA wonld st 1l bic-able to 1»}\11"( rate cells in the presence

1

incd with the F.oocontrol celts

ol RN e O Tntarest are the resualta ob

e . -
.

which ahowved that the wastiing _px',m‘«:(lnrv Teft an ¢xtracellalar [1“1.1)'_(‘ back-

bacikyround Tevels are insignificant i teims” of radioact{ve counts, i
' _ . ) N . A
wors concluded from dhese results that at high MOl's, infect fous phage

RNA (-.m‘;u-nvl Vat e ('vll.-} cven In the presence of saturat lng concentrations

- - -
O RN ave. ' o . oL ) ,
. . . e -. . Y -4 - r. f. : '\
A} - - M B -
\ B

ey
R

:
8




Table 4,2

) Cells Tafected with

R1S P'hape in

SPlague Assav ol . ocoll - (HI
the Presende ot RNane
L . - S pet ~ v v
—.. . A
l\upUl|¢u|(d cguivalents of RNA vagubvalent s o tntect fons conter s
intection penet rat ed/cee ] infoctions RNA CEFLZA 109001 n)
peuetrated/eell
N ’ o T
Norma L. 7 .
: o 3 . 8
15.0 0.5 ‘ Lo s 100
Rt
&. [ 0,1 PLNOX l()/
N 2 . *
? ) . »
o Peocoli B (¥ .
. . . )
control - () - o i Gubhox 10
] hd ~
b O Ninee, PEFU/part icle of rhe phapee 000100 dnd sinee up oL a0 of

_ the phagis may inject RNA,

0.01¢
- 01 0.
N v 0.4

the tatio of intfections KNA/KNA infected

L 3
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Altthough 1t was orlginally hoped that 't'lu“plvru-nl stadices
7 .

might provide clues to the quuest ion of the olarity ot RNA pene -

Tration, -t soon becane, cvident that the intrvacellolar degradat idn

of the penetrated RNA predluded o medmingtal chemical analysts of-

the %' ond 3= tenmini . - On the positive sido, these stadies have
vidtded intormation on the tate sof the phape RNA soon atter pene- .

tration: .o, they have shown that foapments ot phape KNA cah and .
. . “ ’
do penctrate into hast bacteria. Thoapelsprotiles ot the phape RNA

. ’ . v : B ; .
fsolated from el s fintected tor 5 min Wwith phape, in theg prescace

’ . - . o
ot RNade showed that the bulk of the penvtrated RNA appodars to be o
Ctutact V88 ribonudledtes This his supgested (o ous Lt . the Gensis 2
Jtivity ot the integtions process towatds RNase applics only to parti-
* i | N N N . . .

Clea-which adsorh to the pilos at some distance from the coll

. .

‘h . * L 5 o

NN TN Fhe BNA Urom these part icles appears to be almost Gompletely

- .

degradeds o route to f{lw colt Shrtace. Particles which at l'.xgh 1G the

<

cell surface, on the other hand, apprar to be iesis-

Fopilas nearv the
. -

fant to I\‘N"uu%d ueinape to inject intact, infectious RNA into A/ln'

celle 1t is belicved thar vival RNA s able to penctrate ool fu ot
,' ~ . ) ‘ . L.
all multld plicitics of inteerion fn the presence of RNase, bue that the

probability of o swecesstul hit (Gt tachment O IR R TT f'».‘ﬂW"wpl 11)
. R j‘(‘(,’ - . . IR\ %} I

wouled be very mich veduced ot Tower MOT's (af o the experiment al resules

of the dntectfons carriced oot toMOI s o 100 and 1000 in Fipure 3.06).

This may accodnt for the carlicr conclusions, road®@d on the basis of

i3

Tow ol iplicidy inrl-vvl fons, thit RNasie [H,"t'\!i'lﬂ.%\_g' pendtrat Ton of | .

plhiage RNA and plague Inl'tn;nliol\.’"f!x’nnllv and Kaudewitz, 1963;  Zinder,

ey . , Y , .




CHAPTER IV '

ATHECINACTIVATION OF PHAGE R/ BY ASCORBATE AND COPPERCLIL)

(A RADIOIMITY Lo .‘i\’!Q'»I'I'iM)

AL Lot roduct ion

v Theres are several methods which can be cmploved to cleave

K17 RNA in situ without undidy il tect ing the protein constituents

)

ob the pavticles o By storing Poltabeled phape swapensions in a pro

tective mediom at - 7807 over varving periods of time (0 is ponsible
to obtain phaype preparations with o known averape number of broeaks

per ochain trom ealealat tons: based on the specitic radivactivity ot

-3

the tabeled phage (Lapker ot oaly 19/73)+ Howvever, this procedure. iv
. . ! : ' 1 ’ . BE] ’
tmpractical trom the point, of view of it heing fiwme consuming; T

> o
Serics o phape preparations with ditferont deprees ot RNA trayrmen -

tation would be obtained in a matter of months instoead o minutoes

CGooe appendix) . A wores rapid -méthod involves the irvadifition of N
. . . . - ‘ a ' ?

phape particles with hipgh encergy X-ravs or y -1 ays (CGinorsa, "1u6 3,

Shavp and Freifelder 19713 Coquerctle and Hapgen 1972 o Pao and Speyer,

£

.

1973).

The molecalar degradation ot biolopical targets frrdadiated,

by hipgh coctpy X- and yrrayvs can occur rhrough the dirvect absorption
of cnerpy or indivectly through attack by the radiolvasis products
of water. The ioniZation and excitation processes triggered by the

absgrption of high oerypy photons by water glve risce to products ‘such

Cas o solvated eloctrons (G _.‘.I.(!) , hvdroxyl radicals (-0n), hydropgen .

radical (<), moleeular hydrogen, and hydropen peroxide (Singh and

Nicatau, 1971). he tirst three ave known Cotbe hipghly react ive

. s . . - .




Specien and the most import ant one, the, O radical, has been shown

too be the causat i ve apent ool S0 to 9% ot bl D lesions produced: by
N Oy frradiatfon ot molecular tatpets in agqueous medioan (B1ol
Al co workives, 1967 and LOOS, 'owers and Goampe | “lobbapy o 19720,

Auda oo agbary s 1973y, Roedoy {i\'r;f(-mr, such as the Fenton redipent

i : : r ' 4y .
(Fe PHLOY o the Dixon Norman syt cooes | P, 000 have been
. . £ N .
Labeled s vadioimetic svat ems s thev, thronpeh the prodact fon ot %‘
. M : v!
O radicala, o vive 1ise to modlecular tesions similar to hoose tound
alter X oo, i adiation (Singh and Nicotaw, 19/71). ..
Kecent Iy it has been observed that (he Fcubation of DNA
in the presence ot tervic or Gupric. ions and ascurbic Aeid results
iun the Tonmat fon ot single stranded breaks in LNA (Fomenke ot al.,
SIWEAT Morean et ool UYL 0y was decided that it would be O
titerest o tor practical md peneral seientitic reasons to invaesti-
vate the posaibidity of RNA strand el cavage in RI7 particles fncu-
Yy . R
Dated o in thel presence ot ascorbate-Cu v cund I possible to ascertain
Phe parameters that are invol ved in this cleavage, ) .
. Resftults .
. . . . A N

. - . N . . oe !
e Parametors ot R/ Phage Toactivation by Ascorbic Acid and Ca

. . .
Pignre 4.1 SlTustrates the offect of the incubation of R17 .

Lo . s .

. - 2+ - .
particles in the po of 10 _.)M Cu and 10 5M ascorbic acid in a

L : - V
Bigh fonic wlrength bt Fer., As can boeosoon, the Inactivat ion of the

Plhiage particles follows first order kinet fesy more than a 4 log drop
fn infections particles vas produced within two min at 37°,  Cantrol
s N ) . ' . - .
)

istares incubatoed with only Cu’ or ascorbic acid showed littTe or
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. * . . . s
Pivure 4.1 Kinctics of phape RE7 inactivation by ascorbic acid, Cu
. . incubation,
Prowarmed solutions were combined cive 00 ml o wmixture containing,

FO~3M 1, aavorbic Oeid, 1O OM CaCl nl3 RI7 particles/ml in-0,05M°
Toris (pH o 7.3)-with 6,09M NaCGl.  Alcoa che additfon of the last compo-
nent ([“i.‘l}"(')‘, thie mixtute was agpitated In a vortex mixer for 1 sece and
then incubated at 37%, 7001 ml aliquots were ‘taken oud at appropriate
Time intoryvals and quenched with 0.61 ml 1077M "EDTA. Samples were
revial Ty dituted immediately and assayed for infectious coenters (PFU)
s desceribed in Mafenfals:cand Methods. :



’
. R
ne s phape dnacttvation in o o period oF four mnute . A Cul e con
. oo, : b .
contration ob 1O M dn the presence ot 10 ecerhate dinact
t S

vated phape ot a0 rate too tast o to bhe measured oot L0 M Cnt

Chont 90T o phapit was inactivated Jin tour o minuten.
Fhe torepoing standard concentrations ol ascorhate (10 M)

. ) .. .
and Ca CLo MY were chosen o order to have ootatarat TRy aamonn
. Pt
ot et bate o the proesence ofoa timit tiyy, damonnt ot (n . Ut
i e comdr trens y the Tonactivation ol phopre waes toomad to be coesidy

Stoped lhx\\nyll"lhr addition of 0,1 volumes ot 10 M FDTA and b

conent oradntenanee ot (}u\#!n'].‘ltvd solutions at 07,
. ’ . T . RE
Fhoe rate ot dnactivation ot phage bvoascorbate and Cqg
wor tound to be (‘wn:pu-'x'.l(vurv dependent and te a0 lesser extent

devendent on the concentration Of oparticles.  Table A0 commar 1ees
vocapenbment i whitch phage particles were fncubated dnder standarnd

Cond it g hovarying particle concentrat igons  and at d'ilh'r(-n!.

Atter 795 veconds, FDTA was added and the mixtures were

el led and serviadllv diloated tow plagne annavs,

Table 4.1

Fitect ot Phape Concentrat ion and '['x‘lnl‘k‘l'{lllllt','ﬂll the Amount Ot Ascorbat -

- ) (Tn:”’ in.’u"} tvat ‘it‘l} o }\‘l,/‘_ l'h.‘l'):v* ' . - .
Plhiage Cone. : . T Temp. ’ : .‘inrvivi"ng
(Pare Zml) L : e . - Fraction .
ST VA S 0.5
S0t B oo 0,014
SNTRNINTIL . S YR 0.008
H.0.x l()l()‘» .ot o IRV . o . 0,004
o0k 1ot 0 o 0.7
5.0 w10 ' ' 25 ‘ 0.2 .

. -3 -5 . R
Particles were incabated in 100 M gucorbate and 10 M Cu for: 25 soee

PEU/particlos of phape at O time 1/10.

B



PO owa foumd that only 300 ot the fotectious partiele:
.-

Wele tiactivated 25 sec at 0%, wheredas o at 37 the sorvivors
) ‘ T ‘ . - Lo
wvierte toeduced by oo factor ol . The mapnitude of phape anacti
‘ . o . . : . . Lo
vation s ocimilar o at particle concentrations trom o x bl to

"

RIS l(\l‘ portt icles/m), althoaph the absolate rate o) Linactivation
appeats o e higher gt tower phafés concent rat ions, It l P
Senthyonot ..>!.v.|1 why the 1ate ol i'n‘n"t fvation Jdedtees at hiighet
phiage concentrat i, o contrant, Qe (1967a) tound that the
Late of fnactivation ot catalase at low tonie strenpths by .l;»x'(‘ll\.l(.(‘
cu’ t bdenendsnt o catalase concent ot ionde,

e (19 a) has d\“\'.ll\\‘\‘(i the [ll(‘?%i.:% that cevcorbate, probably

Qo= Caronrh hvdrosve tree radicals 0 tormed trom the veduet fon

. — - N .

ot Caven, G were the casie, the parccal o complete exchiriion
. - . .

ot oavecen Froe ocrcorhate-Cua incubat ion mixtores should bring about

S

4 sharp reduoction in the loss of phape fonteetivity,  Anoxice dmcuaba-

Ciomsd were therefore carvicd out under NoJosaturated condit fons as

dJovcribed in Materials and Methods, Lt was found that unders standard
o . hr's .
concent rations of ascorbicacidoand Cu” ) no loss of intfectivity
N

oconrred when phave was incabated in‘the absence of 0, wherveas the

A4 ' ’ ) )
control mistnres incubated amder normal atuvospherice condit {ons recult-

<
ed in a BO0-told decrease in inféctivity (in about 40 sec). Tt was

concluded that 0. is a necessary, component tfor the rapid inactivat ion
> A : . i

y

ot sphape R17 by the ascorbate-Cu”™  systoem.

The requirement tov 0 i‘n‘\vtlw fncubat ion mixtures suppested

to us that the supe roxide oL ) adi call - (MeCord aad Fridovich 1968,

-~ Y

1969; Lavelle ot al., 1973) o S the
.».:\' %f’? ‘7‘;5.



et tvat o, cupertoxitde fe tormed by the donation of an el iy op
to 0 an.%in‘wlwwrnlhlv daeid o torme ;QJLIN troe radical witdh e
Tos ot o cloctron, it could provide o nom e ol ctecrron:., 1

O were the active apent, then the inclusion of the cncvme  Lapet

oxtde d ot aese T freenboat v ma..mlvn Should attord seome protect ion

s the coevime wonld cataly e sttt ton of Csupcroxitte o radicals.

o
Soeh o cctodies e carrted ot oand Tt W found that l“v
cncvene had oo detectable cttect on the inactivation ot phiage at
choosvime T eoneentat teons as bl s S0 ani o/ ml (MeCord ﬂhJ Fridovich
nnr e, Contre b showed (hw( Fhis cancentrat fon i more (h&n 10

Crwmes that vquited tor the total sappression ot the redouct ion of

,,

CvEochrome Cohiy O venerated from o xanthine - xanthine oxidase

Ao, Lt concbuded that o) radicals are not®the reaet ive
poevies teepens<ible for phave inactivat ion.
Tl determine - vhiedher HLOL might be funct tondng, a5 an inter-

;
Sodiate in o the veneration ot reactive tree cadicals by asecorbat e plus

D4

(' oot eaperiment was o carriced out Lo ascertain the ot fect ot catalase

on o the dnact ivation ot KEZ phage.  Standard react fon mixt ures woere set

apoas deseribed in Fipure 400, with catalase being preosent in one of M
Fhe dincobation mixtures at o concentration of 4 e/l Jhe results
are shown in Fisure 4.0,

Tt ommy be ceen that the catalaneé provided a significant
. . ’ AR | ) .
protective wttfect apaiost gscorbate-Cu inact ivation, When the

- . L . d
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Pipure 4.0 The offect of catalase on the
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/

Twact ivat ton of

Phiage fnactivat fon wias ciar
deneribed in

phage R17
Figure 4.1,
(Worth fuyton,

;
fed ont ander the same

candid ions ag
In one incubat fod, beef liver catalaae
6500 units/me), wak added to
of 4o /ml. The phage concoentrat iog wias 6
]/1]()). Al i\;uut:.; of

Yield o Final.concent rat ion
x TOMLPRu/ml (PrU/pare icte
APPrOpr it

the incubat ion miNture were  tpeat od

time intervals and .o sayed .
Firure 4.1, ‘ '

with EDTA at
Far intectivity as describgd in



|
catalase was heated at- 98° for 10'min prior to its additiod to thé !

rvucfion mixLurv,‘nO progection @as obhserved. Athbugh the basis
féf'Lhis Lro;uctive cffeét has- yet p? be clearly established, iﬁ
svgmshﬁnlikély that it arises from a simple Cﬁngéiéipn fbr.ghe;'
reactive species bétwcen;fhe phagé partiglcs and the catalase ‘

. " [ 3 - - .
molecules. trr (1967b) has snown that catalase can be ‘inacti-
. : ) ! . ,

*
-~ a -dn o

vated by asvorbate and Cu” prcTumably through degradative changes
in the catnlase molecul e. However,. this effect only occurred at

16w fonic strengths and was not-found at all with the ‘concentration
of Tris buffer at”0.1M. It is thus possible that the present find-
} ‘. L / T : ’
‘ings reflect the dismutation’of H, 0, by catalase and that H20? may
s ' N bt bt : ) « <
be an intermediate in the formation of reactive species. At present,

- .

the rost likely candidate appears to be the hvdroxyl -free .radical.

« In Figure 4.3, the c¢ffect of increasing concentrations of
’ P . . . . a

the -0OH scavenger, potassium fodide, 'and that-of the solvated electron
: B B .
scavenger, patasstum nitrate, on the phage inactivating medium is

shown. The bimolecular rate Coﬁstantskbf NO, with epaq and -OH as

*

3
. . ' C 10 5.=1
reported by Anbar and Neta (1967) are 1.1 x 10 and < 5 x 10™M
. Lo ’ ) . ) ) i
sec respectively; the rate constant between I  ions .and ‘OH is
. 9.-1 -1 . v o - L
;7 x 18™M sec .. The reaction between_l and e aq was.too low to be

" omeasured. - As can be seen in the figure, the_phage infectivity was not
} . - A ; .

proteated by the presence ©f up to lO-lM concentration of KNO3 under

Y

coritrol’ conditions” in which the phage was inactivated by a factor

P 7 . T o ) —
groatver than lOéL On the other hand, the presence of 10 lM KI con-

ferred 100% protection. . Protection of DNA from degradation by
. - .

-

2+ G ' ) _
ascorbate-Cu was also observed when other -OH trapping dgents such
as mannitol end berzoate were included in incubation mixtures (Morgan

#

4\\1



Figure 4.3
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The effect of the presénce of free radical scavengers in
ascorbate-Cult -phage incubation mixtures. )

’Ind%viduaivincubation‘mixtures (0.5 ml1) containing 107 3M ascorbic acid,
107°M cu?t, 1.2 x 1013Rr17 particles/ml (PFU/pdrticle of phage = 1/9)

" and appropriate concentrations of KI or KNO3 were set up.

Each mixture

was incubated for 1 min at 37°rand‘quenched with 50 pl, 10~2M EDTA.
Fach- sample was ser¥ally diluted and assayed for plaques as described

in, Materials and Methods.

