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FREFACE

This dissertation describes studies into the mode of
action of the protein antibiotic eolicin E,~F9 with reference to

its in vivo effects on DNA metsbolism in Escherichia coli, its in

vitro activity on DNA and the effects of other antibacterial agents
on colicin EQ-PB induced DNA degradation. This work was carried out
during the period Jamary 1968 to May 1970 in the Sub=-department of
Chemical Microbiclogy, Department of Biochemistry, University of

C?_*mbr idgﬁ .

Same of the resulits described in Chapter 5 have been '

published in the following peper:
Biochim, Biophys, Acta, 213 ( 1970 ) 320-334,

It is a pleasure to record my aprreciation and thanks to
Dr, David Kerridge for his advice and encouragement, I am also
indebted to my colleagues in the Sub-department of Chemical Micro-
biclogy for valuable discussions and to my wife for encouragement under
trying circumstances, In eddition my thanks are due to the Medical

Research Council for a Scholarship for Training in Resesrch Methods,

I certify that this dissertation describes my own unaided
work and is not substantially the same as one which has been éubmitted

to any other University.

August, 1970
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"Natural philosophy ought to be esteemed the great mother
of the sciences. Even among those who have attended to it, it has
scarcely ever possessed a disengaged and wholeman, but that it has
been made merely a passage and bridge to something else. Let no
man look for much progress in the sciences - especially in the
practical part of them = unless natm‘aJ. philosophy be carried on
and applied to perticular sciences, and perticular sciences be
carried back again to natural philosophy. For want of this,
astronomy, optics, music, a mmber of mechanical arts, medicine

altogether lack m'ofoundnees, and merely glide slong the surface

of things."

Francis Bacon, ( 1620 ) Novum Orgamum,
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ABEREVIATIONS

The following abbreviations have been used;

AC Aeriflavin

ACT D Actinomyein D

ATP Adenosine triphosphate

BBOT 2,5=big=(5 =t-butylbenzoxazolyl=2’ )=thiophene
CAP Chloramphenicol

Col.factor Colicinogenic factor

DAP K: € disminopimelic acid

DAU Daunomyein

DNase Deoxyribomuclease

DNP 234 dinitrophenol

By Coliein E2—P9

E3 Coliein E3-0A38

EB Ethidium bramide

EDTA Ethylenediamine tetracetic acid
GTP guanosine triphosphate

MGIC Minimum growth inhibitory concentration
MI'i‘O Mitomyein C

ng nanogram ( g x 10~ )

NOV Novobiocin

ORD ‘ Optical rotatory dispersion
FEA B Phenethyl aléohol

FHL Fhleanyecin

Foly U Folyuridylic acid

RNase Ribormclease
3DS Sodium dodecyl sulphate
TCA Trichlorcacetic acid

-
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Tris Tris( hydroxy-methyl )=amino-methane

uv Ultraviolet

Other abbreviations conform to the ussge in the Biochemical
Journal incorporating the Systeme Internaticnale recommended

symbols,




G INTRODUCTION

Colicins are protein antibiotics which initiate specific
lethal processes in sensitive atra.’n.ns of intestinal bacteria and
are synthesised by other strains of such bacteria that harbour the
corresponding genetic determinant or colicinogenic factor.

The antagonistic effect of certain strains of Escherichia
goli toward other strains was first reported by Gratia in 1925 when
he showed that E, coli V excreted a diffusible antibiotic substance
that was particularly lethal for E. coli ¢, Fredericq ( 1948 ) later
showed that the phencmenon of reciprocal antibiotic action wes not
restricted to E, coli but could be found in many other genera of the
Enterobacteriaceae such as %omll‘a and Shigella, It also became
obvious that more than one antibiotic subsiance or colicin was
iﬁolwd and that an active strain could produce more than one
colicin type. In addition becterial strains producing one colicin
to which they were necessarily immune were inhibited by strains
~ produeing other colicins ( Fredericq, 1957 ).

By 1953 sufficient mmbers of bacterial species in addition
to the coliform bacteria had been reported as showing this entegonistic
effect within their own geners, that Jacob et sl. introduced the more
general term "bacteriocin® which was defined as a highly specific enti-
bacterial protein produced by certain strains of bacteria end active
against some other strains of the same or related species, Hamon
»( 1964 ) listed 27 bacteriocinogenic families including strains of

Eecillus megaterium, Pseudomonss seruginosa, Vibrio cholerse and
Pasteurella pestis and found that bacteriocinogeny was as prevalant

in nature as lysogeny.




Many bacteriocins hwe been poorly characterised and this
introduction will be largely restricted to a discussion of colicins,
in particular colicin Ez. ~ Bacteriocins in genersl are more exten~-
sively covered in reviews by lomura ( 1967 ) and Helland ( 1967.b ).
Colicins have been shown to interfere with macramolecular metabolism
in bacteria by initiating chromoscmsl degradation ( ccliein E, s
cessation of protein synthesis ( colicin g ) or inhibition of energy
production ( colicins K and E, )y ( Nomura, 1963 ). Each colicin
has its own characteristic effeet but it is questicnable whether these
observable effects are the direct oiuu of cell death or the result of
a primary lethal process associated with cell membrane, since the
killing action of colicins is a single hit process ( Jacob gt al.,
1952; and see text ) yet the observed biochemical effects are frequently
dependent in nature and extent on the number of colicin molecules per
bacterium ( Nomura, 1967; Luria, 1970 ). Owing to the‘ reversibility
of their action by trypsin, colicin molecules are believed to remain
neer the cell surface ( Nomura and Nakamura, 1962; Reynolds and Reeves,
1963 ) but the exact location of their site of operation will be dis~
cussed later,

(a) Classification
Colicin nomenclature involves the use of an alphabetical

letter to indicate receptor specificity, followed by a number to
indicate the specificity of immunity of the producing strain.
Colicins are now classified into 23 different classes ( Hamon and

Feron, 1963 ) according to the scheme of Fredericq ( 1949 ) who
originally found 17 classes, All coliecins in group E use tha seame

receptor sites in sensitive strains and it was believed that these

sites were similar to those used by phage ( Fredericq, 1949 and 1957 ),
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so that rhage EF,, used the colicin E site and phage T used the
colicin K site ( Nomura, 1967 ); However these findings and the
whole concept of coliein receptors has recently been questioned by
Snarda and Taubeneck ( 1968 ) and their observations will be discussed

an section (d).

Croup E is subdivided by virtue of the immunity of a
colicinogenic strain to the lethal action of a homologous coliein,
Although colicinogenic strains possess the potentiality of synthesising
colicin coded for by the particular colieinogenic or Col., factor very
few do so spontanecusly and induction is necessary as in lysogenic strains.
Therefore a bacterium carrying the Col, factor for coliecin E‘,2 is immune

to extracellular E, but is sensitive to colicins B, and E; ( see Table

11 ). .

Colicins are usually further identified by giving the coding
of the originel producing strein preceeded by the olassificaticn mamber,
This colicin E, is usually described as EZ—P9 or EZ-CAIQ according to
the origin of the Col, factor, The receptor specificity classification
of Fredericq, ( 1949 ) relies to a large extent on the isolation of
resistant mutants that have lost the specific receptor sites for the
group of colicins studied, The situation is however far more complex
since there are mutants whiéh, despite being resistant to the lethal
action of a particular colicin, are still able to adsorb the antibiotie
molecule, i.e, the tolerant mutants of Nomura and Witten ( 1967 ) and
the refractory mutants of Hill and Holland ( 1967 ). In addition it 1is
reported ( Hemon and Peron, 1966; Hill and Holland, 1967 ) that mutants
have been isolated which had lost the adsorption capacity for colicins
E, and E3 but not E,. It therefore locks as if Ey has a separate
receptor site to E, and EB‘ In contrast another colicin which was
given the letter P because of its different heat stability to the E

group was found to have a similar mode of action to colicin E2 and may
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probably use the E receptor site ( Hamon and Peron, 1965 ).
Coliein P may well have been misclassified since in addition its
heat stability was found to be dependent on purity ( Nomure, 1967 ).

Bactericcins from B, megsterium or Megacins are divided
into groups A, B and C according to their genersl properties and mode
of production owing to the difficulty of isolating resistant mutants
( Holland, 1967.Dk ).

(b) Chemical Nature
Bacteriocins in general vary widely in their chemical

composition; the E group colicins ( Herschuan and Helinski, 1967.2 )
and megacin A ( Holland, 1961 ) appear to be pure proteins whilst
others resemble incomplete bacteriophage, e.g. colicin 15 ( Endo et al.,

1965 ), certain pyocins from Ps, seruginoss ( Nemura, 1967 ) and two
peculiar bacteriocins from Listeris monocytogenes ( Bradley and Dewar,
1966 ) and Enterobacter cloacae ( De Graaf et al., 1968 ). In contrast

a few bacteriocins are very similer to the somatic antigen or part of
ths‘grm ~ve cell wall of the perent colicinogenic strain, i.e. colicins
K, A end V ( Nomura, 1967; Hinsdill and Goebel, 1964 ). Goebel and
Barry ( 1958 ) first showed that colicin K activity was associated with
& lipopolyssecharide protein complex and that phenol extraction produced
a2 protein that was 10-100 t}mn more active, Hinsdill and Goebel

( 1966 ) later showed that this protein moiety was not characteristic
of the bacterial species carrying the K Col., factor but that the lipo-
polysaccharide component resembled part of the cell envelope of the
producing strain,

The molecular weights of most protein bacteriocins are in the
range of 30,000 to 100,000 and coliecins in perticular are characterised

by their partial resistance to heat, sensitivity to proteolytic enzymes
and diffusibility through sgar., Colicins differ amongst themselves
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in their antigenic properties and electrophoretic mobilities
( Frederieq, 1957; Nomura, 1967 ).

Herschmen and Helinski ( 1967.a ) demonstrated that
colicins E,-F9 and E3-0A38 ere entirely protein with molecular weights
close to 60,000, In addition eolicin E, is reparted to have two
electrophoretically distinguishable but iriterconvertable forms at
pH 8,6 but not pH 4,0, This finding is not the result of aggregation
and is believed to involve a change in secondary or tertiary protein
structure causing a reduction of one net positive charge in going from
the higher to the lower pH isoelectric form ( Herschman and Helinski,
1967.2 ) Amino acid analysis lﬁs revealed that both colicins have
relatively low amounts of hydrophobic aminc acids and only one cysteine
residue per protein molecule consistent with the properties of certain
other extracellular proteins ( Follock and Richmond, 1962 ), Iumuno-
chemically colieins E, and E; have 2 region that is common to both and
may be associated with receptor specificity, also a characteristic
region which may be associated with immunity and terget specificity.

In contrast Reeves ( 1963 ) had shown eerlier that coliein
Ez;-CAzoz or I contained 5-16% carbohydrate and perha.ps some lipid
material ( Hinsdill end Goebel, 1964 ), Its mode of action and

trypsin reversibility appear to be identical however to colicin
E,~F9 described above.

(e) Production of golicins
Colieinogenic or Col. factors are extrachromoscmal super-

coiled duplex DNA molecules ( Roth and Helinski, 1967 ) present in
colicinogenic ‘strains, responsible on induction for the synthesis of
colicin protein and can under certain conditions infect noncolicino-

genic strains of Enterobacteriaceae ( Stocker et al., 1963 ), They

oentain 10%10° moleotids peirs mnd ressble resistanse Srensfer
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factors, fertility factors and prophage to varying degrees
( DeWitt and Helinski, 1965; Oseki, 1965 ).

In 1953 Fredericq established that the ability to
synthesise colicin could be transferred by cell contact to non-
colicinogenic strains, However Negel de Zwaig et al., ( 1962 )
showed that the frequency of transfer d.pcndad upon the nature of the
particular Col, factor and that if an Hfr noncolicinogenic strain were
crossed with a F~ colicinogenic strain then the noncolicinogenic
property of the Hfy strain was not transmitted to ﬂie recombinants,
It was concluded from these and other experiments by Stocker et al.,
( 1963 ) that Col, factors could be divided into at least four distinct
classes ( see reviewed by Nomura, 1967 ) with properties ranging frem
those of a temperate phage ( classes III and IV, i.e. colicin groups
E, Kand V) ) to those of the fertility factor ( class I, i.e. colicin

groups B, V, and V, Je

The moleculer properties of the Col. factors substantiate
this genetic classification since it has been shown that plasmid Col,
factors of the E group have small molecular weights of 5 x 106 and
there are several copies per chromoscme unlike the episcmal-like Col,
factors of the B and V( 2 and 3 ) groups which have molecular weights
approaching 108 and more closely resemble the fertility factor which
has only' one copy per chromosome ( Bazaral and Helinski, 1968 ).