&
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R17 phage infectivity can be dcétroyed by perturbation of

-

. the phage at two sites. (a) The A protein can be removed .or its
e i ‘ . .

ot

» ce : : : - :
function nullified so that phage attachment to the F-pilus and sub-

~

o S ; Lt ' ' ‘ . o N
sequent (RNA cjection fail to occur. (b) Fhe chemiical or physical
integritv of rhe RNA genome can be altered by various means to render

Y i
‘the RNA noninfectious. A series of studies were carried out to- de- |

stermine the site and the nature of the injury. -* ' L)

. Phage. samples with various- PFU/particle ratios were pre-

pared on a large scale as, describeéd in Materials and Methods by tpeat-
s} hd

ing a single ~“P-labeled ph#age suspension with asceorbate and Cu  , and

v

then removing aliguots at wvarious times. Sucrhse'densi;b gradient

~ .
o . ~. Al

~

: \ . . . . -
sedimentation. and CsCl isopycnic analysis of the phage samples were
carried. out toﬁascértaingwhethér the treatment had ‘caused any gross
structural damage to_the particles. Figure 4.4A com?are$1thefsodi—
mentation profiles of the untreated phage.Controlf(PFU/paéticle,="
5o 10 7) and the most ~Highly inactivated phage sample (PFU/particle*”

= 5.0 = i68). It may be §een-thét a lO§4fold.réductiQn of. phage

“dinfectivity caused no apparent change in the 'sedimentation properties’
ermediate

3
8=

of the phage.‘[Althdugh not éhown, phage suspensions-of int

PF¥U/particle values\ali sedimented, as a sfngle band having a mean

sedimentatich coefficient of 785. - Figure 4.4B shows the CsCl grad-’

. o « e 30 . T . :
ient analysis of an untreated "H-guanosine .labeled phage control and

o o 2F P . - ;
ascorbate—CuZ'—1ﬁact1vaggd, P-labeled particles in the same gradient.

o
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. ) . o B .
Filgure 04 A lUdeIISUn of Lhu &edlmentatlon-{?opcrtv and buO\mnt -

o 7L densiey, of R17 phage cxfensively 1nacL1mated Wch ascors-
L hiLL~(u : w;th that of untrcated phage.

Aftér Sheling “x Lpnsivcly 1nnrt1vatcd under %tdndard Condltlons of’

'aHCOr,d[L—(U—+ incubation, 32 P- lqbeled R17 phaga was: qeparated from

hDTA, 1s(urnxc-ac1d and Cu2+ ds doscrlbed in Materlals and Methods. .
(A) 0.2 ml aliquots of different preparations were ‘layered onto linear’
(5- BOM) sucrose” gradients and. centrifuygation carrled out at 45,000 rpm,

"for 80 min at 4° (SW50.1 rotor). ’Flfteen ~drop fractions*were co]leqted

diresxly into liquid- @camtl]latlon v1als contalnlng 1.0.m1 disttlled
water; radivassav-was carried out after each sample was shaker to hamo*

: ggnelt\ with 10°ml SClntl Verse... (B) 32p= labeled phage (PFU/part1c1e

§+y 107 8) iand 3n- ?uanos1ne labeled: - phage (untreated with ascorbate-
, PFU/particle = 1/10) were mixed ‘together in 4.0 ml SSC and 2.4
g Csﬁl added . Equilibrium centrlfugation was carried out at 35,000 ‘
rpm, 4°, for 18 hrs (SW 50.1 rotor). ' Fractions (12 drop) were collected
into vials with 1.0 ml dlqtllled water and assayed w1th 10 ml Scinti ey
Verse. S . ‘ : _ i

- oy - . — .
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Clearly, the buoyant density (31 the highly inactivated “7P-phagpe

(PEU/particle = 1.0 x IOib) was unaltered. B .

v

The next parametér cxamined was that of the A protein

activity in treated particles. The primary function of the A pro-
tein moiety of R17 phage appears to be thdt of promoting phage

p 5 . . .
attachment to filamentous receptors (F-pili) on the host cell and

the subseqguent penetration of phage RNA  (Krahn et _al., 1972). The
Pielogical dntegrity of the A protein can be partially: detdérmined

by measuring the capacity of a given phage precparation to attach

32

to F«pilintod host bacteria. To this end, the P-labeled phage

preparations described in the previous section were subjected to the
. . —
phage attachment procedure outlined in Materials ang ‘thods. 1t

was found that the attachment capacity of the phdge-suspensions
. I ‘ o -8 o
(having PFU/particle ratios ranging from 10 to 10 7) decreased by
"ne more than 5% throughout the range of inféectrivities. Prévious -

studies by Krahn and co—wofkgrs (1972) have shown that.the A pro-

tein is cleaved inteo two polypeptide fragments, and penetrates
along with the RNA into the cell in a 1:1 mole. ratio. As will ‘be

shown elséwvhere (Chapter V, FigureSlA% the penetration of A pro-
tein was unimpaired under conditions where‘thé_phage particles were
o . . - 2+ N
crtensively inactivated by-ascorbate~Cu treatment. - From these
. ' 2+,
results then, it was-concluded that the ascorbate-Cu” —indiiced loss

of infbctivity in R17 phage arises mainly from some perturBa;ién of
the RNAiinety of the virion father fhan ffom an inactivation Qfv
A pyoteinp

;LQ Y?Eﬂi s&uaies on the reégtién of +OH radicals (p?dduced

»

~

.

s
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R
radiation of H,0) with polvnucleotides in the random coil and
double stranded 10~rm_(W:n‘(I and Urist, 1967) have shown that damigre
is sustained, to varying degrees, B bases, the supar phosphate
,-31" ) * .
{fp mhackbone and the macromolecular structure (as measured by hvper-
) ""ft . o AP . . _ .
o g emicgty) . loedtker (1967) has reported that ipproximiatelv 80
:-:r“:\: Y » . ’
\‘Ju"' B B .
N of the bases of the R17 RNA strand are involved in intramolecul
base pairing, In «itu, the inglesstranded RNA brobablyv exists as o
Sighly ordered, tightly packed structure within the protdin capsid,
- . n ‘
In order to determine whether the ascorbate-Cu treatment causes any :
. 3
appreciable reduction in the ordered state of the RNA, the Teyel of
sccondary stracture in treated phage was quantitated.: A fluorescence
. ., . N
oassav oinvolving the binding of the dye ethidium Bromide was used-as a
fprmhv for miasuring the extent of basce pairing in phage particles
This assay is based on the fact that éthidium bromide will intercalate
or bind only to duplex DﬁA or RNA at
, K2 ,

high ionic strengths and that the
fluorescence of the bound ethidium bromide is enhanced approximately 25-
fold relative to the fluorescence of the uabound dve (l.e Pecq ahd

. ‘ 7 - . _ . / , N .
Paolerti, 1966). Preliminary studies had indicated that the dve mole ule
‘passes 4

through the phage capsid roadilyvto bind to the phage RNA LQ sit
I'Mhis obscrvation was hot unexpected since the
to

phage capsid is believed
have 'a perous structure (0'Callaghan et al
1975) .- '

- 1973; Dunker and Paranchvch
The amount of dve bound by'phhge particles with PFU/parLicle ratios
ranging from 10 ° to 10~ Qas assayed as

described in \aterlals and Methods.
Tt was found thatethe uptake of dye was cssentially identical in all cases
suggesting that extensive

e

inactivation of phapé by

' 24+ .

ascorbate-Cu does
not- cause any detectable change in the level of secondary structure of
the RNA in situ.

.
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3. Characterisat fon of The RNA doolated ftrom Ascorbate (a
o treated Phape
R
Stnceo the ;1:;3‘()11):1((‘“(111 treatment had bheon shawn to creat e

siople strand breaks in DNA, it was Ant{viputvd that the same would

aceur ta the RNA in the phage” part jcles Lo, toe 0 radicals

penerated would ditfuse through the capsid and Coonrne sinpebe sserand
’ »- o
breaks dn the RNA in o situ, That this wao the coaoe wae canily shown

Ly polvacrvlamide yel clectrophoresis of the BNA Toolated §rom ABCOTr -

A .f e v
St g 2 Ny . i
bate~-Cu [v??ﬂ%éé?idﬂ&‘((maptvr Vi, p}ﬂ%{“ S']AIV“I)' [t was observed

S
: F o o .
that the yreater the extent of Muuu-%ﬁaeﬁ:m%!hnh the greater the

oxtent of RNA fragmentat ion as displayed by the BNA profiles {n the

s ls,

In a series of cxperinents conducted to deduce the polarity
. : L ; . : 3
of BNA penctration into cells, the alkaline hydrolvsates of “H-adeno-

. .
. . . 2 .
sine-labeled RNA from ascorbate-Cu® ~treated phage were analyzed by

‘pupcrjvlverqphorusiS (Chapter VI). These analvses allowed the deter-

minat ton of -the

ratio of  adenosine to adenosineZ2',3'-phosphatesgs AOP/AP

in a sceries of phage preparations. The AOH/AP ratios relative to the

Infcctivity'(PFU/parLio]o) of the various phage preparations tested are

shown in Figure 4.5. As can be =cen, sthe AUH/AP ratio begins to deviate

from the expected value of 0.0013 s the partieles from which the RNA
was isolated were incrdpgingly inactivated with ascorbate-CuS . [his
trend indicates that estrancons 3'-

AUH resitdoes wene produced as the

result of strand scissions giving rise to 3'-0H and 5'-phognliate ends.

The refative proportion of breaks that resulted in the formation of 3'=

phosphate and 5'-0W onds, if anv, is an unknown factor at the present time.
N Y . N
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5 The formation of extrancous 3'-Agy ends -in R17 RNA

. : 5
cleaved in situ as a result of ascorbate-Cust.treatment.

Preparations of 3h-ndenosine libeled R17 phage with different PFU/

pirticle ratios were obtained on a preparative scale bv. ascorbate-Cu®?t
treatinent as described in Materials and Methods. ‘Laheled phage sus~

asions (containing about 107 3H—-cpm) were combined with 1 x 1014

unlabeled phage particles and the RNA from the mixture was extracted
by SDS—phenol.  The RNA wis then subjected sto alkaline hydrolysis and
the hydrolysate

at pH 3.5 (sece M

R

resultant was analyzed by high voltage paper electho-
rhoresis aterials and Methods for details of methoddylogy).
The A“1~wpm/Ap—cpm ratio was, obtained by determining the total radio-
activity in the appropriate peaks in an electropherogram.
Tine of bost

A straight
fit was obtained by. the least square method.



8/
Nevertheloess, o reasonable est imat fon ol the proportton of strand
breades to Terhal "hics” can be made from Che dat o piven in Fiy

ure ALY,

) X - R R

Stodics chara®terising ascorbate Cu treated R/
phape described carlier indicate that ot he primary sitg of foactf-
varion appeatrs to be the viral RNA, Therctfore, fatal lesfons sas-
tained by phage can be reparded~in terms ol ot rand sCinsions or

. .

b dw“rdduliuns“(ﬂingh and Nicolan, 19/71). Since RI7 phage fa
probably inactivated randomly by react ive .OH species, the dis-
tribution of “fatal lesions sastained by the phage poputation can be
described by the Poisson function: -

o) = -

where F(y) represents the fraction of the phage particles receiving v

.
nmber n}/ﬂxw;inns nnder conditions in which an average of x "hits"/-
»

particle has been introduced into the system. From the Poisson c¢qua-
. . . . . 3 -X
tion, the fraction of survivors (y=0) is given by F = ¢ and x = -1In Fg.
s .

/AP ratio of twice the.

It can be observed in Figure 4.5 that at an AOH

cxpected value (0.0026 versus O.bOl}),l . ) ’ ;o

: +
log F = - log PFU/particle of JSFOFbatC—CUZ inactivated
I
10 " s 10 ] R17

+ loglo PFU/particle of untreated phage = 3.5

Jgiven that the PFU/partiyle ratio of yntreated phage is equal to 1/10.

From the above, it is calculated that x = -1n Fq - -2.303 loglo FS and

»x = 8. This means that approximately one extrancous 3'_AOH end -is pro-

ducded when an average of 8 lethal "hits" are introduced per RNA target.

o



oy

oone vvsumes 1easonably that bhreaks, fnvolving the creation of new.
cnds terminacbog fo 300 and 5 phosphate are formed lndvh‘hdvnllv

ol biane compositfon, then about 4 strand breaks bave ocours ed when

.

X He (udnce the mole fraction of A In RNA s O.20. 1t one mikes

.

the less Tikely Juaumptllﬁ that hreaks fnvolving the crcafton of -

new 3T ophosphate and 50 ends are formed with cqual probabti ity and

lndwpvndwpllv of hase composition, then a strand scissfon wonld he
produced tor cvervy fatal desion. Hote in the forepoing that no attempt
has been made to cquate cvery St rand wéiusinn with a Jethal "hit" since
Tupker ot al. (19773) have n“uwn Iha{ not cvery phosphodicster break
introduced into an RNA phAﬁv necessarily dnactivates (t. This point
will be diconaaed in proater dufuil in Chapter V.

Snother approach taken to ascertain the proportion of strand

N . 9. (&
broeaks to faral lesions produced by incubation in ascorbate—-Cu - was

the cotimation of the number of intact RNA molecules left in a phage

popnlation after such treatment.  The rat fonale was that if st rand

breaks constitute a constant fraction (a) of x, the average number of

fatal "hits" absorbed per phage particle, then the fraction of the phage

RNA population which escapes degradation would be given by:

. . o 3 .
An approximation of (a) was obtained as follows: “l-quanosine-

e ) o 2+
Iabeled R17 phage inactivated to known infectivities by ascorbate-Cd

were combined with freshly prvpérea 32P—labolod phage and the mixture
subjected to RNA vﬁrragtiun by 5DS-phenol. -The isolated RNA was then
separated in 8M Qrca polyvacrylamide gelg at 60° as de#cribed in

Materials ﬁnd Methods . F; was obtained by ralrulaﬁing relative amount
%

of I-Tabeled RNA m-grating with the 28S, intact 32P-marker in the electro-
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Pl o ame., Frowm ¥ o bas v caloualated, I W pbven byt o g
o { *
ol the dutectivity ot the avcorhate Cu Pieated phaye to that o t e
-
wt reated phape and trom ghiy Pipore, the value of s, then () owas de
totmi ted . e traction () Tor Several inact tvatod phoaye preparation
P tabulared v Tab e A0 TG e ape (oo valae indicated that a Ll
Fewe than b ctrand boead -, produce tor cve ™y 2 taral teions.. INIR IS
cotdimation correlates with the Jower valae of (g Sapeented by he
.\()“/;'\;\ teenlee e aed it he proeceding section.
.
[ Divena oaon
J4
l. Pl Mde o Action of Ancorbate-Cu
o
P oot ivat ion o RE7 phage by ascorhate -Gu b boeen
o Pivared rainly o a0 conraopnence of our interent in nsing this
st tool in the elucidation ot the mechanism ot R/ phige
RTA peaetrat ion din the Foocoll host. We have charactoricod o Dro- -»

. - i
codire that Al Tows the controlled depradatiop of (he phiage yoenome

without attecting in any gross wav ot he propertics of the capsid pro-

feins. The resistance of the A protein to destruct ion by the putative

:

COH raelical Tia onot overly sarprising. It is known that the ability of
PRA Doacterioshige to adsorb is not approciably reduced bv direct effects

.

) *
of donizing radiation (Sharp and Freifelder, 1971a: Coquerelle and

Hagen, 1972). Previously De Flora and Badolati (1970) had shown that

v

corays cxerted a seloective action on some functions of A,)/Hong Kong , influ-
i -
cnsd virus., e dose required to arhicve complete romoval of infectious

i

particles docs not affect izs hacmagglutinin (HAY titer nor alter its

ultrastructnral appearance., Seven to eight times the normal dose is
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ot

required.to abolish HA abiliﬁy and alter the viral morphology.
| . ’ .

I C o o . ‘ -
Along the same lines, E. colili ribosemal function. was found to. be,

s
c A

fmpaired only after the unit had sustained eight 6r more hits’

from y-radiation (Petranovice et al., 1971). Simi-larly, the inacti-
vation of % protein may conceivably be a multi-hit phenomenon; _ R

. 2+
unde¥ standard conditions of Ascorbate-Cu incubation, the A pro-

tein was probablv not altered sufficiently to bring about any sig-
. . o . .
. —

nificant loss of activity. K

- . L .

.- ] o )
The'mechanism by which the RNA is degraded has vet to be

1
(X

[+]
.

completely elucidated.. By analogy with studies on DNA strand cleav-
age by ascorbate (the requirement for Oé, the enormous enhancemen;
Iln rate bv €u” , and inhibition by catalase), .it would appear “that

the "mode of cleavage is probably identical (ﬂorgan‘ggrgl., 1975).

Tnitially it scemed that  superoxide (0,- ) was a likely candidate
‘ ) ) R ’,‘ . et
for the reactive species leadinng .to strand cleavage. Superoxide gener-

ated by the oxilation of w=anthine by xanthine oxidase did cleave DNA

efficiently and cleavage was complétely suppressed bv less than nano-
molar levels of superoxide dismutase. -However , superoxide ‘dismutase had

o
4

etrfuct on ascorbate-generated strand cleavage of DNA or RNA (Morgan,

et al., 1975). Finally, the protection afforded by catalase and

"OH 'scavengers ;::::ély points to the :0OH radical gétnerated from

H,0, as the most likely candidate responsible for strand cleavage.*

-

Hydrogen peroxide itself has no effect on DNA or R17 phage infect-

ivity. However, in the presence of transition metal ions” such as
3+ 2+ . . - - N

Fe and Cu™ H202 1s rapidly broken down into products that

include -OH (Pryor, 1966). Y Other clues to the mechanism of-action

' 2+ - . . . .
of ascorbate-Cu are supplied by past in vitro studies on the

\ . v\\

no
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- yd ’ . )
Lascorbate molecule. "Yamazaki and Piette £}96l), with the did;of
¢léctron paramagnetic resonance techniqgyles, were able to gehérate
« dscorbate free yadicals (AH:) with {e copper-containing enzyme
ascorbate oxidase.: The proposed feaction was: _
" : 7.-1 -1
k. = .1 x 10°M "sec T . ’
2+, . 1 . C 4 oy
Cu” (En) f AHZ- )5 Cu (En)FAHCHH
(ascorbic - '
acid) "
2AH — ——=*———-————> . AH_ 4+ A {dehyvdrdascorbic acid)

2

Furthermore, Barr and King (1956) had‘preViouély indicated that ascor-
bate free radicals (AH+*) ¢an undergo og&daﬂion to yield dehydroascor-

1 .
bate and H_ O,

Given thuse considerations and the. observed nature of the

" .
2+ . .
ascorbate-Cu svstem, the course of events leading to the formation

of -OH radicals probébly'involvesua series of redox reactions with O2

. 2+ ) v
and Cu acting as catalysts:

2+ ) + " - " + -

Cu” 4+ AH, -——-———-~-> Cu + aH- + H (2)
AHT 40, T AHOL (3)
pey: . — AT + + /
200, > 24 + H,0, + 0, (4)
+ - . L - 2 ; :
cu’ + HO, = eem—mme-t——=3 -OH + OH + Cu®' (5)

An interesting experiment worth doing would be to compare the

ffphage inactivation rates in incubation mixtures where an‘:equimolar quapn-

. . . S 2+ .
.tity of ascorbate oxidase was substituted for free Cu ions. Since the
oxidation of ascorbate to its free radical is more efficient with the

‘enzyme, a drastic increcase in the rate of phage inactivation would be

«xpected. * By the same token, the initial Spep/(equation‘Z) in the pro-

¢
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posed reaction®should be rate limiting as the oxidation of ascor-

+ R
bate by Cu2 iswvprobably far less effi;ient; Furthermore, the con-—

v

a .
©

siderable dependence of the rate of phage inactivation on'te?Bgr;

ature indicateées that a significant activation energy is involved

in the formation of -oH. It is to be noted that the rate constants
. " ) v ) >

for reaction of -OH with compounds such as pentoses, purines and

. . : § - -1 ’
pyrimidines ‘are greater than 109M lsec . Such values are close to

the 1limit imposed by the rate of diffusidm and the actual reaction

rates of <OH with. a substrate should be only sli _y’temperaggre
. e ' . (;g?