For a discussion of episomes end plasmids see Hayes ( 1968 ).

The size of the E group Col, factors ( approx, 10* nucleo=

tide pairs ) necessarily infers a certain degree of informational

repetition aséuming that the coliein molecule { zpmrox. 500 amino
acids ) is the only product, The phenomenon of reveated sequences

is however consistent with the observations of Corneo et al., ( 1970 )

on human placental DNA and may reflect the genetic provision of *‘
efficient production of a particular protein necessary for the self




preservation of a bacterisl strain ( however see Ikari et al., 1969 )

or differentiation of an animal cell, The Col, factor may also code
for a protein responsible for the immunity phenomena,

Synthesis of colicin is a lethal process for the colicino-
genic strain but unlike lysogehic phage there is no immediate cell
lysis ( Ozeki et al., 1959 ). Spontaneous colicin production occurs
only at low frequency., In 1952 Jacob_et, al,, first showed that
synthesis of coliein E, -ML could be induced by UV irradistion, and later
Tijima ( 1962 ) found that low concentrations of mitamyein C induced
cless III Col, factors ( group E colicins ). Class I Col, factors are
not induced by mitemyecin ( Herschmsn and Helinski, 1967.b ).  Other
methods previously used for induecing lysogenic phage such as thymine
deprivation and high temperature treatment of temperature sensitive
mutents also proved successful for induction of certain colicins
( see Namura, 1967 ). More recently Borunova gt al., ( 1968 ) have
reported the inducibility of colicin El by triphenylmethane dyes, the
effect being enhanced by illumination,

Helinski and Herschman ( 1967 ) found that recambination
deficient ( ree ) mutants of class ITI coiicinogenic strains did not
produce colicin spontaneously nor could be induced to do se., A similar
phencmenon was observed with lamda phage. However indirect induction
wes possible by mating a UV irradiated ree’ F' strain with a F rec col®
strain, The enzymes determined by the rec gene are therefore probably
involved in the formation of an inducer from UV demaged DNA, The rec
gene is not necessary for the expression of immunity or the abilily of
bacteria to acquire, maintain and trensfer class III Col, factars.

Expression of class I Col, factors is unaffected by the rec mutation.




Af'ter induction of class III colicinogenic bacteria with
mitomycﬁ C there is unregulated DNA synthesis with the production of
30-100 Col, factors per bacterium ( DeWitt and Helinski, 1965 ).
However this multiplication of Col, factors does not appear to be
necessary for colicin production since Kohiyames and Nomura ( 1965 )
observed that soemal Sndeviion souas In o temperature inducible col®
E2~P9 mutant strain under conditions of inhibited DNA synthesis.
Colicin activity is first detected 20-30 min after induction ( Herschman
and Helinski, 1967,b ) during which time there was no inhibition of
normal cellular protein synthesis, Chloramphenicol prevents coliein
synthesis, but if present during the 20-30 min Jag period and then
removed, colicin synthesis is immediately initiated ( Herschman and
Helinski, 1967.b ).

(a) Meghanism of action of colicins

Jacob et al., ( 1952 ) originally demonstrated colicin
adscrption te sensitive bacterial strains by the loss of coliein
activity from the culture medium, Maeda and Nemura ( 1966 ) have
shown more directly, using radicactively labelled colicins Ii'.2 and E‘,’,
that adsorption occurs on sensitive cells, tolerant cells and ev!;h the
immune parent colicinogenic cells but not on receptor deficient mﬁtmtl.
It was also confimed thet colicins E, and Ey bind at the same site '

since they exhibit an inverse binding ratio to each other,

As mentioned previously the killing action of colicins is
believed to be a single hit process and not to involve a multiple co=-
operative effect due to several colicin molecules ( Hedges, 1966;
Shannon end Hedges, 1967 ), However the 37% lethal dose ( see Ch. & )

has been found to correspond to a celicin molecule per cell ratio of

approx, 100 ( Maeda and Nomura, 1966 ), This means that for a single




lethal event to occur at least 100 ecolicin molecules must be

adsorbed by the bacterium, This apparent peradox may be resolved

by assuming that (i) the colicin molecules are heterogeneocus (ii) the
receptor sites are heterogeneous, or (411) there is an inefficient
transmission process oceuring when a colicin molecule binds to its
receptor site with a chance of 1:100 of initiating the lefhal process

( Holland, 1967,b ). Evidence is increasingly supporting (ii) whereby
colicin molecules may bind to non-lethal receptor sites in addition to

the effective ( lethal ) receptors { Shannon and Hedges, 1967 ).

The location of the colicir iecertor site was originally
hypothesised as near the cell surface owing to the ability of trypsin
to digest colicin from treated cells end hence prevent the lethal action
if added within a certain time af'ter adsorption of ccliein to cells
( Nemura and Nekemura, 1962; Reynolds and Reeves, 1963 ), The work of
Maeda end Nemura ( 1966 ) with subcellular fractionation after treatment
of cells with labelled colicin supported this and because of the proposed
similarity between colicin and phage adsorption ( Frederieq, 1957 ) the
receptor site was thought to be in the mucopeptide region between the
inner and outer membranes of the gram-ve bacterial cell envelope.