. o

depégdent. : 7 : ' ’ °

Y Of interest to the present discussion is the earlier report’
- . 2> n, .

-~ 3.

. of Yamdmoto and cd-workers (1964) on the. inactivation of bacteriophage

s

by metals. They found that the sensitive RNA bacteriophages MS2 and f2

aﬁd; to a lesser extent the single stranded DNA phage S13, are inacti-

vated when their dilute suspensions come:into contact with an aluminum

L

alloy surface or whéen dilﬁted with fiuids’whiéh have been in cogptact

with-aluminum, zinc, or magnesium. The inactivation is believed to re-

e

. . - 2+ .
sult from the simultaneous action of traces of Cu and electrolytically

formed H,0, and may be stimulated by addition of both_of these agents,
- ) R . N -

2

«

although neither alone was fully active when present in trace amounts.
The finding that the phages were protected by addiﬁg either catalase
or EDTA further supports the suggested mechanism. In retrospect, the

; 2+ "
simultaneous. action of Cu and H described by this group probably

202»

0 (Pryor, 1966).

. . : + 0
represented the schism of H, 0, by Cuz‘ into, -OH and H2

. 272
What this group observed, then, was a system inactivating phage through

the ultimate generation,of damaging -OH species.

»
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2. Free Radical Attack on Nucleic Acids

Two main types of lesions are produced in nucleic acids

by “OH radicals (also by the direct effects of ionizing radiations).”

N : 1 .
These are hase degradations and phosphodiester bond scissions.

a

Recently Stelter and'co-workers (1974) have examined the effect of
' [} . .
‘OH attack on ribose-5~phosphate by the analysis- of products by gas
liquid chromatography and mass spectrometry. One mechanism “®hey
- L]

proposed which jpay serve as a model for the formation of phospho-
. : ;

diester bond'scisi@pns in RNA 1s as follows:

Fyy

®O CH, ®o-cH

o -
. 0. OH :
} L:;;_;>j 2 - R :\ﬁ__;:j . (6)

OH OH
' - ®o M2 g OH
. (7))
OH OH
A : B
A | 7
. t L — H,PO,  + A
HO 7 H 37 4 ;
OH OH (8)
B c
<CH, <|> CH, I
. + < RH _— + R
o H . o H ,
OH OH . . - OH.-OH -~ v (9)

c . . ) 5—Deory—D—e}whro-pen?os-4—u!ose
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>Essentially, the reaetlon scheme lnvolves H‘abstraction dt
the C-4 posltion hy ‘OH  foilowed by riné opening. Radicals withhnn_er
OH group .in an o ana:a‘phosphate group in a § posié@on are known to
under go rapld elininatlon ofiphosphatel~ Followiné the‘same mechanism,

a phOSphate group at the CTB position can also be eliminated. Thus,

" “strand breaks loadlng to 3' phosphate or 5'-phosphate end groups could

theoretlcallv arise-in RNA challenged by “OH... A similar reactiOn,mech~

o

an;sm«may give rlse to 5'-0H, 5 —PO4 and 3'-0H termini which have beenv
' i

aasoc1ated with a1ngle stranded breaks in DNA 1solated from y- irradiated-
E%_Eg}l (C?zle‘__Egéi.; l974); The findings of'extraneous A:H reaidues
in alkaline hydrolysates of ascorbaterCuzf—treated Rl7 RNA strongly 1n~h
dicates that strand oreaka reaultlng in the formatlon‘of new 3' OH and‘
5' _POA 'erids ‘are’ produced by -OH attack However,-more.extensiVe'ehen—
ical‘anal;ges of vlral RNA degraded in situ by"OH must be carried out.
in order to ~answer the qeestlon of whether an; b{eaks 1nvolv1ng the
formatlon of 3'- PO4 and 5'—OH ends are also producee\\V\ascorbate Cu2
Jncubatlon. Furthermore, auchvanalyaes should in@lcate wh;:her\Qtrand‘

o . .
breaks are distributed randomly  or nonrandondy amongst the four basic ~_

nuclootldes in the chala

Se veral in v1tro atudles have been carried out to determine

o

the comparative su§ceptibility of base and olycosidic phosphate link~

ages in nucleotides subjected to -OH attack At present there is some,

dlaagreement in the llterature concerning the results. ‘In some quarters,

the suggestion was made that -OH attacks.bases and phosphate bonds
equally,(Stelter et al., l974}¥\yh11e other workers claimed that the_

phosphate group in (ree nucleotides is affected 20 to 25% of the time

> _ ) . & - ’ .
o = - : g

95



(Scholes et glf,'l960)L 'The-analysis of the amodnt of ‘intact viral
" RNA mlgratlng in 8M ureca polyacrylamlde gels” (at 60° ) prostnted

ﬂarller tend to support a scﬁgme whercby the phosphbdiCQter bonds

dnd bl%v% of the viral RNA in sltu are’ affectcd cqually by free
N k
radicals. There is also ev1donce to 1nd1cate that baqcs in double

stranded polynuclcotides are prOtected to varying extentg\(ZS—ﬁoz
prote(tlon as comparcd to free nucleotldes or 51ngle Qtrandcd ‘poly-

nucleptldes) from -OH radlgal degradatlon (Ward and Urlst 1967).

Since about 80% of the bases in R17 RNA are involved in base-pairing,

it is;cxpected that some protection of bases from -OH attack ®%ecurs

here ‘as well.
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T N CHAPTER V

’ ‘ : 2+
PENETRATION STUDIES WITH ASCORBATE-Cu NACTLIVATED R17. PHAGE

\
\

A.. lIntroduction \
As shown in .Chapter 1V, incubation of Rl17 phage with

18

. . o - . S
ascorbate and Cu ions results in the frazment&&ion of the phage

RNA in situ without causing any detectable change in the functional
.' re .
properties of the capsid proteins. The rapidity and simplicity of

: 2+ : . . ’ o
the ascorbate-Cu procedure was exploited in the present study to

produce phage preparations with a wide spectrum of infectivity. These

‘preparations were then.utilized in ‘a series of penetration experiments

in khiph the kinetics of the amount of RNA injected, the physical

state of theAPCneErated‘RNAd and the hydrodynamic properties of the

-

extracellular phage particles remaining after exposure to semsitive

E. coli were examined. It will be demonstrated that particles inject

v

only part of their RNA into host cells if strand breaks are intro-

duced J4nto the .RNA prior to cell infection. Apparently got‘all breaks

o

. . . - - . N - .
give rise to strand separation since some potential fragments are

probably held together by intrastrand hydrogen bonding. .In other words,

the phage RNA appears to retain part of it$ seécondary structure during

.the penetration process. Also found in-this series of -experiments was

évidencé which suggests that the eclipse or the RNA ejection step of

o

phage inféction may also involve, the detachment of some coat protein

‘monomsrs from -the capsid. . The implications of these finmdings, in relation-

N

ship to phage infection are discussed.
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Finally, it was confirmed in a separate experiment that

metal ifons are required for the complete cjection of RNA
from capsids. Infections carried out in the abscnce of such ions
result in the ‘breaking off.and relecase of variable portions of the

o

viral RNA and the formation of partially empty capsids.

B.. Results
4 . ) i 2+
1. RNA Penctration of R17 Phage Inactivated by Ascorbate-Cu”
(a) ! Polyvacrylamide Gel Electrophoresis of Penetrated RNA
The results in“Chapter I1I have shown that fragments of
2 .
RNA originating from highly degraded 3“P—15beled R17 phage are able to
penetrate sensitive cells. It was expected trhat R17 RNA degraded in
. . - 2+ - . o
situ by treatment with ascorhate-Cu would yield similar findings.

To confirm this, an experiment was carried out as follows:

A purified 32P—labe1¢d R17 phage preparation was treated

with ascorbate and cu’t as described in Materials and Methods to prepare

a sefﬁes of phageaprcparations.haying PFU/particle ratios ranging fpom

3.7 x lO_Z (untreated control) to 3.0.x 10—6; An aliquot of each prep-
aration was subjected to phenol extraction, after"which ghe.extracted

RNA was examined by pnlyacrylam{de gel elecfrophorésis.' A second éliQUot -
. of each phage prephfation.was-allowed to interégt‘&ith host bacteria

for 5 min at 37°.> The cells were then chilled and washed to remove
"extracellular phage{ after which the int?abellular,RNA was isolated by
\phcnol extraction and subjected to pélyacry]amide gel electrophofesis.
The results o{\the experiment are shown in Figure 5.1. Panels Ai—Dl \ ’~

. Ehow the é]eétropherograms of RNA extracted directly from the four

phage preparations employed., PanelS'A2~D2 show the results of poly~-
~ N . . 3 L 4



FfSUr“ 3zL Polvacrylamide gel clectrophoresis of 32P—RNA isolated
from ascorbate-Cu” -inactivated R17 phage and from E. coli
(Hfr) cells infected with the same preparation. .

Derivative sz—]nbo]ed phage stocks of different PFUé)article ratios
woreobtained on a preparative scale by ascorbate-Cu” treatment as
described in Materials and Methods.. E. coli WP156 cells in_25 ml
CTMM+aa (prelabeled for 30 min in the presence of 1 uCi/ml H-5,6-uri-
dine) were infected at a density 8f 4 x 108 cells/ml with each of 4
p®age preparatfons at a MOI of 107 particles/cedl. After 5 min the
cultures were quickly chilled and washed 6X to remove extracellular

-. phage. The RNA from .washed, }»fected'cells and from a mixture of
intact phage (10-’7 cpm) and 10 3li-uridine labeled cells (combined at
4°) were isolated by 'SDS-phenol extraction. About 500 ng of radio-
‘actively labeled RNA from each sample was then separated in exponential
gradient (2.5-15%) polvacrylamide gels at 4° and 10 volts/cm. (See

Materials and Methods for details of methodology). Aj~Dj: electro-
pherograms of the RNA isolated from 1intact phage of. 4 different in-
- fectivities., Ao~D,: electropheorgrams of the RNA isolated from host

biacteria infected with corresponding phage preparations shown in Al—Dl.
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. . 32
acrylamide gel analysis of the PP RNA found in host bacteria
following the 5 min exposure to cach of the corresponding phage
eyt C : . 3
preparations shown in panels A =D . I't is to be noted that “H-

1 71

lTabeled 238, 168 and 48 cellular RNAs served as internal markers
in cach of the pels. '

Tt is .cvident from Figure 5.1 th:l{ the fragmentation 6f the
RNA recovered from whole particles becomes more extensive :1s:t}m3 level
of infectivity diminishes. On comparing the RNA profile of the mater-
ial isolated from intact particles w}th that isolated from cells in-
fected with the same batch of phage, it 1is scen that the extent of
fragmentation gf the penetrated RNA is comparable to that fquhd in
thebpnrticlesl fhc more degraded the RNA in the particles, the more
'd§gradod was the RNA recovered from the ipfocted cells. This ffnding

.therefore supports the previous conclusion that RNA penetration is
. ’ ' \
not confined to intact infectious RNA, but that fragments are able to

penetrate as well. )

One plausible e¢xplanation for these observations is that the
leading or proximal end éf the penetrating RNA becomes separated from
the remainder of the moleéﬂle at the first phosphodiester scission in
the RNA chaink Given thé aésuﬁptipﬁ that tﬁe poéition of single—straqd
breaks is random in any given phage population, the éize of ‘the penetrat-
ing RNA ffagments would be @ expected to be highly heterogeneods. ‘More~
over, OSC would predict that the amount of penetrated phage RNA should
decrcase with increasing icvels.of fragmentation, since én increaée in

the average number of breaks per genome would increase the probability-

of breaks occurring near the leading end of the genome. In fact,

Panels A; to D, in Figure 5.1 do show a decline ,in the amount of re-
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covered parental phage RNA in infected cells as the fnfectivity of
the phape deercases.

Al [&IWIHI ively, it could be arpued that phape RNA pene-
tration is an ;111~()§fn(n)v process; either the total content ﬂ)f
a capsid is injected or none of it is injected.  When a “particle is
challenged by -OH radicals, there may exist a threshold Jevel of
Tesions beyond which that particle will not undergo the processes
(?f RNA kgﬂ-rtigui and penetration.  Although this conjecture miyv e xp-
Iain the decrease in the nmoﬂﬁt of RNA injoc?vd by phage of dvcr:ns—
dng infectivities, it also implies .that Eighly fragmented genomes
would not penetrate into the host cell. Consequently, the distri-
bution of the penctrated RNA — although mirroring that of the mater-
ial isolated frgﬁ whole particles with relatively high }nfuctivitios
- should be dominated byilarge fragmvnté reg@rdlcés of the infectivity

of the parental phage. This prediction appears not to be borne out by

P : > . /
. o

o . .

the data shown in Figure 5.1 - T

To provide ‘a further basis for assessing the mass distrihutions
shown in Figure 5.1, an attémpt was made to generate a comgaier simula- -
tion of the first-piece-only model of RNA penetration.‘ The gpproach

‘ns«d involved a system of vectors o% a defined magnitude and orieﬁtation
whichlsimu]nted a population of RNA strands each with 5'- and 3'-ends.
Tn actual runs, paramecters such as the number of units or target sites
per Straﬁd, the number of strands in the éystem and the average number
of micks, x, to be introduced per strand could be indepéndcntly Speéi—

C

fied. Given these parameters, the program distributed the scissions

randomly into the population and then "counted" the number of fragments



- [

ol o particular Tenpth produced,

o Fryare 500, the maess distribotion of the brapement.
prodoced in the whole cvatem and that ot the tirst pivec i jected
Caorbitrarily desipnated as the teapment on Choe cst reme ripht Toand
Gide of cach o ctrand) are ypiven tor o x ovatues ot 005007 and 3 [t

i
must be st ressed that the distribut ions ilTlustrated in the Fivure
are tar trem o statiatieatty ideal oas o the parameters ot rand nambes
(H00) and BENA Gice (33 units) specificd in the i were veet ot ively
::mxxll. Howoever, it was decided that the pult‘ﬂ[‘idil informat ion to be
v

cained with much hivher meMid not justify the prohibitive costs

that a "true  simalation” would entail.

Yhat Figure 5.2 does show -~ and this ‘)L;uf/‘ﬁ’u‘po‘:«- St the
,——'///v/
ceocrcise = is o that the mss distribut,i/clmr the fragments in the
o
whole svstoem approximates Qm the first picce injected (right hand
. o )

e

fravient). Since this s also what was found cxperimentally, it can

‘be said that the data in Figure 5.1 are at least consistent with the

first-picce-only injection model. However, since it had become appar-
' A}
ent by this time that this approach would not permit an unequivocal

distinction to be made between the two theoretical modes of injection
(*ceonse of unknown amounts of iatracellularAcradation of phapge RNA,

v
4nd boecanse of the inability of the gel clectrophoresis system to re-

s0lve the BNA fragments completely), this avenue of investigation was

not pur-sucd further. = As Jdescribed in what follows, other approachds
were found to resolve this problem wmore satisfactorily. .

(b) The Relati nship Between Phage Infectivity and the Amount

-~

of Penetrat od RNA
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As Figure 5.1 qﬁalitatiyeiy Shqwéa‘the amount of parental
phage RNA recovered from-infected cells declines as the infectivity
6f the’phégé’decréases’ This is‘shown in a more quantitativé manner
in Figure 5:3,which illustrates the kinetiés of RNA penetration with
time of inQubation:ias angicipated, thé amount of genetrated RNA decreases
with ﬁecreasing‘infécgiVity7 Futthermére, the ré%ative'differencé‘in-
the amount of R&A injected into cells by the thfeejphage preparations

examined wag maintained throughout the experimental time period employ-

+

ed. b n

SubsOQucntly, the relative amount of RNA penetfation as a

function of the infectivity of the infecting phage preparations was

' ) Pl
investigated- in more detail. In' addi dlogous studies were carried

outiwithtfrcshly purified,33H—histi<1ne—1abeled phage which had also been

s

oy . o L . ‘
treated with ascorbate-Cu” . A series of phage stocks thus generated

. . L 9
T were used to detcrmine the effect of ascorbate-Cu  treatmenf on A
protein penetration. The results of these experiments are shown in

: L :
Figure 5.4. " Note that the amount of ~RNA ipjected into cells by phage
samplbs-has‘been expressed as a. percentage of the amount injected by

o

‘the untreated preparation (_PI:‘U/part:ic'le»z 1/8), which was assumed to have .
no breaks in its RNA. Additionally, the ratio of the_ihfcqtiﬁity (PFU/-
particle) of a particular phage sample to that of the untreated control

! ~ a

was used to obtain the value Fs, the surviving fraction after ascorbate-

2+ . ‘ . .
Cu treatment. For case of later analysis, the percent penetration of

A protéin or RNA has been plotted against the negative log value of Fs
in Figure 5.4. .

< .
Clearly, the results show that the relative amount of A protein

transported into cells remained constant over a 106—fold range of phage
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Figure 5.3 The klnetlcs of RVA penetratlon of aSLorbate ~Cu” inacti-

vated -R17 phage. o

" -WP156 bacteria at,43108 cells/ml 100 ml, CTMM+aa) were infected at a

MOI of 1000 balticlos/cell with ““P-labeled R17 phage. At different

vt1me intervals post infection, 25 ml aliquots were poured onto 12 ml

frozen TMM-Mg for qulck thilling. The infected cells were washed 6X
with cold TMM-Mg2% and the volume of all suspensions adjusted to give
the same A650,read1ng Three, 1.0 ml aliquots from each _sample {about

4310% cells) were .assayed for radiocac¢tivity with 10 ml Scinti Verse.

PFU/pareticle of infecting phage: ( @-@ ) 1/10, (0O-0O) 1/1200, ( A~ A )
1/1x106. T » _ "

o

N
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fﬁiﬂgfLﬁgﬁ, Theffblétionship betweén the amount of RNA or A fotein
. penetration and the infectivity of dascorbate—Cu? ‘treated
R17 ‘phage. i : - - .