Nemura ( 1963 and 1964 ) proposed his transmission theory whereby the
colicin molecule is specifically and irreversibly bound at the cell wall
r'eceptor’ site and from {his position initiates a lethal sequence of
events which are transmitted through the murein and cytoplasmic membrane
layers to the bicchemicel targst which i\s on the inner surface of the
membrane, The effect of colicin on the'biochemical target "gives rise
to the observable biochemicel chenges ( i,e, DNA degradation for colicin
E, ) but these may not necessarily correspond to colicin action on the
"killing target" which gives rise to the lethal event ( Nomura, 1964 ).
The killing target may however scmetimes be the same as the biochemical

target or could be a membrane component necessary for a vital cellular

control process such as replication,
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The transmission theory was supported by the subsequent

isclation of mumerous tolerant ( KNomura and Witten, 1967 ) and

refractory ( Hill and Holland, 1967 ) mutants which were proposed to

result from a malfunction in oﬁe of the "steps" between colicin

adsorption and final action on the target. Temperature sensitive

tolerant mutants were used to demonstrate the involvement of vital

protein in the transmission system ( Nomura and Witten, 1967 ) and

Negel de 7waig and Iuria ( 1967 ) have shovn that certain tolerant

mutants are hypersensitive to EDTA and detergent indicating sume alteration |

in the structural components of the bacterial cell envelope, i
Hill and Holland ( 1967 ) modified Nomura's theory by

proposing a dual role for the cell surface "receptor", the first for

binding of the protein and the secand for correct orientation of the

bound molecule relative to the cytoplasmic membrane., In addition

Holland ( 1967.2 ) postulated that the transmission system interrupts

"pegulatory circuits" associsted with the cytoplasmic membrane ( Jacob

and lonod, 1962 ) which nomally control and co~-ordinate replication and

repair of DNA, protein synthesis and energy production ( see Fig.

opposite )« In surport of this theory there is substantial evidence

that the 3 main biochemical targets for colicin attack are associated

with ﬂxé“cy‘hoplasmic membrane ( see Chs, 5 and 6 ), i,e, chramosomal DNA

( Jacob et al,, 1963 ) ribosanes ( Schlessinger, 1963; Abrams et al.,

1964 ) end oxidative phosphorylation ( lascelles, 1965 ),

More recently colicin action has been mere closely associated
with membranes. Changeux and Thiery ( 1967 ) proposed an allosteric
conformational change of hypothetical membrane subunits to explain the
amplification of the single hit lethal event to the sometimes numercus
biochemical targets., This theory was further extended by Hunter et al.,

( 1968 ) to explain the mechanism of action of scrapie "virus", The
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Changeux and Thiery theory envisaged a more direot colicin/membrane
interaction and this was confirmed by Suerda and Teubeneck ( 1968 )

who showed that Leforms of colicin sensitive bacteria, that is cells
without a mucopeptide and outer membrane layer ( protoplasts ), had an
increased colicin susceptibility yet were resistant to phage.

Colicin and phage receptor sites differ therefore in that one is on

the membrene and the other is in the cell wall, Smards and Teubeneck
proposed that coliecin adsorption may occur at e¢ither the outer cell
wail or cytoplasmic membrane but it is only the dirsct and probably
reversible interaction of the colicin mcleculé with the cytoplasmic
membrane that rosulfa in the effect on the killing tarpet. They
dismiss a possible fixation of colicin in the cell wall ard trans-
mission of the lethal stimulus to the killing and biochemical targets

as proposed by Namura ( 1964 ), In addition it was found that trypsin
recovery of colicin treated L-forms was greatly reduced. It would
therefore appear that colicin can bind non-lethally end irreversibly to
outer cell wall receptors but it is the direct specific interaction with
mambran? that is lethal to the cell, This may explain the 100 coliecin
molecules per single hit paradex and is consistent with the lethal and
non lethal binding results of Shannon and Hedges ( 1967 ) and the results
of Bhattacharyya et al., ( 1970 ) who found that proline accumulation in
isolated membrane vesicles from colicin resistant and tolerant mutants
was respectively inhibited and unaffected by colicin., Ceoliein killing
action on whole cells therefore probably involves colicin penetration
of the outer lipoprotein and lipopclyseaccharide layers in the cell wall
via channels ( Bayer and Anderson, 1965 ), which cculd narrow in
resistant mutants, anl subsequent direct colicin interaction with the
plasmemenbrane, Two stage coliein adsorption has also been detected

by Maeds and Nomura ( 1966 ) and Reynolds and Reeves ( 1969 ) but the




overall mechanism of colicin action, adsorption and the nature of
tolerant mutations ere far from clear at present, The above results
on adsorption may explain the great disperity on the number of colicin
receptor sites per bacterium renging fram 100 to 2-3000, ( Reeves,

1965; Mayr-Harting and Shimeld, 1965; Maeda and Nomura, 1966 ).

In order that a biochemical effeét is satisfactorily defined
at a perticular colicin concentration it is necessary to use the
multiplicity or mmber of colicin killing units per bacterium ( Maeda
and Nomura 1966 ). One killing unit is defined as the minimum mmber
of colicin molecules needed to kill a single bacterium and has been
found to approximate to 100 ( Maeda end Nomura, 1966 ), The degradation
of DNA induced by coliein E, end inhibition of mecremoleculer synthesis
by colicins E2 and ES are strongly influenced by the multiplicity in
contrast their killing effect which is single hit ( Iuria, 1970 ).
Colicins E; and K however have a reasonable correlation between their
killing effect and interference with membrane sssociated energy

production ( Iuris, 1970 ).

The effects of colicin which result in cell death are specific
end not the result of genmeral cell dsmage, It was shown ( Nomura,
1963 ) that colicin K did not cause any leakage of phosphate or Beta
galactosidase from sensitive cells at multiplicities up to 50 killing
units per cell, In addition phage infection and multiplication was not
significantly affected at low colicin E2~multiplicities. This demon=
strates that despite the colicin induced host chromosemel DNA degradation,
most of the nommal cellular synthetic processes remain intact. The
trypsin recovery results with colicin K ( Nomura end Neksmura, 1962 )
also indicate no permanent cell damage, Coliecin Ez differs however
because of the irreversible degradaticn of the chromosame end trypsin
recovery only works efficiently in the presence of metabolic inhibitors
that prevent the DNA breakdown.
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Colicin 22 at low multiplicities specifically induces
degradation of the chromosamal DNA, Fhage DNA is relatively insen-
sitive to colicin induced nuclease attack ( Nomura, 1963 ). Other
biochemical effects for example (i) stimulation of genetic recame
bination ( Nemura, 1967, (ii) induction of lambdapphage ( Endo et al,,
1963 ), (1i1) slow inhibition of DNA synthesis in contrast with the
rapid inhibition by UV irradiation ( Clark et al., 1966 ) and
(iv) inhibition of cell division ( Holland, 1968 ) are probahly direct
consequences of coliecin By induced DNA degradation, In contrast to
the work of Smards and Taubeneck ( 1968 ) with L-farms, Nomura and
Maeda ( 1965 ) and Smnarda ( 1965 ) found that although E, coli sphero-
plasts adsorbed coliecin E2 the sensitivity wes reduced, This was
probably due to the pertial protection of bacteris irom colicin attack
by high ommotic pressure reported by Beppu and Arima ( 1967 ).