A culture of "E. coli WP156 at 4 x 108'ce11/ml (in CTMM+taa) was_parti- -
tioned into 25 ml aliquots and each in turn was infected with “H-guano-
sine-labeled or,3H—histidine—labeled R17 phage inactivated to a par-
ticular EFU/particle value by ésqorbate—Cu treatment. _At .10 min post-
infection, cells were chilled and yashéd 6X with TMM-Mg2+ as described
in Figure 5.3. The agount.of RNA penetrated was determined by éssaying;

"in triplicate, 4 x 10 cells infected with 3H-guanosine -labeled phage "
with Scinti Verse. The amount of penetrated A protein was determined
by applying l09 cells ihfected”w{th 3H—histidine—labe1ed phage onto

" paper discs and treitihg.the disgs with hot ‘TCA, before radigassay was
carried out. The amount of A protein or RNA penetration was expressed
as a percentage of the value obtained with the ascbrbatq—Cu2+7untreated
phage control £PFU/particle ratio'= 1/5). - ( 0O-O) A'protein penetra-—

_tion, MOI = 10% part/cell; RNA penetration: (® MOI = 100 particles/
cell, (A) MOI = 800 particles/cell; .(—) theoretical curve obtained
on ;he pfemise that one strand break is introduced per 2 lethal hiﬁ§;
(---) best fit theorétical curve (see text for details ). ’
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infectivities, "while the.amount of penetrated. RNA decreased in a non-

linear manner. In this and other exptrlmonts, the percent reductlon

bln hNA penctratlon was found not to véry with MOI S between 10 to
/

1009 particles/cell. These observa%xoms are consistent with a model

‘o

‘that suggests that the A protein penetrates independeritly of the RNA,

or with the "tail model" which envisages the A protein to be physically‘

linked to phage RNA'and to be responsible - for "pulling' intact RNA or

.fraéments of RNA into the host cell. Since the'latter model predicts

o

that the A proteln precedes the RNA in cell entry, the amount of pene-,

trated A proteln would be 1ndependent of the state of fragmentatlon of

108

the RNA. In this respect, the results given in Figure 5.4 are consist*i

kS B B . '-'G‘

ent®with the earlle*’flndlng (dl%cussed in Chapter III) that - A protein

‘penetratlon is unaffocted by the degradatlon of e\posed v1ral RNA by

£ “- ES -~

rlboﬂuClCQSE»In the medium. ‘ o
o .

. Penet ratlng RNA

In a syetem such as uhe Rl7 phage where phys1cal breaks have

been introduced into a linear,singfe—strandedfRNA molecule, a mathe—

nltlcal equatlon can be derlved to relate the amount Qf penetrated RNA
. . . . . R

to tﬁe'average'number of breaks introdueed per strand if RNA penetration

G

'followq the first- plece only model AsSuming.that‘Ea) the hreaks are’

dletrlbuted randomly along the length of the RNA molecule and (b) that

the% are also dlstrlbuted randomly among the molecule‘population, the

@ ~

fraction, P, of RNA injected by a phage population'possesslng an average

of % hreaks per genome as gompared to the amount injected where x = 0.
. o . - . .



b ' ' B | 110

is éiven'by.equationv(IO) (Sharp and Freifelder, 197l)f

L <

o

P = (1-¢ )/x . (10)

The trend followed by the reductidn in RNA penetration

-

. versus ,infectivity was compared to this mathematical model as follows.

.

Firstly, a correct relationship between the surviving fraction; Fs,
and x, the average number of breaks per RNA that could result in strand

separation,mist be determined. From the Poisson distribution function,

the surviving fraction Fs is given by Fs = e 1. Here %

l.is'defined aé
the average numbervof_fatal lesions féceived by each potenfiaily inféct—‘
iousAphage; In the'cgse of -OH radical éttack on phage, ;hesé 1esigns
are confined mainly to‘the.RNA and are manifesﬁed‘in thé form ofzstrand
seisgio;s or b#se alt;raﬁions. Fur?hérmore;'resﬁité pteseﬁted in

“Chapter 1V indicate that at-least one strand scission is produced for

cvery 2 lethal "hits' (lethal hits may "also arise from basevalteratiOns)._

@

If it is QSSngd that the phage RNA unravels and issues ‘linearly from the--
‘cépsid during the RNA ejection step, then every break, régardless~of'loca—

tion, should lead to the separation of the resultant fragments. Given .these

conditions, the average number of'breaks, XZJ per RNA would be giwven hy:

e

x, ='-(0.5) (2.3) log Fs o , - © (1)
By substitution in équation.(lo),'a,theorétical function of the form:
; -x, | S ' L
P=(1-e"2)/x, | - (12)
was plotted in Figure 5.4. I¢ is evideht ermAa comparison of this theoreé- -
tical'CUrvé-with the .experimental points that the two are not sdperimpos—
able. However, it was found that the experimental ﬁoin;s'beét fit a

_theoretical curve specified by:

P (1~ M m, T aw
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where x., = -(0.26) (2.3) log Fs; i.e.,'thg'expcrimontally obtained

3
relationship between the amount of penetrated RNA versus phage in-
fectivity reflects a situation where one out of 3.8 fatal lesions

(or approximately 1 out of 2 strand breaks) constitutés a lethal

break that gives rise to strand sSeparation. .

It becomes evidént,ifrom a bompagison of theAtheéretig j”grg—v
dictions and the éxperimontalﬁresults, tﬂat hop every break neced®arily
gives rise to strand separation. This is iﬁconsistent with the ptemiée
fhat'the phége RNA is_ejeépéd or puileé out of the caésid‘inla lineart.
fashion‘ bgt Suggeéts a'neQ'hypothesis in which éhage'RNA would uncoil

only partially during ejection and penetration, and retain some of its

1

sccondary structure in the form of +intra-chain base pairing. Scissions
located in sirgle-stranded regions or regions that become single-strdnded

during RNA penetration would cause separation of frégments, while

. ‘ . o . ) t. .
scissions Jocated within base-paired regions would not, since the poten—

tial fragménts would be held together by intra-chain hydrogen bonding.

v

Such breaks would Eetexpécted'fo enter cells as "hidden" breaks.

Since équ;tion (10) is based on the assumption thaf every
unit in a iineaf_strand has a#<equal chance of being cleéved éhd since
the experimental.fesults in Figure 5.4 are consistent with this fﬁnction,
it  can further be concluded that the regions in R17 RNA which can give
rise;o breaks ;hat lead to strand §eparation are probably spaced‘appréx—
imately equidistant from each otﬁgf and are equallylaccgséible to -QH
radical attack. Im cqnfrasﬁ to the foregoing, a biphasic mode of peﬁe—
tration would have been obtainéd inbthe‘plot éf'percent RNA penetration

versus phage infectivity, if susceptible target sites were clustered’
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in one half of the RNA molecule, or in certain "hot sgpots". Under
this hypothetical situation an initial rapid rate of decrease in RNA
penetration would correspond to strand scparation occurring primarily

<

at ﬁhe "hot spots', while a~seéond slower rate of decrease would be

seen as other points along‘fhe proximal end of tﬂe RNA cleaved.
The results of the forggoing éxpcrimgnt wére therefore

interpreted 'as being consistqnt witﬂ‘thé-first;piece—only injCcfion

model, providing the qualification is made that only about 50% of the
breaks introduced into the phége RNA give rise ‘to the scparation of

resultant fragments during the .enjection process.

K]
o

3. Characterization of the Structural Integrity of Penetrated

Pl

RNA

The preceding analysis of the'relative .amounts of RNA injected

i, . - - - - I Y . N 1, 0.1
— by phage prepararions of differing infectivities predietsthathidden—

- breaks will be found in the heterogeneous pdpulétion‘o§ phage RNA frag-

 hmnts recovered at éarly times from “infected cells.r This predigtion
cﬁn be VQrified by analyéing the recovered fragments under denaturing»
and,nSrﬁal conditions of gel electrophoresis. The rationale is that,
. .o e o .
under denaturing conditigns, fragments formerly held together by base-

pairing will be separated and a shift toward lower weight-average

L]

molecular weight values should be scen for a given set of fragmentsf

Such an experiment was carried "'scribed below.

A 32P—Labeléd phage pr - subjected to the ascorbate—-

6

G

2+ - - : < <
Cu treatment (PFU/particle ), then used to. infect

host bacteria for 5 min at a. o o1 1000 physical particles/cell.




o

Following the removal of extracellular phape as desceribed in

DR
Materials and Methods, the penetrated RNA was fsolated by phenol=
SDS extractioen, then analysed by polyacrylamide gel celectrophoresis
under benign and denaturing (8M urea, 60°) conditions as described
in Materials and Methods. 1In both instances, undegraded, H-labeled

ZBS-pﬁAgOIRNA‘wns“includéd as an interna1 mé;k;r!: The résults are
shown 1in Figur‘g _5.. 5.

Panel A in Figure 5.5 shows the size'digtfibution of the
penectrated RNA ﬁnder non-denaturing conditions. It mayv be seen that
a.significéngfracfion of the RNA b¢havgs as intact 28S RNA, and thqt

the smallest. RNA ffagmchts migrated about 3/4 of the distance along

the acryvlamide gel column. As seen in panel B, on the other hand, .

= eolectrophoresis of the penetrated RNA under denaturingvconditions

-

resulted in a marked decrease in the amount of 28S RNA, and a marked

TrcrTase 1n thu‘nmcpnt of smallv RNA Iragments migréting towards the

. . ’ o oo «
very end.of the gel. It is to be noted that similar results were
obtaiﬁed with other phage preparations having higher and lower PFU/
particle‘ratios. From ghese'obségvatio;s it was>concludéd'tha£
fhidden” bfeaRsAdo dxist in‘the éeﬁetrateﬁ'RNA_and that they are prob-
ably stabilized by intra—ghain baSQ;pairing; It follows fram this
that phage RNA»prObéBly retains some of its»secoﬁdary structure during-
its ejection frdm,thé virion and Subseqﬁenf trgﬁsfer into the host

bacterium.

4. Characterization of Partially Empty Capsids ..

Although the forégoing observations are all consistent with

"

the concept that partial RNA injection occurs when phage preparations
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Analysis of penetrated phage RNA by polyacrylamide gel
electrophoresis under non-denaturing and denaturing con-
ditions. . ' :

Hiﬂﬂfﬁl;izi

A 32P—1abe}cd phage preparation was_gubjected'to ascorbate Cu2+—treat—
ment (PFU/particle ratio = 1.7 x 10 °), then used  to infect a log-
phase culture of E. coli WP156 (4 x lOé cells/ml) for 5 min at a
multiplicity of 103 particles/cell.  Following the removal of extra-
cellular phage as described in Materials and Methods,~3H— guanosine
labeled R17 (PFU/particles. = 1/10) was added to the washed cells and
‘total RNA extraction carried out by S$DS phenol. The isolated RNA was
analyzed in (A) uniform phosph&e-buffer gels at 4° and in (B) 8M
urea gels at 60° as described in Materials and Methods®

3
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containing fragmented penomes are used to infocet celts, a further experi-

- .
acnt was desiygned to pyovide additional evidence supporting this mode
of RNA penetration.  The experiment was based on the expectation that

~

partial injection of RNA would result in the formation of partially cmpty
capsids whiich should be separable from intact or completely empty virions
by sucrose density gradient econtrifugation techniques., A purified phape
. . . . . 35, . .
preparation labeled in the .capsid proteins with S and in the RNA with

3 . . | 2+
- H=gummosine was subjected to ascorbate—-Cu treatment to produce phage

: . . -1
prvpnra??zﬁﬁ7hgng§3PFU/particlc ratios ranging from 1.7 x 10 (un—

8 o -
. Fach phage preparation was cxposed to

[

treated control) to 6.3 x 10

sensitive bacteria for 40 min at 37° at a multiplicity of 100 physical

-~ . T K . . . . « . . B -
particles/cell (these conditions were choscn to maximize the formation

partially enpty capsids). After removal of cells fram the medium by
o . o

centrifugation, the supcernatant solution was concentrated by Amicon

“ultrafiltration and subjected to sucrose density gradient-centrifugation.

\,

. ) ' 35, ¢ 32 . Lo
The collected fractions were counted for S and P radicactivity, and

the results were pldtted as,shown in Figure 5.6.

-

Panel F in Figure 5.6 shows the radiocactive profile obtained

with intact phage particles (at all PFU/particle ratios used) which had

.

not been exposed to host bacteria. Panel G shows the profile obtained
Q
when ench of the phage preparations exposed to host bacteria were sub-

suvquently treated with pancreatic ribunuclease. This treatment resulted

in the complete degradation of phage RNA in about- 90% ‘of the particles

to give rise to completely empty 42S capsids and highly degraded phage

"RNA. The small fraction of RNase-resistant parficles remaining in. the

78S position rppresehfS‘ghe class I1II pafticles which have bec%. shown



at 377, the ceTls were chilled and pelleted by centrifugation. The

- ’ . ) . .2+
Fiture 5.6 Sucrose gradient analvsis of ascorbate-Cu® ~treated R17
phage particles following incubation with host bacteria.

Freshly purified jH—puino%ing Tabeled phage (PFU/particle = 1/5) and
355-1abeled phage (PFU/particle =M/6) were combined.together to give
55€~<pm/ H-—cpm ratio_of about 0.5; the.mixture was trecated with

ascorbic acid and (uq+ as described in Materials and Mcthods to prepare
phage populations possessing the PFU/particle ratios given in the figure.
The phage preparations were then used to infect. 100 ml log-phase cultures
of E. coli WP156 (4 x 108 cells/ml) in CIMM (+0. OSU casamino acids) at

a4 MOT of 100 particles/cell. After incubating the cultures for 40 min

remaining supernatant solutions were concentrated by Amicon ultra-
filtrarion, after which 0.2 ml of each concentrate was subjected to
sucrose gradient sedimentation analysis. Centr1fugat10n was carried
ocut at 45,000 rpm (SW50.1 rotor) for 80 min at 4°, and 15 drop fractjons
collected and abSd)ed with Scinti Verse. Panels A—E show the radio-
active profiles of phage particles remaining in the culture medium
following expesure -of cach of the phage preparations to host bacteria.
‘Panel F shows the radioactive profile obtained with intact particles
which had not been exposed to host bacteria. Panel G shows a typical
profile obtained when each of the phage preparations exposed to host
bacteria was in turn lncubqted with pRNase (100 jpg/ml) for 30 min at 37°

W\,'\
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CsCl isopycnic analvsis of ‘ascorbate-Cu treated R17 phage

Figure 5.7
: : particles tollowing incubation with host Hicteria.

An experimental protocol identical to that described in Figure 5.6 was
followed except that CsCl gradient equilibrium centrifugation was carried
out after 2.4 g of .CsCl was dissolved in 4.0 ml of concentrated super-
.patant. Equilibrium centrifugation was carried out at 5° and 35,000

rpm ousing tﬁy SW30.1 rotor. At the end of 18 hours, the cellulose nitrate
tubcs wvre pier¢ged at the bottom with a hoklow needle and 12 drop -
fractions were collected into scintillatioﬁ”vials containing 1.0 ml H-0.
Rad}onssay for 395 and 2H radioactivity was determined after the addition
of 10m!l Scinti Verse to eachgfractiog. (A) phage particles bqure being
exposed to sensitive bacteria, (B-F) phage particles in supernatants re—
covered from infeoted cultures. (G-H) particles from B and E respectively
analyzed with intact 2P~labcl§d_R]7 phage which had not been exposed to
tells. Buoyant densitv in (A) was determined .refractometrically.
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i onethe basis of size (MW) and shape (frictional coefficient) while
CsCl gradifﬁts scﬁaratv spaecies on the basis of buoyant density.
. . . CAE . . . LR

“Since the density of tha)grﬁdients used in this work normally

"varied from 1.54 g/ml at the bottom to 1.37 g/ml'ét thre top, free
 RNA which possosses 4ensitj03'usunlly;groatur than 1.6 g/ml! would
v ) . . . . R . : 0 .
band at the bottom of the gradient, while proteins, which as a group
posscésgs densitids Tess than 1.87 g/ml, would be fou%a at the top

. . . . . B - o . -

of the gradient. For R17 phage with a normal buoyant density -of

1:46 g/ml, a loss of" s6me protein componénts may cause a shift toward

. R o R S o -
greater densitites while g loss of part of its RNA may result in a

.shift toward lower densities. It i's'pertinent to note that altered
phage-particl®s may undergo a change in sedimentation velocity but not -

' ) . . . . Q.. . . . .»
necessarily in buoyant density (0'Callaghan et al., .1973a; Verbracken .

. . - 9
and Fiers, 1972). © . : _
6 -0 The pratocol for preparing supernatants for CsClogradjent
- e <. s :

. analisis.was.idgntical_to that described previously excent that a. dif-

ke <« =]
3

.fotgnt 358 and 3H—guanosﬁne_labeled R17 fhage'serieg were usea.  qutl—
ibrium cunrrifugntion was carriqd;out after CsCl was digsolvgd in 4.0
ml of'cénganrmﬁcd supernatapnt to give a final'sblﬁtiohlwithfi pﬁiform
'donsity-bffllﬁi g/ml. . o o o .

The rogglt; of ﬁﬁe.radioactfve_assay eﬁitﬁe é%adienﬁ fractioﬁg

L . 4 . .35, - 3
are illustrated in Figure 5.7. Im each gradient, the S-cpm/ “H=cpmr

.o

- N N Y
“a . . N P > : . } . J o e
5 ¥ ratic ef each fraction was also plotted.: Panél A shows a typical profile of

“ [~

. ' - P e . :
.radiocactivity for particles of any infectivity before exposure -to

sensitive cells. Panels B to F display”thé profiles - of the particles

v , X . - - o= . )
recovered from the supernataits of cells infected with phrage stocks.
. . B . . R ) . o (:, k=]

o



with PFU/particle ratios ranging from 1/8 to- 1/4 x 106 In

Hltudtlon (B) where C(lls wore 1nfected with phag@ of° Optlmun in-

fectivity (PFU/particle = l/b)q 170nt 407 of the phage populatioh

had injgctod al] or most Qf thoir RNA. These empty cansids are
located in the top fIdCLIOnH of gradie ent B, It may be ~seen that IR
- . P

the femainder of thc pdrtlcles retdlned all or most of their RNA
and bdndod at a dcnsity of 1.46 g/ml. This latter conc]uslon vs

mOrL cledrly discerned in gtadLenL G where tbe'same partdc]bs frog“

°

B weré analyzed<withlan internal'normal phage marker. Thlq largo
peak is compoevd mAlan of lnert Class III part]cles and Clasq IT .
particles which had undergone the RNA cjéc%ion step, lost their A

protein éompongnt but'whiéh.had retained the bulk of their RNA. If X
o , ‘ : o » - . S

pancls B:to F are scrutiniced carefully, it is seen thag the data are

- 4 . a7 * ) 3 3 ’ o ) -

again consistent with thatfexpcctod of a partial injection mode’of

<

RNA penctration; 1i. e.,,as the average number of btoakx introduc¢ed per

genome 1t ses,. the fractlon ot the RVA left in the capsid also in-

creases. Concomitautly the averagc buqyant density of partially empﬁy

5caps;ds pndofwcnt a shift from 1.29 g/ml (density of empty caﬁsids)‘

- (Hohn and Hohn, 1970) to VgluﬁngearAthag’éf intact -phage. The presence
: : . g Lt . '.>_ . ’ "/ . ) ‘ .
of partially empty capsids in cell-exposed phage preparations are more
easilv seen in gradient H where particles-from E have beé; analyéed with
- - T e . o . . ) . :
an intact phage marker. The greater skewing of the RNA- peak towards

lower densities in H as. compired to G i& due to the presence of more

pértially empty capsids in E than in B.
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. . o ©. . - . .
Due to the heterogeneity of.the size of the RNA fragments
injected, partially §mpgy-capsids of all intermediate densities

te

. . o ~ .. P . .
shoulgybe found in ®very gradient except perhaps B whete the major-
ity of parti&lcs4injected only intatt ZSS.RNA. Thg mass:dis;

tribution of -partially empty capsids. would thus depend on the infect-

.-ivity of the pgrqntal'phége. The .above statement is also supported

¢

: ' 354,3 . L ' . e L
by the pattern of the. "8/ H ratios plotted for each.sample. These
-show that the asymptotic nature of ‘the curves is precisely the type

cxpected from an in vivo system in which scissions and strand 'separa-
J’) - - . ’ - - . .

tions may occur in 'any number .of locations.on the- single-stranded .
- E . LI ‘ . o

RNA; i.e., as the size of the RNA-fragme@; retained-by the capsid

approaches zero, ghe 358/_H ratio tends to infinity.
© Finally, the low %evél of 3H—radiééctivity found a;kﬁhe

. bottom of the gradients indicates that insignificant amounts of free
RNA were reléasgd.into the medium during -cellular infection.” This
) ' - . - T ° : . .

further supports the interpretation that RNA fragments were injected

into- cells and not-reléésed haphazardly from fragmented genomes. It o

could also be Stqtqd'With'confidence that the RNA banding between the

top of .the gradicnt and the position of normal phage must be associated . .
. B ‘ - A‘.

with intact phage capsids and not with capsid subunits .because the

sucrose gradient results had indicated that the coat protein label sed-

imented as a hqmogeﬁoou§ 425 peak after RNase digestion of any'éell—“

éxposed phage sample (Figure'5.6 C)-

from Partially Empty Capsids.