At higher multiplicities of oclicéin “p protein and RNA
~syntheses are inhibited ( Nemura, 1967 ) and ribosomal RNA degraded
( Nose et _al., 1966; Nose and Mizuno, 1968 ). There is no activation

of phospholipese activity by colicin E, in contrast to colicins K, H,

2
Q 4, E; and By ( Caverd gt al., 1968 ) and no change in 1ipid can=

position of the membrane ( Nose =2t g.,ﬁ 1970 ). At excessively high
multiplicities Fersiel ( 1965 ) found that respiration is inhibited.

" Coliein E2 closely resembles colicin E, in chemical composition,

3
molecular weight and adsorption properties ( Herschman and Helinski, 1967.a )
however their biochemical effects are vex;y different sm colicin E,
specifically alters a protein in the 238 core of the 30S ribosomal sub-
unit and thereby inhibits protein synthesis ( Konisky and Nomurs, 1967 ).
There is no DNA ar ENA degradation, Other colicins have not been

investigated in as much detail except Ia and Ib which arpear to act

similarly to colicins El end K ( Ievisohn et al.. 1968 )o Colicin P

will inducelambdaphage but there is no detectable DNA degradation

( Hemon and Peron, 1965 ).
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Preliminary investigations by Nomura ( 1963 and 1964 )

have shown that colicin E, is not a miclease and does not initiate

the synthesis of a muclease. In contrast megacin C also induces DNA
degradation but appears to need protein synthesis for this to ocour

( Holland, 1967.b ). Genetic evidence ( Threlfall and Holland, 1968 )
suggests that ooliéin E, may use a miclease system similar to that
involved in repair of UV damaged DNA and recambination, Coliein ]s‘.2
was therefore an ideal candidate for investigating control of mucleic
u;oid metabolism in E, coli and the mechaniem of action of colicins in
30::0111.‘

(e) Ihe Nature of the Problem
Many questions arise from the biochemical effects of colicin

Ep and are listed below;

(1) How does colicin E, specifically initiate miclease attack by
supposedly acting on the outer surface of the plasma membrane?

(2) Since there is no new ruclease synthesised, are the nmucleases which
are normally present in the cell activated by coliein E, or decontrolled
by colicin interference with the "membrane circuits" which normally only
dM_ restricted Mouo activity under certain circumstances in
replication, repair, recombination ete?

(3) What mucleases are involved in this attack on chromosomal DNA end
why is phage DNA relatively insensitive?

(4) If the nucleases are not decontrolled or activated, is the phynidal
state of the DA altered in any way such as local distortion, de-
naturation or a change in the association of DNA with membrane at the

replicatiori site?
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In sddition to these questions it is possible to propose
conflicting theories of colicin action, All present thearies assume
non=penetration of the inner bacteriel membrane, It could be that
only one colicin molecule in a hundred gets through, interacts directly
with its biochemical target and relies on the other coliein molecules
bound to the outer surface of the membrane for some initial effect.
‘This would still be consistent with the reversibility of coliein action
by treatment of colicin incubated bacteria with trypsin and the location
of radicactively labelled colicin in the cell envelope ( Maeda and

Nomura, 1966 ), Also since colicin E, has only one primary biochemicel

2
target ( the bacterial chramosome ) there is no apparent problem in
explaining the “"amplification effect" of coliein action, However
direct interaction of colicin E, with its miltiple biochemical targets

( the riboscmes ) is difficult to envisage using this penetration theory.

Colicin eould also be regarded as a two component system, in
which a large carrier molecule attaches itself to the surface of the
bacterial cytoplasmic membrane enabling a small lethal component to
penetrate into the cell, or as a defective membrane protein which is
incorporated into the cytoplasmic membrane disrupting the associated
cellular control mechanisms, Althongh these theories are becoming
less likely, they were still worthy of investigation, Nomura's initial
experiments on in vitro action of coliecin i&re very preliminary and
further investigation was needed to establish whether colicin E, directly

interacts with DNA in any way.

This thesis describes attempts to answer scme of these

questions on the biochemical effects of colicin E, and investigations
designed to eliminate some of the pessible conflicting theories of

colicin action, In the last few months reports have shown that

doe
colicin E, s not activate any knowmn nucleases in vive but does

initiste attack of DNA using en endomiclease ( Obinata and Misuno, 1970 )
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also that there are detectable changes in the bacterial membrane

which are irreversible and occur after 5 min incubation of

sensitive bacteria with colicin E, ( Nose et sl., 1970 ).




GENERAL METHODS

(a) BACTFRIAL STRAINS
The becterial strain routinely used for production of

colicin E, was Escherichia coli K12 TR2 which received colicinogenic
fector E, from Shigella P9 anl was donated by Frofessor P, Frederica.
The sensitive strain routinely used was E. coli K12 ROW Str” Met™
Stock No, CL 142 which was donated by Professor G. Meynell,

For the purposes of cross-characterisation of colicinogenic ‘
strains the following bacteria were used ( see Ch, 1 ); \

 Stoek No. Description
(1) Colicinogenic strains
4388 col'E, E, coli ML
CL125 col’E, E, coli Cak2 ( equivalent to col F )
cLizy cm1"E3 E, coli CA38
cI1sl col'k E, coli 235
CL223 col*Ia-CA53 in strain CL142
CcL232 col’Ib-F9 in strein CL142
(41) Sepsitive strains
CL145 E,_coli ROW/E resistant to E group of
colicins
CL147 . E, coli IiOW/I resistant to I group of
. colicins
CL18 E, gold strein ¢ ( Gratia 1925 )

All were donated by Professor G, Meynell, E, coli CL125 .
produced colicin E,=CA42 ( Reeves 1963; Reynolds and Reeves 1963;
Nomura 1967 ) which differed in chemical composition from colicin
E,~F9 mutimiy used in the following work ( Hershman end Helinski

1967 ).




E. coli K12 1000 and its endoruclease I mutant strain

1100 were donated by Professpr H. Hoffmann=Berling and were used
in Ch, 2, E._coli K12 uvr' AB1157 and E, coli K12 uvr AB1885 were

donated by Professor P, Howard-Flanders and were also used in Ch, 2.

EZ, coli B, phage T4 and Micrococcus lysodiekticus were from

the laboratory culture collection,

(b) MEDIA

(i) The synthetic medium M9 described by Anderson ( 1946 ) was used
for growth of all E, coli K12 strains and contained 50 mM Ne, HF "L,
20 mM I\HACI, 20 mM KHZPOA.’ 20 mM glucose, C.1 md MgB80, , 10 ui Fe(:l3

and 3g casamino acids ( Difco ) per 1, The stardard indicator strain
E, coli ROW was also grown in the presence of 200 ug streptomycin per ml,

and where indicated 1 mM methionine instead of casamino acids.

(i1) For production of T4 phage using E, coli B as host the following
medium was used ( adapted fram Thomas and Abelson, 1966 ); 100 mif
Tris~HC1 pH 7.4, 10 M NaCl 1 mM MgS0,, 0.6k pMf KH,FO,, 0.2 mM CeCl,,

5 uM IﬂeCl}, 20 mM glucose, 1 mM tryptophan and 2g caseminoacids ( Difco )

per 1.

(i1i) Growth medium for },lysodiekticus was 5% ( w/v ) Difco peptone,

0.1% ( w/v ) yeast extract and 0,5% ( w/v ) NaCl adjusted to pH 7.5

with NaCOH,

(e) GRCWTH OF BACTFRIA
Stock cultures of E, ecoll K12 were maintained by subculturing

on Dorset Egg slopes each month and stored at room temperature,
Cultures used less frequently were lyophilised and used when needed.
The 2 strains used routinely ( TR2 and CL142 ) were maintained by daily
subculturing into M9 liquid medium, All bacteria were grown under
aerobic conditions at 37° and culture density was estimated by

absorbance at 600 mm, measured in a Unicam SP-500 spectrophotcmeter,
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The approximate relationship was established for E, coli K12

(Dgoo Of 2.0 = 1 mg dry weight cells per ml = cell density 10°

bacteria per ml,




MATERIALS

(1) Enzymes
Creatine phosphokinase ( 180 units/mg ) Boehringer

Deoxyriboruclease I ( RNese free; 2200

unitn/ing)
VWorthingten
Io'aozyme ( egg white ) Armour Fharmaceuticals
Fronase ( grade B ) Calbiochem
Ribormclease A ( 3560 units/mg ) Warthington
Ribonuclease T, ( grade III ) Sigua |
RNA polymerase ( 2000 units/mg ) Biopolymers ( gift )
Trypsin ( pencreatic ) B.D,H,
| Yeast Invertase Dr, D. Kidby ( gift )
!
; (11) Proteins
Bovine serum albumin ( fraction V ) Armour Pharmaceuticels
Ovalbumin ' Sigma
‘ (1i1) Antimiorobial agents
! Acriflavin Dr, M,J. Varing ( gift )
5 Actinomyein D ~ Mercke & Co, ( gift )
5 Chloramphenicol Farke, Davis & Co,
;‘ Dsunomycin Dr. M.J, Varing ( gift )
Ethiduim Bromide | "
Mitomyoin C Signa
Nisin ~ Dr. L. Ingram ( gift )
Nogalamycin Dr, M.J. Varing ( gift )
Novobioein ' UpJjohn
2-Fhenethyl alcohol Kocﬁ-mght
Fhleomyecin ( Lot Ne. 64 L 1238 ) Bristol Laboratories
Folymixin Pfiger

Streptomyein sulphate Glaxo




(iv) Rediochemicals

(°H) disminopimelic acid

(1LC) guenosine triphosphate
() phenylalanine

(methyl="H) thymine end th&midine
(2+24C) thymidine

(5~3H) uridine

(1‘*0) valine
(v) Other chemicals

5-EBromouracil

Caesium Chloride

Caesiun Sulphate
Calf thymus DNA
Creatine phosrhate
Hydroxylapatite ( Eiogel HTP )
Mercaptoethanol

 Mucleotide triphosphates
Polyuridylic acid ( 2,2 ymol /mg )
Sarkesyl NL ( 35% )

Sephadex G2OO

Carboxymethyl ( CM«C50 )
Diethylaminoethyl ( DEAE=A50 )

All other chemicals were AnalasR grade,
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Radiochemical Centre
imershem

"

Cibe
Signa

B.D.H,

Fisons
Harshaw

B.D.H,

Sigma
Boehringer

Bio Rad ( Calbiochem )
Kodak

Sigma
Boehringer
Gelgy ( gift )
Pharmacia

L
L
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EXPERIMENTAL RESULTS DISCUSSION

The experimental section is divided into 6 chapters;
each chapter has its own methods and results sections and chapters
3«6 have separate discussion sections, Owing to the diversity of
experimental procedures and techniques used a certain amount of
discussion is also ipcluded in the results sections. Specifie
introductions are given at the beginning of chapters 3-6 in order
to give a more detailed account of previocusly published work
relevant to the particular chapter and the reasoning behind the
experimental approach, The results from all the chapters are

correlated in CONCLUSIONS.
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PIATE 1 i CHAFTER 1

Characterisation of col' strains by the zone method,

Purification and Characterisation of coliein E2-P9

Colicinogenic strains were stabbed on to nutrient agar plates

and incubated for 48h . The plates were them chloroformed and In order to eliminate artefacts due to impure colicin
the indicator strain added in liquid agar using the double layer )

preparations whilst investigating the biochemical effects of coliein
technique. The photographs were taken after a further 24h incub.