To further demonstrate that 'RNA fragments'wére encapsidated in



particles_of'intermediate buoyant densities, the fractions from a
CsCl gradient such as those  delineated in ngure'5.6:H were combined
j ‘ . v : = o

into 2 aliquots and ‘labeled as heavy and intermediate particles.

These two fractions wére dialyzed .and the RNA isolated and analyzed -

t

.by poLyacrylamide gel electrophoresis. .The(distfibution of the RNA
isolated from thebpafental_phage_(PFU/pgrticle = 1 x 10:4) énd(fdf
the heavy and intdrmcdiatc pért;cles inqéﬂcdrreSponding'CsCl:gradient
are plotted in énnelsrA, B and C in Figure 5.8 respgctively.  Since
thé hudvy phrticlés pogscsged'a density gimilar to that of the pareﬁ—

tal phaée, thev were'each-expected to encapsidate a full- complecment L

-

of RNA and yield.the same set of fragments upon separation of the
" “isolated RNA bv. gel clectrophoresis. This is shown by the profiles

. » . . . .
of radiodetivity illustrated in A and B. The intermediate particles

> L}

on thg Othef.hand.were of lower densities:and should‘conﬁain a pre;
:poﬁderencé»of RNA fragments;lﬂln panel.C,_the amountvof'inﬁact 28s
phage RNA‘is_much reduﬁéd«as coﬁpared to thatﬂobsérved in A and B,
“and a définité'bias_:oward”shaller RNA fragméﬁts is displayed by»phe'q
distribution ;hown. This fihding;'therefdré; ét;engthens the'coﬁceét
that many of’ the phage paféicles‘of intermediate densities had uﬁderﬁ

v

cone partial ejection of their genomes.

< 6. Fvidence feor the loss of Coat Protein Subunits from Eclipsed
. ‘ . @ ’ » '
Particles —
. - 35,3, o .
The ratio of 8/ H radioactivity in intact phage preparations
(prier to interaction with host célls) employed in the experiments dés—

cribed in FigureAS.7‘wds found -to be 0.19. Upon interaction with cells,
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Figure 5.8  Polyacrylamide gel electrophoresis of RNA isolated from
‘ particles banding in heavy and intermediate regions of a
CsCl gradient. . . o -

<E. coli WP156 cells (4 x 108.cells/ml) in CTMM + 0.05% casamino acids’
totéi volume = 1.2 1) were infected with 32p_iabeled phage (PFU/

particle = 1 x 10~5) at ‘a MOI of 102 particles/cell for 40 min. After
bacteria were fremoved by centrifugation, the supernatant was corfcentra-
ted to about 10 ml and 4.0 ml were subjected to CsCl gradient equilibrium
centrifugation as before. . The fractions corresponding to the heavy and
" intermediate regions ofs the gradient (similar to the positions delineated
in Figure 5.7 H) were pooled-and §zalyzed against 0.01 Tris (pH 7.3); 0.01 M
KC1l, and 0.005 .M MgCl,. About 10 unlabeled phage particles were added
to cach dialyzed sample as carrier and RNA extraction was carriéd out.
The isolated phage RNA was analyzed in exponential gradient gels as =~
.described in Materials and Methods. (A) Profile of RNA fragments
isolated from the phage preparation prior to cell exposure. (B) Profile
of RNA isolated from cell-exposed particles binding in the "heavy"

region of the CsCl gradient. (C) RNA profile of cell-exposure particles
_banding in the-"intermediate' region of the CsCl gradient. '

[ 4



as much as 40% (in the case of untreated phage) of the RNA is
injected and this leads to an increase of the overall ratio of o

35$—cph/3ﬂ—cpm in the phage population recovered in the super-

natant to approximately 0.28. The increase in the case of

>

. . 2+ . / . .

ascorbate-Cu  ~-treated phaée is somewhat less depending on the
<G . c

amount of RNA injected. Since it was generally believed that no
doat protein is lost from virions during the injectioh,process
(Edgell. and Ginoza, 1965), it was anticipated.that the ratio of
35.,3 . s : ' . ' -
S/ H radioactivities would never .fall below the value of 0.19
fougd'with intact phage. 'However; as may be seen in Figure 5.7B “

‘through 5.7F, thé 358/3H ratio of ithe ce¥l~exposed.phage particles

' . 3 | . : :

banding at or near ga density of 1.46 g/cm™ was consistently lower
than the anticipated value of 0.19 (values ranged from 0.16 to 0.18).
This {implied that part of the phage capsid had disappeared.from the
virion, and suggested that.some coat subunits may dissociate from the’
virion during the RNA:-ejection step of the infectious process. .It is

_ : 35 . s " ' '
to be noted that some S-radioactivity is removed from the phage

. S 35, .
particles as a result of the ejection of S—labeled A protein. How-
’ ‘ L 35 ' :
. . BN .
cver, this represents approximately 0.5%7 of the S-radioactivity and
is chereforevof minor importance in the foregoing considerations.
o]

Since the possibility of coat proteimﬁloss'durihg RNA injection
represented a significantaeparture from the accepted point of Qiew,
additional'exberimgnts were carried out to éxamine'this apparent new
phenomenon in a more quantitative manner. The cxperiment described in

. = -
. : . . 35.,3 L
Figure 5.7 wascxpanded to include an analysis of the S/7H ratios in

the overall phage population remaining in the culture medium after re-

a



0 o

<
a

movil of infected cells, but prior to fractionation of the phage
i . : -

! ' . .
by CsCl density gradient centrifugation. The results of this
. . o

portion of the cxperiment are shown in Table,5.1

oo 35 .
~ The 3 S/3H ratios of -cach of the phage suspensions B ta

F can be calculated from Lhe/iﬂilggﬂy
* ©
' ‘ a

y - ,35.,3 e :
: C7S/g g T T Ty T :
© "UB-F . (14)

4

35. 3., _ ) o L
a"s represents the S/7H ratio which would be obtained if

v o .

Here
- . e .
phage particles-having intcracted with sensitive bacteria did not

inject any RNA.. Thus, in the case wliere no coat protein is lost
- .
" tr

a'’' would be thal to 0.19. .:0n the o{hgr’hand, in the case where®
10% of the coat protein is lost, "a" would be equal to 0.17. "b"

{

is. the fraction of the overall RNA injeéted dnto cells by:phage
with nndogradod genomeso(superndtant B). For ‘example, the value "b"

wvas dotermined by calculating the fractiom of the total “7S .radio-

©

activity that.had banded in. the top 3 fractions of gradient B in Fig;

ure 5.7. 1t was found that O.éo‘ofpthe Gotal coat label~can be con-.

S .
sidered to exist in the form of Qppty capsids indicating that 40% of

'

the total RNA in the pafticles recovered in superﬁatant B had beén
. ) s N T EEY
injected into cells. P répreéents the amount of RNA injected by a

' S : 2+ '
phage sample (derived from ascorbate—Cu trecatment) and expressed as
. : : =

o o

a fraction oof the amount injected b& the control (undegraded ph?ge).
The fraction, P, for each of the bhage stocks used in experiments B
to“?'(Figufe 5f7) &as,oGLained for any given Fs valué~£rom the "'best
ficg" theoretical.c?rve shown in Figure 5.4. Column 5 in Table 5.1 .

lists the theoretical ratios predicted by equatidn (14). Thesé,

values were calculated on the assumption that the integrity of the

@

il b

amiiaicn
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TABLE 5.1
35

A Comparison of the S—CPM/jH—CPM Ratios of Cell-Exposced R17

Particles to Their Calculated Values

e e i
- p- .  Osecrn/n-cen
L ’ { FExpected 1if E§pected if an
_ ) ] Fraction of capsids Tte-lav. 10% of éach
supernatant 'IOSFS ‘(LY RNA injecc- Observed main intact]capnsid were
(a) |ted (c) . ' ‘ - Jlost to cell
e pellet
B 0 1.00 ©0:28 0.32 0.28
c L1.50 0.66 0.23 0.26 0.23
i .
D L 1.93 0.58 0.22 0.25 0.22
E 4.10 0.37 0.20 0.22 0.20
. F 5.69 0.28 .| 0.18 0.21 0.19
(a). The letters refer to the supernants obtained under.expérimeﬁtal
conditions described in Figure S;Z; The 355 andIBH—guanosine radio-

activities in R17 phage populations were assayed following interaction

with host bacteria and subsequent removal of infected cells from the"

culture medium by centr@fugation.

- . + -
(b) Fg = PFU/particle ratio of ascorbate—Cu2 treated phage

.

PFy/particle ratio of untreated phage-

(c) © derived from best—fit curve of data presented in.Figure 5.4.



phage capsid was ﬁl:xinL;iil)Od throughout the process ofvl{NA' pene—
Lr;xltim!\ (a = ».19). In colym 6, t‘h(‘ ‘553/'511 ratios have been
ealculated on the assumption that 10%Z of the capsid proteins from
each particle had become nSsociuLcd with the celi pellet. A com-
parison of the calculated ratios with those obtained experimentally
indicated that the approxjimation of a 10% loss of coat protein

from the virion was in close agreement with the ae£ual values
found. It'wa§~concluded,‘thorefore, that the RNA.ejection pro-
cess is ?roﬁably avéompaniedbby a loss of about 10% of the viral

capsid. ¢

7. ngyppfyjpyggp”j@}#ﬁlgggjggbyjesis of Total Proteins

Taolated from Cells Infected with > S-labeled R17 Q
[f coat protein subunits were scparated from the main capsid

structure during RNA éjection and'penetration, then they.must either be

released inﬁo the medium or become cell-associated by way of penetration

into cells or adsorption to F-pili. Since the sucrose gradients illu-

S ' 35

strated in Figure 5.5 revealed insignificant amounts of S~label at

the tops of the grédienté, it was'boncluded_that few coat protein sub-

units appear to be released into the medium. In an experiment where

cells wéfe infected, at a MOI of 100 barticles/cell with 35S*labeled

' . ‘ - ' 35 . '

phage, then exhaustively washed afterwards, S counts equivalent. to

2-3 particles were found to be associated with each cell. In order
o - 35 ' . 135 » .

to distinguish betwecen S-labeled A protein and S-labeled coat sub-

units, the total proteins of the washed cells were analyzed in SD3

polyacrylamide geié,  In Figure 5.9, paneiﬂA, the 35S—labeled-A and

coat proteins from whole particles have been .electrophoresed with an

a
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Figure 5.9 Polyacrylamide gel eloctrophore51§ of total proteins extracted

from E. coli WP156 infected with S —-labeled R17 phage.

E. coli WP156 cells (in 95 ml CTWM + 0.05% casamino ac:ds) were infected
at 4 x 108 cells/ml with fre%hly purified, 35S-labeled R17 phane at a -
MOI of 100 particles/cell for 40 min (37°). The cells were then chilled
and washed 6X with TMM(- Mgz ) to remove extracellular 32S-label as
described in Materials and Metlgpds. The final cell pellet was resus-
pended to a density of 1 x 109 cells/ml in a solution containing 0.0625

"M Tris-HC1 (pH 6.8), 27 SDS, 10% glycerol, . 5% 2-mercaptoethanol and

0.001% bromophenol blue. For a control, uninfected WP156 cells were
suspended to the same density in the preceding solution and 35g.- labeled
R17 phage 1dded to a final concentration of 4 x 1011 particles/ml. The
two cells suspensions in pyrex test tubes were then immersed in boiling
"water for 7 min, cooled and 0.5 ml from .cach subjected to electrophoretic
.analysis in ﬁhé Laemmli gel system. In this application, gels were

sliced into fifty, 1.67 mm wide discs and two slices were treated and
counted per scintillation vial. The details of the methodology are given
in Materials and Methods. (A) Control; (B) 35S-labeled material from washed,

infected cells. -



amount ol K. coli protein cquivalent to that included in B, Al -
t-hough some t ralling of the coat protein occurred, the A protein peak

was adequately resolved trom that ot the coat. A summation ot the

gt v

35, . .
counts in the gel showed that the A protein S—radicactivity con-

v

stituted only about 1% of the total radioactivity in the yel. In

1

pangl B, the total proteins from six times washed infected cells were
T 35, . Lo :
analyzed. It may be scen that about 3/4 of the S radiocacgivity migra-
. - . : 35
ted with the mobility of coat protein molecules; the rest of the S

labeled matertal found in the gel probably (_:‘()rrcsp(md to 355—1:1?»010(1 A

protein and A protein fﬁngmcnts that were reported by Krahn er ql., (1972)

/

to penptratelcolls. The implication of this finding is that coat protein
subunits appear either to have penectrated into cells infected with phage
or to become tightly associath with them. This finding thus provides
additional support for the concept that a small amount of coat protein

accompanies the RNA and A protein during the ejection step of the infect-
ious process. .

-

8. The Formation of Partially Empty Capsids in Infections Carried

+
Out in the Absence of Mg2

Tt is well known that divalent metal ions are required for phage
RNA penetration but not for the adsorption and‘ejection (phage cclipse)
steps (Pafaﬁchych, 1966). ‘Silverman and Valentine (l969)yin turn had'
shown that in most cases RNA is unable to be ejected from i;s'capSid in
cellular infectiong carried out in the éresence of EDTA, although fthe
RNA is rendered RNase sensitive as a result of fhe interactién of phage
with host bacteria. ‘Thesé workers also reported that a sméli fraction
of the input RNA remains bound to the cell, is sensitive to RNase, and
is removed from the-'cell by treatments which remove F-pili. Due to the

low levels of radicactivity present in their samples (200-300 cpm's),



i

hey were unable to characterive the decorbed pliage particles on
coll bound RNA in any preat detall.  The possibilfitics woere raioed
however , that in the abaence ot divalent metal fone some intact BENA
modleealen are able to dispociate from capsida ot that  froapment:.
O
remain attached to Fopili dter the desorption of phage. It
W decided that farther informat ion might be pained by reesamining
the phenomenon s ing the protocol and technigues deacribed carlier
tor the characterication.of partially cpty capaide.
Host Lacteria w8re tirst ocabated for 40 min at 37° with

35 . - ) .

S-labeled RE7 phage ot OT ot 100 particles/cell in the presence

B " ;
. 2ty . :
and In the abscence ot My o Atter cells were removed by centrifuga-

tion, the Jdesorted particles fn the supernatant medium were concent rat —

'

ed by Amicon ultratiltration and suitable alicuots were analveed byv

]

sucrose and CsClopradient centrifugation as described in Materials and

[ 6

Mothods.,

The results of the sucrose gradient ;11131)‘5&;11’0 shown in Fig=+

" 2
- . co s . . ot . . .
ure 5.10. Under control conditions in which Mg ions %ere present in
. . . - ) 35
the medium, the wedimengat ion pattcrnopf the ecKipsed S-labeled par-
ticles was swimilar to the profile given in Figure 5.6 A and to that re-
Al

port-d by Paranchiveh et ail. (1970). Not »nresent in tne previous examples
| : 3 3 = b L ) i p

R .
but included in this control was an internal 78S phage marker which

clearly brought out the shift to a lower S valué“of the main peak.

s

This shift wvas quite cxpected since eclipsed Class® 11 particles (the

rmain component in the large peak) arecconsidered to have lost their A

nrotein, Some coat ronomers and perhaps a fragment of RNA are a result

of the RNA ejection process. In the lower panel of Figure 5.10 A, the

. . . 2+ .
same infection carrxied out in the absence of Mg resulted in the abo-

lition of material sedimenting in the 425-60S region of the gradient.
/ /

S

©



Figure 5.10 Sucrose grad 1 o alvais o0 oonage R17 particles exposed

to sensitive & 7 bacteria ia ot o absence of free Mg2+
(A) E. coli WP156 cells (in 100 ml C1M-aa) were grown up to 4 x 108
(nllé/ﬁftﬂﬁilDlA added tc a Tinagd cncentration-of 10 mM, five min
before phage sinfection. » Ti. ells were inferzoed at a MOL of 100
pthl(]OH/CC]I with 3°8- labe. d phage for 40 =iin. The‘+Ng2+‘control
infection was carried out inder similar conditions except that EDTA
was not included.  After cells w-re v omoved by centrifugation, and
the HUPLIH]Lﬁnt concentrated to\qw mb by Amicon ultrafiltration 0.2 ml

of thé concentrate (containing - ll-guanosine: labeled phage as a marker)
were lavered onto a 5-20% sucorse gradient (made:up with SSC). Centri-
fugation was pcrf01med at 45,000 rpm (SW 50.1 roror) at 4° for 1 hr.
Co1l setion and - fadioassay of fractions were carried out as described” in,
Mater ials nd Nethods: (B) the éxperiment was repeated using 3~P
label od RIT phage. ( ©-@ ). The Amicon concentration %tep ‘was omlttod
(O--Cy control: A similar concentration of 32p phage in CI}MM-aa was ’
incubated at 37° for 40 min in the presence of. 10 mM FDFA but in the
absence of cells. Sucrose gradient centrifugation was carried out at
45,000 rpm for 80 min.. The figure rcprcqents a quperpos1t1on1ng of

the results from two ptadlonts. '
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Valentine's earlierqfinding tH@p(Mg

indicating that little, if any, RNA eJo Llon "had occurred.. This Lo

o <

latter experiment was .repeated using Rl? phage labeled. in the  RNA
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o X L6 . . o . : .
- The concentratioh step involving Amicon filtess was
. . - g LT .
< . B . ] . LG ) < .' ’ . 2 " .
omitted to avoid 1051ng any small molfcuiar.mntorlal, The sucros% .o . ©
- N o

gradlont rosu]gq Qhown in Flgure 5. 10 B Lndlcateq thﬂt the cxpo%hre ‘ o
% '00 . . . ’

ofocell to phage in the abécnce of Mg~ results dn bhe redoase of
. RS .2 . I .

. . o =
. G N .
: .ou oo <

some RNA fragmerets which femain ac the top of ghg gradient. ©’ - .

(e} . . 2 . o N
: . ’ . [ - ) 5 A ; 2,
CaCl den&lty gradlgntnanalyst§ of tﬁe aboves S-labeled :

o - ' ) § ° o ’ : Ce s . - et
v1olded 1m1ﬂar and more detalled req%lt as Sbown in ¢ ¢
v ) @ % 0. « o o B Qu )
. As can’be,di~c Tned it the f@gured the number “of empty, S o3

N B G

) - © o = o © G o0 - < ﬁ B

:apsi ids banalng ig the top 2 to 3 fractxons of .the gradlent is d%aqtlc— e o
v v \ T , s

o . -
D

“ 2 o °
: : . = ¢ 2+ R
ally reduced in the infectionnchrrledﬁout 1ﬁ the gbepncé°of free Mg “ o .
o - I . ks : s 8 - el T @ . DU -
Interestingly, the recovered S-labeled cap 1ds dppcar to.band. at &cn—

= . “e - = o, - o N ~

. - . 3o -
sities bctiwensl.éé and 1.40 %g/cm™. AR L :

B : 3 A . E

° : ot . < B . <
i Thg nears absence: of-empty capsids in -the® winus- Mg"
< . (X o . . - R . e Yo

- . D b o al = N < e

watants as seen in both types of gradients ﬁodfifmsaSilve%u7
o . o o o v o0 < : S0 : i

3 %, o o " . "
requlred for the Lomplete uncoatlmg of ph&ge RNA dur1ng the eJectlom .
° o 5

< B

Il < . >' d
< :

procnﬁs. If the RNA was only part1a11v cxtluded from phage cap<1ds C e L.

jingle ank'hanjng.atA;he same den—;

o ER

B R
(q(l rc\ulLs %ould }dve Qhown .a

The appoarnnce 6?‘particles at intermediate

e

ssbty as thé marker'phage.
: Q- - Q N

densities (between 1. 46 and l 40 g/cmB) fuxther lndlcates that a 11m1ted o
; ’ R

=2 N

.

UJOCthn of a warying portion’ of che viral genome plght have - occurred , f v .

2+ )
in —Wg infectrjons dnd that such protludlng \egmunts of the RNA were

a < . I < >

It is of

remnvcd olther by mochnntgal shoar or by Ln/vmttlc aLlelty

° o
[

interest to nete that Lho dis tr1but10n of part1ally ecmpty cap 1ds 1g1uqtra-° -

embled the distribu-

c oo Iy . " .

ted in the lower panel of flgure '5.11 very much res
FO :}l © ’ ’ ‘

e



PR T AR E 1
R \ 1.4G g/em?
o} .
. +Mg2?
. T ol ®
— (,' -
. ¢+ e}
15 '9 (s}
) . i v .
5 x
o 4,- o
S .
r. N =
a_ . w ©
o Z ozt ;
o P
“ a °
“ . N
oo . 3. ; A patSvag 4
o P - 3
' ° . (46 g/cm
- - qu + . al .
. e to}b )
. 3 9
. I ?
o 2 " 8%
. oL L
- ” o
. “ © ’
o ! K 6}
°. I
. o
_U -
. o aF
g .
o : < F?’
- a 2t
o - = :
) L3
o a N
- =4 ¢
@ - o @ o
o ’ : N B
oon a 5 "_‘ = .
o “ . [
o "
o N fal
9 & o
o s
° v
. y o
0
o e k . e . .
Figure 5.11 C%Cl pradient annlval of R17
o “in the absence of Ag~
’ isopycnic analysis of the 35g -labeled phage partlcles obtained as des
7 c¢ribed” im Figdre 5.10 A uﬁs carried out by dissolving 2. 4 g CsCl in
T VA0, ml concentrated supernatant (w1tm added 3H-1abeled

and ventrifuging at’ 35,000 rpm (%WSO 1 rotor) at 4°
ndlozx%ay of collected fxactlons was pgxformed acé ord1ng to plocedures

dcqcrlbed in Materials® and Methods. .

<

1ntqct phage)
for 18 hrs.

phage exposed to hdét‘qells
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tion given in Figure 5.7 H. In the latter experiment, the partially

cmpty capsids were produced as a result of fractional RNA injection;
2+ . L .

for the ascorbate-Cu”  ~treated phage 1n question, the amount of

“injected RNA is cqual to 37% of that injected into, cells by an un-

“treated control phage. In contrast, penetration studies showed that

‘the ﬁmount_of RNA injected in phé presence of 10 M EDTA (MOI =

100 particles/cell) is less than 3% of. the dmountvinjerted by phageé

in +Mg infections. Therefore most of the RNA fragments that are

. . 2+ . : CL »
produced "in minus-Mg infections must have remained outside the

v

cell. 'As shown in Figure 5.1Q B some ‘of the fragments wére released
. N v o . ° . v" .

into the medium while the remainder may have adsorbed to F-pili as

-reported carlier by Silverman and Valentine, (1969).

‘

Q

C. -Discussion

1. Dqﬂ}ggg}gné<9j”£th§¥§§$Q§'Loss.oﬁ;poat Protein Subuq}g§;from
the Capsid During RNA Penetration - : . g2 i A
SR e - , . !

.
. \

a

. . ) ‘ o
Although the evidence supporting the hypothesis Ehpt Some OF the

o

coat pﬂ$tein subunits detach .from the phage.capsid just before or during

»

" RNA ejection may not yet be entirely convincing, it ‘does offer certain
insights into the behavior -of phage RNA under various -conditions of in-

'

“fection.  Before exposure to sensitive cells, all 3 types of particle

L N .. . R 7 - ) N X
in a phage preparatione are residtant to RNase. Class ITI particles re-

o

main so even after exposure to .cells (Péranchych‘gg»él.{ 1970; Krahn

and Paranchych, 1971).. If nonpermissive RNase 1 bacteria are infected

N 3 ° - B y 13 . .. .-4 ’ .
with -RNA phage-containing an -amber mutation in the ‘A cistron, defective
particles are assembled which lack the A protein component and carry a

full size strand of RNA, part of which is?hrdtrud{ng from tpeicapsid

o .

..\
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(Heisenberg, 1966, 1967; Argetsinger and Gussin, 1966). . Incubation
with RNase will remove only the protrudlng piece of RNA while Lhe
RNA within the particle remains resistant (Argetsinger and Gussin,

1966 ; Lodish, 1968a, b). -The "simplest explanation that can be
advanced to account for these phenomena is that RNase molecules can-

a

not pass through an intact phage capsid to degrade the RNA. TIf the

‘RNA ecjection step were tg involve the concomitant detachment of a . ~.
3 .
- coat protein aggregate such as an 11S unit containing 18 copies of

coat protein (O'CallaghanAgg al., '1973b), then an opening would be

<

createdlthrough which RNase molecules could pass. In this way RNA

remaining within Class II particles as a result of an abortivewRNA

. ejection event or within Class I particles following partial injection,
would be rQndervd‘vulnerable to RNase degradation. ‘ v ] -
One of the carly concepts of RNA ejegtlon predlcted that the

viral RNA unravels and issucs forth through a hole in the hexagonal

<
1

net in a. llnoar manner. However, the results presented'here, and‘those
of Lupker and coﬁworkers (1973) héve indicated tﬁat~the RNA retaiﬁs'
pért‘of its ;econdary structure dﬁring the ejection éroéess. "The pre- .
‘seﬁce of %olded_reblons in the RNA would confer a greate? cross se£t10n- v
-alo’area to the emefging RNA_which(yould be'incapabie of passing‘directly
through the coat protein.net.-‘On thé éthéf hand'>the cfeation of a

large hole in the net as the. erUlt of the detachment of an aggregate

of coat protein would allow Lhe folded RNA to pass ‘easily through the

capsid wall.
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2. The Implication of Sccondary Structure in RNA Penetration

As was pointed out in the introductory chapter, several

working models have been advanced to explain the mechanism of trans-—

\

port of both phage RNA and A protein along‘the F-pilus and into the
host cefl, The'th‘most obvious“possibilities are (a)‘that the RNA
and A protein nfe in some way transported fhrough a hollow gofe of
the F-pilus, or (b) thét’the RﬁA and A protein remain anchored go
Lhé exterior surface of the pilus and ;re Eranspofted to the cell
§urface either by pilus retraction éNovotny &'FiVes;Taylof, 1974)
or sliding. filament (Brinton, 1971) mechanismsi

The preceding two possibilities can be distinguished on the
basis of a retention or nonretention of secondary structuré by the
“phage RNA during its ejection from the capsid and penetration into the
host cell. For instance, th% RNA yould presumably have to become un-
‘rﬁvelléq,into‘a linear single-$tranded stwsucture if it were to pass.
through a holloQ core in the F—pilds, sinée'hegatively Stained pili
Appear to have an axial "hole or gfoove about 2.5‘nmvin'diameter (Brinton,
}éBS; Lawn, 1966):‘ According to‘this model, a break lpcatgd Zn any
position iﬁ the RgA chain would be expected to result in fhe separation

of RNA fragments.during the penetration process. On the other hand,

if a significant portion ¢f the RNA molecule retained its secondary
structure during the penetration process, this RNA would be ‘expected to
remain on_ché exterior surface of the F-pilus rather than passiﬁg o

through its interior. Acéording to this model, single-strand breaks

“thin basé—paired regions of the RNA would be expécted to enter the
L as "hidden'" breaks, and to be detectable .only after denaturation

o

ki



\

of pﬁv pvnvL;drcd'RNA. .

n view of.thc results described carlicer concerning the
prescence Qf secondary structupe in penetrating RNA, the ﬁodcl'in¥
volyiné Lﬂc pﬁronding of the phage RNA into thq ]umén‘of the F-pi]us
rnow sécms highly unlikcly. Initially, ‘the presence of secondary
structure in penetrating KNA was 1nd1catod indircctly bv the math—‘
Cmﬂtl(dl dnleslH of Lho’klngtlcs of RNA penetridtion. Cnlcdlations
showed thuL 1ot~all breaks necessarlly result in strand scparatlon
but that about one 1in twe bronks are probably hldd@ " or masked by
“hairpin Ioéps which hold potcntial fragmcﬁts tbgether.. QubSCQULﬁt
denaturation studies of the penctrated. parental phage RNA bv poly-
acryvlamide gel electrophoresis in 8‘ﬁ’urea revea]ed that some hidden -
bronks:do exist in thelp@n@tf@ted RNA,and that éome fragments afe
‘prohably stahixized-by intra—chain base-pairing.

Itis‘tp be noted that these‘findings are in complete agrece-
ment with ‘those of Lupker et él; (1973), who shOWea tﬂat the efficiency
of killing, o, ofAstraﬁd breaks arising from the decay of Bhf in
highl; 32P—1abeled‘MSZ° RNA phage is 0.60 1'0.08; i.e..about 6 out of °
10 breaks are 1éthal. This value of « is significantly lowgr than
the value of ‘1.0 (where eVery‘break is lethal) expected for a single-
strandea baétefiophage,.and suggests both that "hidden' breaks:are
injected into the lost cell énd‘that‘they do not interfere.with ghe'
répiication b;ocessf Although our data provide no information as to
whether '"hidden" bréaks are subjected to repailr processes in'tﬁe cell,
they do indicate that-a significant portion of the RNA genome remains

1

in a folded;}féte duripg its transfer to the cell. It follows from

g
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this that the RNA-and A protein probably remain on the exterior
surface of the p“ilus: tll;ril‘yg the inj('c.tiun provus;‘;, .'md"il‘_ is temp-
ting to speculate that some form of pilus retraction mechanism may
be i;vulvud iﬁ bringing th‘RNA and A protein to the surface of.the
cé]l; Whether or not the F-pilus also promotes the penetration of
phage components through the cell mcmﬁrunh remains to be determined
. )

in future experiments.

| Thc‘dvernli fosﬁlts Qiscugscd in this chapter strongly
sﬁpport a first—piecé-only or_partialvinjéctioﬁ model obeNA pene-—
tration for phage conLaining breaks in its RNA. The modei in a
modified fofm predicts that an RNA fragment, during the process of
RNA ojovtion; separates from ghe rest of the genome at the first
break, proximal go the leading Gnd,Athdt is . not protected by intra-
strund-hydrogen=bondingl The kineticslof RNA and A protein pene-

-tration.as observed for particles with varying average number of

breaks per gemome, the absence of a substantial amount of free RNA

fragments in the supernatant of cell infections, and the increase in

‘the average moledular weight and buoyant density of partially empty
Eapsids aé the averagé number of-breaks per genome increased in'fﬂe
infecting phage arec aﬂl observations whiéh can be rationalized on
the basis of a partial injection model. 1In contrast, it is dif-
ficult to explain the foregoing resulté in terms of an all-or-none
model. What the data do not show, however, is whether or not there
is a polarity tg RNA injec;ioﬁ._ Thé quéstion-raised is: "does the
injected RNA frégment.originate‘from the 3'-end or 5'-end of the
phgge RNA,vor does cach end serve equélly in the .role of pglot eﬁd?'

This problem is discussed further in Chapter VI.
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CHAPTER V‘I

DURECTION OF PENETRATION oF R17 RNA

A. Introduction
The y,(znunws'.of various DNA h:’lbt(*rioph:i;:crs h‘ll(,?i] as 51‘82(;

(McAllfstor; 1976) and T7 (Pné and- Speyer, 1973) have been shown to
LJbe injected into host colls lincarly aﬁd‘with a definite polarity.

In the case of thc A phagc; the pbnotration of DNA was demonstrated

to be nonpolar (Sharp et al., 1971b). The experimental design u;ed

bv thv‘foregoing invuﬁtigatofs involvedba study of the penetrutfdn - \
of DNA frngmvntsdinto the host. -Thig was accomplished gy means of
chilling and blvndiﬁg techniques (MéAllister, 1970), or by the prior
brullagc 6; DNA . in situ by X-irradiation (qharp et al., 1971a; Pao
and Sppygr - 1973) or’3 P decay (McAllister et al., 1973). The genes
carried on the penetrated fragments and the order of DNA injéction
were usually identified through the use of marker rescue te chniques.
IL was shown in Chapfér v thath17 phage incubated in thé

. , . 2+ . ‘
presence of ascorbic acid and Cu 15 1nactivated as a consequence of

.the cleavage of the RNA in situ as well as by . some as yet uncharacter—

. 3
ey )

ized base alterations. It was demonstrated that such particles retain

Y

the ability to attach to Fpili and to inject A protein and RNA. Fufther—
more; cvidence'obtained’by several experimental approaches (Chapter V)
'erongly indicates(that such particles on interéct{ng with éensitive
cells), iﬁjectAonly a fraction of their RNA. If a unique orientatiocn

< . ’

of the RNA strand odcurs during penetration, then the pénetrated frag-

ments should contain the nucleotide sequence of the 3'-end only if the

N - 142-
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5 - ond

3" cend were the lead ing end in RNA penctration, or t he
sequence i the S5'-end were the pilor ead.

Although it is not presently feasible to use marker
(]

rescue techniques to identify RNA fruxhunts,"ip is theovetically

possible to deduce the direction of penctriation-of the RNA by
‘ ‘ P

lt/;s

quanti-fying the ond groups of "such penctrated fragments.
already vs;uhlighud that Lhc Rl7~phagc RNA terminates ip;n guanos ine
5'-triphosphate at the 5'-end (Roblin, 1968) and nnvadvnosine 3'-0H

%csi@uv at the 3'-end (Thirion Eﬁ.ﬂl-; 1968);- Alkaline hydrolysié

of the RNA thus generates guanosine S'JCri, 2','3'—nwnophosﬁhaté 

(pppGp) and adenosine (AG”) as the natural terminal residues as well

as a mixture of 2' and 3'-nucleoside monophosphatés (Né) fromlthe

internal residues. .lf LHO.{HjCCLLOn»Of phage RNA is’unidirectional,

then frugt{ona] FNA injection should rosglt in the transportation of

one of the cnd—fcrminalhresiduosinto the cell while its oppasite end
rehaiA&;in the partially empty capsid released to the medium. For
example, if the 3'—ena of the viral RNA were the leading end, then
fraétional injection would result in tﬁe formation of partially empty
capsids whose RNA fragments Qere‘missing the adenosine residue from the 3'-
e¢nd of the original RNA. Conmcurrently, the number oquppGp's.relative to
the total Gp residues produced in the alkaline hvdrolvsate of the RNA iSO-i
lated from the partially emotV capsids would increase when compared to the
normal ratio of 0)0012 calculated for 28S R17AéNA. The opposite findings
would be obtainedoif the 5'-end of the RNA Qerelthe leading end; namely,
the proportion of the original 3'—ond'terminus_to.total RNA would in-—

-

crease in the partially empty capsids. The following series of experi-
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ments were carvied out o with the aim of dist inguishing between the

torepoing, possibilltics.