, Ez in vivo and more especially ip vitro, it was necessary to purify

and characterise the E, protein,

METHODS 1

(a) Cross cheracterisation of golicinogenic strains
.The methods used for detecting and characterising the

biologicel activity of colicins are essentially the same as those

described by Fredericq ( 1957 ).

(1) Zone method
Colicinogenic strains were stabbed on to 2% ( w/v ) nutrient

ager ( Difco ) plates ( in glass petri dishes ) amd incubated for 48h

| at 37°. The plates were then inverted over chloroform to kill the
(a) Col*strains TR2(E2), CL124(E3), CL131(K) : bacteria, After removal of the chloroform, the plates were overlayered

Indicator strain CL142 (ROW) &
with 4 ml liquid agar ( 0,7% ( w/v ) and at 47 ) containing an

7 bacteria per

indicator strain in late exponential phase at approx. 10
ml, Incubation was contimued for a further 2h at 37°, Inhibition
zones suﬁouxﬁ:’mg the original colicinogenic colonies were observed on
the resulting confluent growth ( Flates 1i(a) and (b) ). The sizes
of the zones caused by the diffusion of different colicins are shown
in Table 1i using various indicator strains to characterise particular

colicins, Colieins E,, E; and K produced the largest zones, with

3
colicins Ia and Ib scmetimes being hardly detectable, Colicin E,=F9
was characterised as an E group colicin by the resistance of indicator

strain ROW/E and as E

+ o Ty
o by the resistance of E, coli col .,_2-%2‘}2.

(b) Col® strains TR2(E2) & CL124(E3); Indicator strain CL18(#)




PIATE 1 ii

Characterisation of col® strains by the streak method.

A colicinogenic strain was streaked across a nutrient agar
plate and incubated for 48h . The growth was scraped off and the
plate chloroformed. The indicator strains were streaked across

and photographs taken after a further 24h incubation.

(a) Col*strain TR2(E2); Indicator strains CL142(ROW), TR2(E2),
M388(E1), CL145(ROW/E) and CL18(¢#).

(b) Col*strain CL124(E3); Indicator strains CL142(ROW),
CL145(ROW/E) and TR2(E2).

The other colicinogenic strains were all sensitive to colicin E2
and each colicin had its own particular resistance pattern with

respect to the indicator strains ( Teble 1i ),

(i1) Streak method

A colicinogenic strain was streaked across a nutrient ager
plate and incubated for 48h at 37°. The growth was scraped off and
the plate sterilized with chloroform vapour for 30 min, The indicator
strains were streaked across the original streak and incubation con=
tinued for a further 24h, VWhen the indicator strain was sensitive to
the particular colicin, inhibition of growth occurred where the
indicator streak crossed over the colicin diffusion band ( Plate 1ii ).
This method was only applicable to the very active colicinogenic strains

( By, By Ey and K ) and not colicins Ia and Ib ( see Table 1i ).

(b) Method of coliein bicessay ( Nemura, 1964 )

(i) A chloroform treated colicinogenic cell supernatant fluid or

colicin preperation was serially diluted in sterile 10 mM phosphate
buffer pH 7.0 containing 1 mg bovine serun albumin per ml ( to prevent
denaturation of the colicin ). The colicin dilutions were spotted

( by use of a loop ) onté a mutrient agar plate whiqh had 'been previously
freshly overlayered with 4 ml liquid agar containing 200 ng streptomyein
per ml and the indicator strain E, coli ROW in late exponential phase at
107 bacteria per ml. The plates were incubsted for 16h at 37°. The
colicin titre was taken as the reciprocal of the highest dilution giving
minimal inhibition of growth of the irxdi;:ator strain, The zones of
growth inhibition resulting frem the plating of serial dilutions of a
preparation containing 10 ng purified colicin E2 j:er ml are shown in
Flate 1iii, The numbers indicate the negative logarithms of the serial
dilutions, hence the colicin preparation had a specific activity of

approx, 106 units per mg protein,




Cross characterisation of colicinogenic strains

COLICINOGENIC STRAINS

INDICATOR STRATINS
cru2 ( ROW )
cLws ( ROW/E )
cras? ( ROW/I )
u388 ( COL.E1 )
™2 ( COL. E,~F9 )
c1125 ( COL,E,~CA2 )
cr12y ( COL.E3 )
¢1131 ( COL.K )
cr223 ( COL.Ia )

crz32 ( COL.Ib )

M388 TR2

El E2
4 bt
At
- b
+ -
+ -
- +
4 44
4+ 444
++ bt

CLl2, CI131 CL223 CL232

E3

s

et

et

bt

bt

Ees

PR

b

K Ia Ib
ot + 4
- + 4
4kt - -
b + 4
s - -
b - -
e
-
e - +
et - -

SIZE OF INHIBITION ZONE

(+) Less than 5 mm,

(++) Between 5 and 10 mm,

(+4+) Creater than 20 mm,




PIATE 1 iii

Bicassay of colicin E2

A solution containing 10ug colicin E2 per ml was
serially diluted in 10mM phosphate buffer pi 7.0 containing
img bovine serum albumin per ml. The diluted samples were
spotted on to a nutrient agar plate previously seeded
with E.coli ROW ( using the double layer technique) by
means of a loop. The numbers on the plate are the negative
logarithms of the dilutions. The photograph wvas taken after
16h incubation at 37° .
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The activity of the crude culture supernatant of an E
group colicinogenic strain Lh after induction was usually between

4 5

10" and 10” units per ml ( see Table 1ii ), colicin E, tending to be

3
more active than colicin E2‘ Some of the E group colicinogenic
streins used ( TR2 and CLl2, ) have been reported to harbour the

I Col, factor ( Nomura, 1967 ), but this was not induced by mitomyein
( Iijima, 1962 ) as demonstrated by the absence of inhibition zones
when using strain ROW/E as indicator and undiluted induced culture
supernatent from strains TR2 and CL124, Further tests also showed

the absence of significant levels of other antibacterial agents and

phage,

A more convenient method for assaying column or gmdimt
fractions for ecolicin activity was to spot each fraction on to a
previously seeded agar plate as described above and simply to measure
the diameter of the growth inhibition zone after 16h incubation using
a Nikon stereoscopic microscope ( Model SM5 ) with mm squared graph

peper below the sgar plate ( see Fig. 1iii ).