B, Resol te : 7

1. Isol nll ton of Partially Fmpty Capsids on a Preparative Scale

Partial ]); cmpty cupuid:; and phage particles which have
interacted with host cells were (>l»‘t ained on a large scale by infecting
L.O to 1.2 Titers of E. poji;WPlbb‘polls (in CIMM + 0.05% casamino
! ’ . N .
acids) with either 3H—gunnosino—nr H—Qdonosiﬁo-4nhclvd R17 phage at .
a MO = 100 particles/cell for 40 min at 37°. These conditions of
in%pvtiun eru designed to maximize the number of particles oﬁtcring
into {ho RNA cjection step, and the formation of partiali& empty cap-
sids.in [t <+ where the baruntal phage was pretreated with
ascorbate- At the end of 40 min, the culture was cﬁilled ana
o M

the cells. removed by centrifugati%ttf%Q”OOO g, 10 min); the supernatant
was then filtered through a GA-6 Gngun membrane to remove anv re-
maining cells and F-pili. Subsequently, the cell- free superngtant was
concentrated to about 10 ml by ultrafiltration throhgh Amicon membranes
with an exclusion limit of MW = 100,000 (see Methods and»Materiéls).
The phage particlosbin the concentrated supernatant were then separated
Qn‘thc basis of buoyantAdenSity~by eqﬁilibrium CsCl gradient centrifu-
gation at 4°. The gfadients were dripped out into about 30 fractioﬁs,
and a small aliqpot from each was assayea b& liquid scintillation
.moLhods for 3H—lébeled RNA. Approprinte.fréctions delineated in the

protile of radioactivity were combined into 2 populations lébeled
. . //

"heasy" ondYintermediate" as described previously (Figure 5.7H,

e



Chapter V). The CsCl owas removed from the fractions (volume about

Frto Lo ml) by 24 hr dialysis apainst 0.0 M Tris butter

which about 3 to 6

A2(> 0

o

, lter

units of unlabeled phage were added to the

dialveed samples to serve as a carrier during the SDS-phenol sext rac-

tion procedure for RNA which followed. The isolated RNA was then

hydrolvzed in 0.3 N KOH for 24 hr at 377, neutralized, and the

‘ hydrolvsate analvaed by h f}{ll‘ voltage paper elect rophoresis, The

details of methods are described in Materials and Methods,

wr
2. Paper Kleot rop_ll;yrjv::j‘s of Alkaline Hydrolvsates
\

Aﬁynpsjp}:ﬂhd>}U«(Mdnusxnc Labeled R17 RNA

—_— -3 )
Iypical eclectropherograms of “H-adenosine and

v

of VB_H-

H-guanosine -

labeled RL7 RNA alkaline hydrolysates obtained by high voltage paper

electrophoresis at pH 3.5 are illustrated in Figure 6.1 A and B re-

spectively. It is seen from each profile that radioactivity was

recovered in both the 2', 3'-guanosine monophosphate (Gp) and 2', 3'-

adenosine monophosphate (Ap) rcglons of the pager when

-

3 \ 4% L, .‘,,‘ %
or H—Euanoslne,Iespecleely, wgté uqed aa

i ES

Under the- labellng condltloné de%c%tbed 1n Methods and Materlals

'y
It

v ,f‘ . i

3H—adenOsine

sthe 1abeled precurs@rs

a_

approx1mately 2% of the 3H—rad1oact1v1ty qppears 1nvAp iy metabollc

- "»
LN

. 3 A
interconversion 4f H- guanoalhe wa§ the precursdr.\ Wxth H aden031ne~

A

as precursor, about 207 of the radloact1v1Gy waS‘dncorporated into Gp.

-

As” may bewseen in Flgure 6.1 B, 3H—adenosine was easily

3 - *

identified in efbg’ pherogramebf alkaline digests of

labeled R17 RNA

N

3 .
H-adenosine -

lf“ﬁhe RNA was’' isolated from phage particles with

PFU/particle réﬁiééfof 1/10 or greater, the ratio of radioactive

2 &

counts found id

2T . ¥ ‘
his Peak ‘to &ap counts varied from 0.0013 to 0.0015.

Lah



Fisvrure 601 Mivh voltape paver clectronhoresis of glkaline hyvdrolv
Ssates of REACRNAL
L4
Conditions ot clectrophoresis: 0.04M sodium citrate but ter, pH 3.5,
30 valts/em tor 109 min.  The details of Che hvdrolvais and clectros

phoretic procedures are piven io Materials and Methods. (A) clec-
tropheroyram of alkaline hvdrolvsate of R BNA labeled with pis.
uanosine precursor., Fractions commted for Gp radioactivity: 9-12 cm:
for pppGp vradioactivity: 21.5-75 cm. (B) vlectrophesopram of alkaline
hvdrolysate of RT7 RNA Tabeled with “H=2, “—ademe ine precursor.,
Fractions comted for A radioactivity: 6-9 cu on cathode side of

origin): for Ap 1‘.1(11’m1v((xvitv: H-] cm. \
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This is in good agreement with the theoretical valiie of 0.0013
¢

caylculated on the basis of an estimated R17 RNA length of 3300

nucleotd ~g“(Sinha et al., 1965), gnd a base composition of 23%.A,

X " \‘ [} M
U and 25% ¢ (Mitra anflf 1963).. 1If the BRNA was isolated

: i P . o . : » 2+ .
from rage particles q.n(lctLvath by ascorbate-Cu treatment, 1t was

‘found that the A /Ap ratio, as determined from radioactive. counts in

OH -
clectropherograms, increased lincarly with the -log (PFU/particle)
. a
value of the phage (Figure 4.5, Chapter ‘IV). . As discussed earlier,
this increase is attributable to the formation of additional 3'—AOH
termini arising from free radical-mediated cleavage of -theé RNA. The
peak migrating bevond pppG in the electropherogram of material labeled
A . ' — ‘ . e
with “H-puanosine precursor (Figure 6.1 A), was identified as pppGp by
Watanabe and Aupust (1968), Shimura et al. (1968), and Dahlberg (1968)

who .'1x1.:11_\".f.c,-r.i ﬁh:lge "RNA lly‘dl.‘%fi_\"‘ss:itt‘_‘.‘ei under simiiar_ conditions of paper
elgc;ruphnrusis. Additionally thi; peak éo—migrutoﬂlwith added ppppG,
Qﬁ tsomer of pppép whiéh hﬂa b;cn shown by Dahlbo}é (1968) .to posscss
an {dcntiqal mobility in paper olcctrophéretic conditions of PH 3:5§

Further confirmation of the identity of this pcak was pro-.

vided by enzvmatic digestion of the material eluted from this position,

“raline phosphatase digestion was carried out according to the pro-

vedure published by Roblin (1968) and the products were again character-

”.

~ized by vaper electrophoresis:  The result of the experiment-is illu-

)

cstrated in Figure 6.2°A% Clearly, phosphatase incubation caused all

B

N " S . . . ' .
the H-radioactivity to migrate with unlabeled guanosine markers. No,
radioactivity was observed in the position of -adenosine. Tt was thus

concluded that the substrate does not possess any internucleotide

N
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Fipure 6.2 )inzy"mnt’ic digestion of pppGp. - . -
The ')ll_~_].'1hx_*lod material migrating beyoncz pppG in the electropherogram
illustrated in Figure 6.2 A was cluted and desalted as described in
Materials and Methods.  (A):The lyophilized material (v 2500 cpm) was
Fedissolved in 0.1 ml of a solution consisting of 5 mM Tris buffer (pH &
©7.6) and 1 unit of alkaline phosphatase (capable of hydrolyzing 1 umole

-of p-nitrvophervol/min at 25°) and incubated for 45 wmin at 37°. Part of

the mixture (50 nl) was applied as a 4 cm band .on 3MM paper and o
separated by paper c¢lectrophordsis at 30 volts/em at pH 3.5 for 104. min..
(B) 'SVP digestion. Another portion of the Sli-labeled pppGp material-

(v 3300 cpm) was dissolved in 0.1 ml of a solution with the following
cofffosition: 4.5 pg/ml SVP, 0.7 M Tris=HC1l (pH 7.§), 1.3 mM MgCl,..  The -
mi¥ture was incubaced at 37° for 2 hrs, ‘then S0 ul was applied as a 4

e Band on 3 mm - paper and separated by paper electroghoresis as in (A).

In both (Ad,.and (B) unlaleled standard compounds (conc =1 mg/ml) were
dissolve A solution with the same composition as the reaction mix-
turés and”5 ul spotted on- the origin for separation. The radiocassay

of paper el cotroplicrogramns is desceribed in Materidls and Methods.

o

Y
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Tinkage which is resistant to the phosphaLasJ. .

; X . 3 . .
Yncubation of the same “H-labeled material with snake

o

venom' phosphodiesterase (SVP) in the ‘system described by Roblin
133

(1968) pave the result illustrated in Figure 6.2 B. As can be

discerned from this figure, part of thé original material (about

60%7) was hvdrolyvzed to a product migrating at the position of pGp.
This result is consistent with Roblin's original fihdings that SVP

hydrAlysvs pppGp to pCp and pyrophosphate (Roblin, 1968).

3. ifjfu[ﬁyyggLﬁgglxgig '/

The relative proportiqn of the.5'~@nd terminus to total RNA
was determined By summing up the radiohctive7é0unts in tﬁo;pbpﬁp and
“Up peaks in the electropherograms and caiculating Lhé rcsul;ing rq;iﬁi'
Aslthw results in Table 6.1 A indicate, the pppGp/Gp rAriog.of the RNA

isotated from iptnct particles before exposure to colls'vnriqd from
. o :
0.0010 to 0.0011. These ratios idre consistently lower than the expected

v

vialue of 0.0012 and may reflécﬁlthe fact that a small portion of the

residues was degraded during the course of the experiment.,

24 : _ -
. Cu inactivated (PFU/particle = 1/30); the pppGp/Gp-ratios found for

the RNA isolated from particles in the heavy and intermediate fractions

o

of a CsCl gradient differed only slightly from that of the control
. , . o & - ’
(intact phage). This is not surprising since -Class [.particles in this

prepavation probably carried out complete RNA injection and verv few
partially empty capsids were formed. Previously, CsCl .and sucrose
pradient analyses had shown that the RNA content of the Class 11 and 111

particles after exposure to cells was insignificantly alteredy there-

Tn the experiment where the infecting phage was not ascorbate-
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fore the RNA isolated from these particles was uxpu@tod to vield

0

pppCp/Gp ratios similar to the theorctical valuec.

In order to maximize the number of partially empty

capsids formed and thus the number of partial genomes with signif-

»
.

. . . : . ® "u oy
icantly altered end terminal ratios, sensitive E. coli were exposed
- . . B = . B

-

C. . . - 2+ .

to phage preparations inactivated by ascorbate-Cu  treatment toy
. S

. : -5 Sy '
give PEU/purticle ratios less than 10 ©. Previous studies (Chapter

V, this thesis) have shown that the majority of partially cmpty

f

§
)

bﬁgsids'producoq from such parental phage retained a major fraction
of their original genome  and bqnded at buoyant densities ia CsCl near
tﬂat of kntadt particles. The results of ‘experiments carried out
. rd ' .

with highly innctivnted:phnge wére_consisten; and always yielded the .
‘same pattern showh in Table 6.1_A;_namelyia modergte incroﬁse in, the

. . ) ~ . . . .' N
pppGp/Gp ratio in the heavy fraction, and a_fairly significant addition-
al increase in Lh¢ intermediate fraction. Thé observéd overall increase
in the‘folntivcbpropoftion of pppGp residues found in the RNA Of cell
exposed phage is precisely the.rcsult expected for a partial kNA in-
jectisn mode'whére frdgmon;s containing the original 3'-end termini
had been injeéged into the host. The lesser enrichment of:pppGp -
residues in the RNA isolated from the heavy particle fraction can be
attribnted to the fact that the p#rtfally cﬁpty cépsids in this fraction

are comparatively denser and possess relatively longer fragments of RNA.

4. 3'-¢nd Group Analvsis ' : L
The procedure followed for the large scale preparation of cells
; 3, Loy . ' . .
exposed “to limadenosine -1#%Fbed particles was identical to that employ-

ed in the 5'-end group experiment. However, phage preparations were not
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TABLY. 6.1
End Group Analysis of the RNA Isolated {rom Purtfally Empty Capsids of R17
\ (A)
PFU/Particle Ratio ' pppCp/Gp Ratio (X 104)
of 5H—(Iu;mosino— L S
R17 Phage'Folléwing Intact Phage CsCl Gradient-Fractionated
Vit.C—Cu++ Treatment Before L§PO_ ‘ V?bégi‘éﬁp%frhxposure to Ef}ls ¢
: : sure to Cells : ;
‘Heavy Intermediate.
/30 - ' 10,0 o 12.0 : 12,0 .
1/240, 000 . ‘ 10.0 o 13.0 - 17.0
1/250,000 . 110 ., 22,0 ©37.0
(8)
}’F‘U/P;n"tbivlo Ratio » 'A()H/A»p Ratio (X lOz.‘)
of BH—Cuanosino— ) (Corrected for extranéous A residues
A 1+
R17 Phage Following generated by Vit,C-Cu treatment)
1+ o N et T . - S
Vit.C-Cu Treéatment Intact Phage . CsCl Gradient-Fractionated .
. Before Expo- Phage After Exposure to Cells:
sure to Cells J Heavy Intermediate
3 . . ;
1/5 ; 13,0 2.4 2.7
“17417 . 13,0 -2.8 . 3.0
1/556 ; 13.0 . 5.0 5.0



/
i
I

! 2+
inactivated too extensively with ascorbate’ and Cu in order to
minimize the formation of extranecous 3'- termini containing adenosine

/Ap

residues (Figure 4.5, Chapter 1V). Where necessary, the AOH

ratios listed in Table 6.1 B have been corrected for the contribution

from extranecous AO residues.

H

terminus is injected

Lf an RNA fragment with the 3'~A()H

as é result oflfructional injcctiowf”thon it foilows frdm this that
the AOH/Ap ratios/gf_lho RNA isolated from cell-exposed particles
 will decrease and this decrease will be more acute in the RNA iso—
lated from.intormodiate‘phrticlcs than in the materigl qxtracted

from the heavy frdction; A zevro KU“/AP ratio would not be expected .
as the RNA isolated from barticlvs coll??tod in the two fractions
would include,ovorlnpp}ng mﬁturidl‘from Class 'I1 and 111 particles,
which dppurcntly rotéin a full complemont of RNA.

'Invyiéw of the ahovc-cxpuctution, jt‘was surprising to find
from an infection carried Sutvwitﬁ control phqgev<PFU/purticle = 1/5),
the low.AOH/Ap'ratios of 2.4 to 2.7 x IO—AV;bLained for the RNA iéolated
from phe heévy:aqa intermediate fruvtiuns,rospcétivciy. Under the con-
ditions of the infectidn, up - to éO% of the particles recovered in the
supernatant had’injocfvd all or almost gll of tﬂoir RﬁA and bénded at
the tep of ‘the CsCl grudfont. Inc}t Class llI‘partic1e$ thph normally
coﬁprise~ldz of the_pafﬁiclcs before exposure to'éolls would now make
_up.i7% of the pafticleg suspended at bubyun£ densities neéf i.46 g/mi.
If the 3'~onas o% the Clasé ifI particles afeLsubtfacted from the over—
all AOH/Ap fétios, it can be calculated that up to 952‘0f the>othe?

particles in the main peak (nqulf’Cluss 11 particles which had under-



.

gone the RNA ecjectiont step) had lost the 3'-adenosine residue. A
similar pattern was oxhibited by the results ob‘.:li,nu(l for cexperi-

ments carried out with two nséorbntC—Cu2+‘insctivﬁted phage. prepar-
Cations.  In the infections carried out with these phage preparations
(PFU/particle = 1/400-500), some of the original Class 1 }?.‘n'tivh's
would appear as partially cmpty capsids in the i_ntor:}‘u-diatc and heavy
dractions. However, they would be indistinyﬁighable from cclipsed

Class 11 pnrtivlcg since the RNA encapsidated in the former would

also be missing the original 3'~AOH residue as a rcsult_o% the injection

of a fragment from the 3'-end into the host cell. The additional pre-

a

sence of Class I partially empty capsids was, therefore, not expected
. : . :

to alter the trend of the AOH/AP ratios determined for the RNA isolated

from the heavy and intermediate fractions of a (sCl gradient.

: The collective results of Table 6.1 B clearly indi§ate ghat
the Interaction of Clgss 1[I particles with host cells gives rise to a
loss of 'a swall fragmdnt Qf'RNA at  the 3}—0#@ in addition to the A pro-
tein component (parap?hychrgg al., 1971). The lcngth of the 3'—Qna
sequence lost is probably qﬁite sﬂort Sincé the density of eclipsed
Class 11 pnrt{clos is nqust identical to that of noneclipsed phage.
Uunvéivnbly, the lToss may even be restricted to the terminal 3'-

' C g . o .
adenosine residue. Tt is not known “at present” whether or not the puta-

tive short fragpment that- detaches from Class I1 particles upon inter—-

action with sensitive bacteria is transported into the host.

C. Discussion

The rggflbs obtained from the 5'—end and 3'-end group analyses

strongly indicutéxkhdt R17 phage RNA,is injected in a polar manner. and
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that partial injection of RNA from phage particles results. in a
loss of the 3'-cend of the phage RNA.  Moreover It is clear that
there is a marked loss of 3'-onds even in Class 11 particles which
. .2+ .
have not been treated with ascorbate and Cu® . Presumably, Class
[T particlés already have a break in the RNA chain very close to
the 3'-ond so that interaction of these particles with host bacteria
results in the ejection of the A protein plus a very short fragment of
RNA from the 3'-terminus. This preexisting nick in the RNA near the
3'-cnd may have arisen during the assembly or release stages of Class
Il particles. A precedent for this exists "in the report by Argetsinger
and Gussin (1966) which showed that the RNA of A protein amber mutants
assembled in a nonpermissive (RNase I ) host is partially degraded by
i ' » .

cellular cndonucleases. Alternatively, a break ncar the 3'-cnd of the
RNA may be introduced during or after the onset of the RNA'ojection

. | . | . .
step tripgered by the interaction of the particle with cell-associated
F-pili. Whatever the chronology of this event, it can be said that the
éloavage is restricted to a position close to the 3'-end since the RNA
isolated from a freshly prepared. R17 phage ‘suspension (containing both

.Class T and Class TT particles) behaves as a single.homogeneous peak

under denaturing conditions in sucrose gradients or polyacrylamide gels.

Alfhough inferred by various obSerQations described here‘dnd
elscewhere, a speéific complex between R17 RNA and A prolcinbhas yet £o
be demonstrated directly. Ruc;ntly, additional sﬁpport for such a
complex was‘furniShed‘by Shiba and Niyake'; (1975) finding that iéola;ed
MSZ.RNA‘mixed with purified A protein was infectious for intact, F-—-
piliaﬁed E. coli cells while RNA by itself'was not. Leipold and

Hofschneider (1975), in a similar experiment, found that an A protein-



ENA complex precipitated l'l,‘m.n MEZ particles treated with acetic dcid
(the ecpat protein is solubilized) was also infect fous for intact
cells, It is teupt in(i',- to interpret these results in terms of a tail
model in whi‘(‘h the viral RNA {4 indircetly attached to _(l'l"—pilus‘ and
pulled into [‘l'u- cell via the A proteite The ond sroup analvses dis-
cussed in this chapter suggest that the RNA sequence that mi):ht. be
involved in such a ('(\mpl‘vx .W()llld prjol);lbly encompass all or part of
(hv‘t fghtly hvdrogen-bonded loop of about 25 nucleotides ;1£ the 3'-
ond.whi("h are not grnnsluLcd int.ov protein (v(‘,or'v et al., 1970). oOn’

a more H}H'L‘lll(l[ilvv note, the possibility exists that the t.orminal. tri—

nucleotide of —(IC/\()H may function as a necessary but not sufficient

component of the A protein binding site wmuch in the manner that tRNA's

o

terminating in —(‘,(",Aml are recognized by amino acyl synthetases.
4 - . . -
Further developments concerning the nature of the putative interaction

between the A protein and the viral RNA must await the isolation and -

o

The finding that the 3'-¢nd of the phage RNA probaBly acts
as the leading end during penctration is significant in that it con-.
tradicts previously held beliefs, based on circumstantial evidence,

that it is the 5'-end of the RNA which pernetrates initially into the

. 3

cell.  For instance, during conjugation in Eﬁ._;c_o‘l_i_, one of the two
complementary DNA sfriands .in the donor is transferred to t! 'A'cip_ient
with 'thp 5'-¢nd acting as the origin of transfer (Ohki and Tomizawa,
1968; I{L‘upp. and Thler, 1968). By inference, phage RNA was th‘O.l-Jght to
penetrate 5'-end first in analogy to bacterial DNAA transfer. Often

B

cited in support of this concept was Lodish's investigation on defective
Pt I g



A protein-minus particles asscembled in nonpermissive hosts intectoed
I I I ‘

matants in the A protein. He found that treatment of
|

such particles with I{Nu:'\;u removed a fragment of RNA containing the

by 2 amber

“

5tterminus (Lod ish, 1968 a,b ). The interpretation advanced was that
the protruding trand of RNA would normally be complexed with A pro-

tein and that this complex would precede the rest of the penome in,

cell entry.
: : . 7
coakness of the foregoing interpretation resides in t hle

inherent assumpt ion that the molecular organization of the RNA in the
defective particle is identical to that in normal phage. - This as-—

sumpt fon may not necessarily be valid as the defective particles are

Jasembled in the abusence of the A protein, a component which has been

postulated to play an important organizational role in the early
stages of assembly of infectious phage (Righelson and Nathans, 1967;
Kaerner, 1970; Bonner, 1974). In contrast, the results of the end

group analvses described in the chapter have been derived from RNA

isolated “from partially empty capsids whose predecessors were RNase

resistant and competent with respect to the attachment and RNA ejec-
tion processes. These partially cmpty particles were formed as a

direct conseque:s - of a normal physiological process - phage inter-
action with scne. tive cells followed by RNA injection - and not 'as the

result of some overt chemical or enzymatic perturbation of structur-—

ally altered particles. Tt is felt that the .approach taken here to

clucidate the polarity of plrage RNA penetration is more direct and the
results obtained more dindicative of the molecular orientation of the

RNA within the phage capsid and during its penetration.
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* It is to be noted that I,IIL"'[)('(lk o.wfa radioact ive Illill(‘}l"i.(ll miprat ing
more slowly than pppGp shown in Fipure 6.1 4% s probably Af)(if‘?‘é;‘.lthou;:h
GIP o and alkaline resistant dinwcleotfides Ca sTwmilar moKilivy).
Some of this material may arise from tHe .{ﬁ;u’;ui;n ion of pppGp. How-

cver, the contribution from this source {& not significant since the
. LS *, H,

pppGp/Gp ratio obtained for phage RNA is ¥lose to the theoretical

value. More likelyy the creation of new 3'=N and 5'=pG ends in

viral RNA as & result of O attack and subsequent atkaline hydrolvsis
of this RNA may pive rise to extra pGp residues. Consistent with this
conjecture is the observation that more of the slower -moving material
appears in ascorbate-Cu®’ degraded phage RNA than in untreated RNA.
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o The original tindings presented in rhis thesis may be
+ )

summarized as follows: o
e
1. At high MOI's of infection (MO 100 1000 particles/cell),
some phaye RNA s able to pencetrate hoSt bacteria in the pu-‘:;um'v ot
saturating concentrations of RNase.  The injected RNA s iutact and :
infectious if the RNA in the infecting phage is not (lvy,rnd‘od h_\;

2+ 32 '
gascorbate-Cua treatment or by P-decay prior to cellular infection.

2. | Lf My,;)'+ iuns’ in a culture medium are chelated by EDTA, Class
I particles underpo incomplete RNA injection.  Some of the partially
cjected RNA is  degpraded with the resule thu; particles carrying
p;'n‘LinL spnomes are produced.
3. Rapid inactivation of R17 phage occurs when particles azg
o ) ol

) . . . 2+
incubated in the presence of ascorbic acid and Cu lons. The com-

bination of the two reagents results in the formation of hydroxyl
free radicals (-0H) which bring about phage inactivation primarily
thirough the cleavage of 'viral RNA and prohable base alterations.

7

U'nder conditions where phage infectivities are reduced 10 -10 fold,

°

the sLx‘uc,Lu_ral organization of R17 phage remains unaltered and no
significant change i% obgér/jv‘cd in the ability of £rc:fted particles to
underga theé adsorption, RNA ejection and penetratibn préceéses.

4., I‘ha’gc RNA penetration is polarg, the-3'-end of ‘tﬁe viral RNA
acts as thé pifot end and, together with the A protein polypeptides,

preccedes the rest of the genome in cell entry. .

5. During the ejection and penetration steps, the phage RNA un-—

folds only partially; it retains part of its secondary structure in

160 -



the form of loops containing complementary base pairs.

b. If strand breaks are introduced into-the RNA of potentially

7

. . . L2+ .
infectious phage (Class 1 particles) by ascorbate=-Cu treatment or
a9 - o oz

byv *Pnh-v:fy in lélbel.@d particles, then fractional RNA cjection and

penctration occursy strand separation probably occutrs at the first

, s S8
break nearest the 3

rend which s not protected by intrastrand base-

- -1

Aimitx‘in;:. in the p:n'binl,l_v Wi folded RNA. '

7. The interaction of Class 11 part fcles . (t veated or unt reated

o

4

- - ‘7,+ . . ] . » )
with” ascorbate-Cu™ ) with sensitive host bacteria results in the loss ot

the adenosine residue from . the 3'—vn}1 of the RNA. A scission intyoduced

dntoghe RNA near the 3'-end during particle ~asscubly or during the RNA

< s . %

cjection stepoof Class 1D part teles may have 'rosuluv‘&i}, in the eject]ion of a

F 4

swall frapment to the F-pilus ot wmediam.
. 4 N -

18. Roth Class I and-Class 'l particles, upon interaction with
: : - e s .
censitive bacteriag appear to lose about 104 of their coat protein

R - . . _ o / . .
monomeEs to the fell,  Ad least some of the coat’ stubunits are trans-

Jovted into the celbr
9. R& RNA trajwents finjected \: nto bacteria are rapidly depraded

I

by cellular nucleases soon dfter entry. 1t was obscerved that these

messenpyer fravments arpear to be wtabiliced in the presceance of the RNA

: . . . . . L [
polymerase. inhdbitor, vifampicin. . - : -
l,,, . ot ‘ . o . ' . T !

Fhe new dosipghts provided by the precoeding observations to-

. . . 3 N

pether with existing information -have been incorporated into a revised,,

N . ' \ . ‘ ."
working model for R17 phage infodtion. Depicted schematically in
. - h . 4 R . . . .

Figure 7.1 are the fite of Class 111, Class I'T and Class 1 particles

T
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Class ITI -

particle

»

. phdge capsid

\ A protein

_ \j\i;pilus

e W v
» ) <

o ' ’
- . 5 x ) s . 5 _end .-
’ ’W’ .1y e ’\.'I
£ r,_)xh: b g ,
’ a ) -3:-end

v B ‘“.. | @

(B) RNA E|ect|on - (C) F-pilus Retraction
(eclipse reaction) : and RNA Penetration

~

' R S
l-1Lu_r_c. 7.1 Schematic representation of ;a8 revised working model dopic—-
~ - ting the-mechanism of R17 phage in fection of E. coli host cell.
* Class 1 particle with \LlHH),OH‘q lﬁg,(h’ﬁ R‘Nﬁ - o
! ¢coat-protein aggregate det aehed’ ﬁ‘om (de:‘ld " - \%{D‘

" ocleaved A protein pol&‘pqﬂml(% sy B . %ﬁ% ] i

9’*.‘ :
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irly gtages of

. j
(withr or w/’lthqut strand scissions) during the o
S
(<

cellular infection under normal phvsiological conditions. A

cd previously, Ulass 111 particles do not interact

demonst rat
with F-piliated host cells since they lack the A protein; both

-

Class | and 11 partieles adsorb to F-pili but the latter do so
Krahn and Paranchveh, 1971).
is

hveh et all 1970
11 p;llrri(‘,]»e.u;

only weakly (Paranc
weaker adsorption of Class

Ther reason for the
STl not “¢leaf:
The -cumulative dara indicate that Class 1 particles,

comparatively weakly, undergo a similar RNA/

- althouph attaching
cieetion (or phage oclipse) step as Class Doparticles. oo the
. € - .
illustrated scheme, the RNA cjection step s eavicaped to o=
volve the eleavape ot the A protein- inte ASERTRR S IREENOR SR SN
Voaveteviate ol Soat mo-

24 ,()()(ﬁ) and 15,000, the detachment ot
nomers from the capsid to the, Fopilos, and corplete o opartial
Not illusfrated is a‘minor A protedin trapment ot

RNA ¢ ject ion.
< 10,000 which Krahn et al., (1972) had attributed to a fur-
The

MW

ther degradation product of one of the larger fragments.
A protein and the 3'-end- of the viral RNA is shown in the . model
f

«

1
S

i

to exist as a complex within the phage and alse during the
art of its secondayy

RNA cjection and penctration processes.
Structure is retained by the RNA as it Gnfolds and extrudes from

*

|

the capsid. - :

As discussed proviously, the presence of basc-paired
loops in the:ejected RNA implics that the RNA is likely to



£ e
remain on the outer surface of the F-pilus and to be b rought to
. i .

the coll membrane via some movement of the |Iw'i lus. In ! iy,htl ot
recent evidence, the transportation of A prpﬁﬁn JlII(i..i{N:/\ up

to and petrhaps Lhrough C.}vl\(i‘ C(‘;‘l\llill‘ memb rane 1\ Sh«“wwn" in the
model "to be mediated by ga F—pill us retraction mechanism.  Support

for such a mechanism has come from recent observiat Lons which

'

indicate that Fopili are in an,equilibrium state of outprowth

and retraction.  For example, Novotny and Fives-Tavlar (1974) .

have reported that cells exposed to sodium cvanide or to tewmp-

eratures between 25-30° lose pili from their surfhce: the level
of coll-free pili was demonst rated not to rise as a result of

~.

such treatmentt The interpretation advanced was. that low toemp-
cratures or oevanide prevented thes outgrowth of piti ‘but not re-
traction.  Fuarthermore, these workers found that if pili were

coated with pili antiscerum or with oxcessive RL7 phage before
- f1; . . )
cells were cooled or evanide added, no pili loss occurred. Pre-

sumably the antiscrum or phage coating the sides of pili prevented

retraction.  This explanat i8n was also advanced to account for,

the accumulation of I-pili on the cell surface of E. coli carrying
N ‘ :

[--1ike ey factors and prowing in the prescnce of 1-piti antibody
(Lava and Moeynell, 1972). In this laboratory, it was obscorved by

Moore and Paranchych (unpublished data) that the E. coli straid

WP102 carrving a mutfition in the ¥ plasmid exists in a multi}vwili;lted

state (7-8 pili/eell) and dis only slightly sensitive to R17 and QB
phapes. Fhedefect in this mutant appears to reside in its inahil-

ity to retrace pili since cooling of these colls to 30° does not

~ N
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resnls o the loss of pilli whercas coolirfy of the wild type strain

(ED2602) does. Finally, the observations that F-pili ..come
shorter and disappear after attachment of filamentous DNA phiige

to their tips and that ‘eventually phage appears to be attached

<

dir'v(*tlyut’q the coll surface also indicate that pili are able to
retract with phage ntt‘:‘ichcd‘ t“o their tips .(Je.\m;lasﬁn,j l“-)/";?; Marvin
and fohun, 1969) .

It mu'.sL be ..sgrcssed that the model postulated in Filg:nn-
7.1 vepreosents. o}xl_V one intorfprotatibn of phzige.iu»_fccti;\ﬁ consis-

tent with experimental data. Although Figure 7.1 shows the pilus
ret rq ing intact idto the cell, the alternate possibility exiscs

that shorteniug of pili mav be brought about by depolvmerication ot

pilin subunits into the cell membrane. Additionally, it is conesive
' Ty UL ’
A le that shovtening of the™pilus only transports the A protein ang .

RNA to the cell surface while the actual penetration of phage com-
R . . .

* f

Ponents may be mediated by a membrane—associated transport svstom,

- w n o

e . C . .
Another ndékulous agca concrros the fage of the A protein
o T » . ' I :
during phage infection. Tt has not been Tirmly estblished as to how

and where the cleavage of the A protein occprs and whether or oot the

N \ a

RNA Mremdins complexed to one dr both A protedn fragments duriag @ pene-
- . _ .

o g .
tration. Krahn et al., (1972)  have reporfed that A nrotein and RNA

are injected into cells. in approximately equimolar alvunts and the
suggestion was made that' the penétration of phage RNA inte the

cell wmay involve the injection of an A protein-RNA complox rather
than, free RNA.  As desceribed in this ‘thesis, the amount of A protedin
* rl . ) . . . -

Penctration remdins at a steady level while the amonnt of RNA pene-

tration decreases in infections carried out in the presence of RNase

: +
@ . ..

-4

B

165




25

II‘mrii{in

i

, . 24
or with ascorbate-Cu” ~treated phage. These observations suggest

that cither A protein penet rates into cells independently of RNA

Jor that tlic A protein, with one end of the RNA anchored to it, is

able to "pull” an RNA -fragment of@;n'ying lengths into the cell.

. o

The results of these experiments also indicated that the phages equi-
valents of A protein penctrated per cell are similar to those of
RNA. This, however, brings up, the guestion of.the fate of A protein

moledules which dissociate from-eclipsed Class 11 particles. 1t was

[y

reported tha¥ A prggein is wot released to the medium.in infected
1t uresdyd 1 that some of "the A protein presy
4 o

b:»acterlif%‘ﬁ {;bly of Class

worbed &é’ccll—nssocintcd F-pili (Paranchyvch et al.,

.

$

1971; Kra 1972). These obscrvations in conjunction with

the pilus retraction hypathesis of transportation.of viral componeats,

H .. S
. - . A

however, point to a paradoxical situation in phage iufection. It
dppuars that, after the onset of the phage eclipse step and the trans-
fer of A protein to the'F-pilus, only the A proteius from Class 1

particles with an intact RNA attached are transported ‘into the cell

. > : T . . . - - .
'Ww.f\ proteins of Class 11 origin (perhaps with a truncated piece

@

of ANA) are not. On the other‘ hand, the mole eqnivalﬁ\ts of A protein
pm‘u‘ot.rntuing Gul.ls would m“rtnivnly v.\:céet.j ﬂmt Aiof viral P}NA if A pt:'o—
tein’ from Class I1 pa x'(icl(;s' were also transported into cells. .T.l:e
possibilities, therefore, cxi_éf» that Class I_I' A proteins are Exclﬁded :
in some wanner from penetration at the cell ._‘SurfﬂC(‘ or that they may -
(‘h'snrh from F-pili (due to their weak interaction with the latter)

: ;o : 7

-4

before they could be moved up to the cell membrane. But if A proteins

from Class 11 particles are excluded at the cell surface, then they

should slough pff as the F-pflus retracts.or shortens and be fourd in

166
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the medium. Although not detected in sucrose praddents, free A
protein from supernatants of infocted cultures has been obscerved

Jto band at the battom of CsCl gradicnts (buovant density = 1.54 g/cm™)
cither as a precipitate or as an A protein=-RNA complex (data’ not
shown) . However,thts result wis not always reproducible, A pos-—
sible explanation for the failure to detect free A Pl‘nLvi&in sucrose
vradicnts and sometimes in CsCl pradioents may be due to (he strong,

1 L

-

adherence of free A protein to surfaces %uch as dialvsis membranes

(Roberts and Steitz, 1967) and cellulose,

private communication). tt is possible that all or most of the A

protein molecules in solution may be lost-as a result of ‘their «ad-
sorption to plasswvare for centrifuge tubes before they could be assayed.

‘ The preceding discourse clearly points to a need for further
stadicvs b verifyv carlier Findings, to . resolve contradictions, and to
bridye the pap existing between results and theory.,  Similarly, the

hyvpothesis concerpdng the dissociation of coat monomers from ecl ipsed
R .. . .« ® . .

s

phage ‘and ¢he fate¥L such subunits requires tonfirmation and expansion

through additional quantitative studies. As can be discerned from this

brief overview, there is much scope for future. invest igations. =
' £ - P N
o SN :
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/o APPENDI X :

1

PHAGE SUICIDE BY Wj_"_'lf_—j')j:lv(l_/\}'_

‘.

' ‘ ~ 32 . ;
The officieney of killing RNA phage by 3”? decay can be

Cnlculatvd using the formula of,Hvréhey et ﬂl._(igsl)pr
’ B ‘ -6 St e
Tog HL = log SO --1.48 x 10 o) AO N (1 - 3 )

F“ and SL are the survivors at.time zero and time t (in days),

rcspbctivcly, o (efficiency of killing) edua]s the number, of lethal

. - Y~ .
hits in the genemew. N cquals the number of P atoms in the genome (3300

L ’ ' e A 32 .- R . .
. for R17). AO Is the specific activity of 77P din the infécting medium

1

Gin mCi/mg) . > is the decay constant of the radioaéﬁive isotope and

cquals 0.0486 for }2P'if the time”iS“express in days.

AO of the jZP labeled R17 stocks used routinely in the

S8 prbrfmunbs described in this thesis is equal to about 2 mCifmg (sce
Materials and Methods).  If secondary, effects of P decay are not a
v i A : .

\

‘factor, then at the end of 30 days, the above equation predicts that

o

I3

S /SOU(fraCtion surviving) = 0.99.. 1di=ze., 1% of. the infectious particles -
‘ . I : B toe 32 »

would be inactivated over 30 days if only the direct effects of P

decay were considered. ’ ; .

The 32? suigide stﬁdieanf Lupker et al. (1973) were done
w;thrtypicai-AO's = 800>mCi/ﬁg:. At the end of 30 days, S;/Solwguld_ﬁe
0.016. The crude cell 1yﬁaté5 of SUQh‘radioactive prepafation along With.frée,
unassimiléted 32? were'ffozen immeaiately at —80°;tohminimize phagé

inactivation by sccondary effects of 32? decay. ﬁowever,if~RNA pene—

tration studies were to be .carried out with phage of such high AO’ the

32

phage must be separated from the free P by using standard purification

procedurces, other&ise free 32P would be‘taken‘up by infected cells.

- o 176



. e . . - 32
During the purification steps, howcever, sccondary effects of p-

decay would come’” into play and the purified phage would almost

. . . ‘" _ ] .
certainly end up with an.undesirably low initial PFU/particle
ratio. Such starting phage stocks are less thnn.ddval,for pene—

tration studics in which the amount of RNA injected by phage with
increasing number of strand breaks is-‘to be compared to that

injected by an original population with no breaks.
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