(_ii) A more accurate but tedious method of assay involved incubation
of washed cells of the indicator strain with various colicin concen=
trations and estimation of the percentage of bacteria killed. The

amount of colicin giving 37% survival corresponded to a multiplicity

of one killing unit of colicin per sensitive cell used, The specific
1

activity of pure coliecin E2 was 1013-10 killing units per mg protein,

The indicator strain was grown to a cell density of 3 x 108

bacteria per ml, harvested, washed and resuspended in M9 medium at a
density of 1-3 X 108 bacteria per ml with various dilutions of colicin,
The treated and control bacteria were incubated for 20 min at 37° and
the number of survivors estimated by plating out suitable dilutions in
sterile saline ( 0.85% ( w/v ) NeCl ) on to mutrient agar. The
survival curve shown in Fig, 211 was obtained using this method end its

implications will be discussed later.
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(e) Quantitative determination of macromolecules
Protein was estimated using the method of Lowry et al.,

( 1951 ) and bovine serum albumin as standard, DNA was estimated
using the diphenylamine method of Burton ( 1956 ) and calf thymus DNA
as standard, RNA was estimated using the orcinol method of lMeijbaum
( 1939 ) end ribose as standard, Carbohydrate was estimated using
the anthrone method of Trevelyan and Harrison ( 1952 ) and glucose as
stendard, Nucleic acid phosphate and free phosphate were determined
by the method of Fiske and Subbarow ( 1925 ).

(@) Ultracentrifugal Analysis
Sedimentation velocity analysis was performed in a Beckman=

Spinco model E ultracentrifuge equirped with schlieren optics, at 20°
using one standard cell and one 1° wedge window cell to displace the
schlieren image of one cell, The schlieren images were photographicelly
recarded at intervals during centrifugation and the distence moved by the
peak determined from the photographic plate using a Nikon profile
projecter ( model 6C ),

(e) Dolysorylemide gel electrophoresis

| Electrophoresis was carried out using the horizental bleck
mcth§d( Ormstein, 1964 ) at pH 8.6 with a 7% ( w/v ) gel owing to the
large molecular weights of colicins E2 and Ej. The gel was prepeared
by mixing 200 ml 7% ( w/v ) eysnogum EDH 41 ( 95% serylamide and 5%
ethylene bisacrylsmide ) in 0,1 M tris-citrate buffer pH 8,6 with 1 ml
2-dimethyl amino ethyl cyanide and 1 ml freshly prepared 10% ( w/v )
ammonium persulrhate, The mixture was poured into a perspex former
( volume 60 ml ) end 30 min was allowed for polymerisation, A dis~
continuous buffer system was used with 0,1 M borate buffer pH 8.6 in
the electrode tenks and tris-citrate buffer in the gel. Electrophoresis

of 20 pl semples was cerried out at l+° for 4h using a current density
of 2,8 m/mz.
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When it was necessary to carry out elecmphoresi‘s in the
presence of 8 M urea, thegelwb.- prepared in the normal way and then
allowed to equilibrate overnight with a solution of 8 M urea in tris-
citrate buffer since polymerisation in the presence of urea inhibits

eross link formation,

After electrophoresis the mum were stained with a 1%
( w/v ) solution of amido<black in a water:methanol:glycerol:acetic
acid ( 50:50:20:1 ) mixture for 10«15 min and excess stain removed by
washing with 1% ( v/v ) acetic acid,

For dise electrophoresis potassium ferricyenide ( 5 mM )
was used to retard gel polymerisation and the 6% gel mixture
( Herschman and Helinski, 1967,2 ) was deaerated before addition of
the initiator mmnim/fffphate. A 0,1 ml protein sample was intro-
duced at the top of the gel rod ( cathode end ) in a 10% ( w/v )
solution of sucrose conteining a bromophenol blue marker, Electro-

phoresis was for 2-3h at 20° using a potential difference of 200V,

(£) UV _spectroscopy
A The UV spectra of column fractions were determined using the

Car-y 15 automatic recording spectrophotometer at 20° using 1 em
quartz cells that were "multipotted" against water blanks,

(g) Gel filtration
This method was used in the dotemimtion of the molecular

weight of colicin E,,  4g G200 sephadex ( Pharmacia ) was swollen in
50 mM tris-HC1 buffer pH 7.5 containing 100 mM KC1 ( Andrews, 1964 and
1965 ) for 3 deys with contimous stirring. On each successive day
the gel suspension was boiled for lh, Fines were removed by decen-
tation five times with the loss of about one third of the original dry
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weight of sephadex, The gel suspension was slowly dripped into a
2 x 40 cm chromatography column filled with buffer end the sephadex
particles allowed to sediment on top of a layer of G25 sephadex
followed by ballotini beads over the glass sinter at the column basze,
These secondery layers were necessary to prevent column blockage by
the small G200 sephadex particles. Vhen the sephadex column was
approx. 30 am high, a glass fibre filter disc was floated onto the
top of the bed to avoid disturbance of the sephadex particles during
addition of the sample, The packing procedure was performed under |
|
|

conditions of minimum pressure at 4° and the flow rate was 10 ml/h
during particle sedimentation. The column was used after allowing ‘
it to settle for 48h, The maximum flow rate was 30 ml/h but this was J
restricted to 10 ml/h by means of a peristaltic pump ( IKB Instruments |
Itd,, ) in order to decrease the band width of eluted samples, UV
absorbing material was eluted through the column and 1 ml fractions
collected efter passing through a Uvicord ( IKB Instruments Itd., )
recording spectrameter ( operating at 254 nm ), The eluant volume of
a particular sample was taken as the volume of buffer eluted from the

column between addition of the sample end the appearance of‘the peak

l
maximum obtained on the UV tracing or by biocassay in the case of [
coliein, The column void volume ( V, ) was found to be 31 ml using

|

blue dextran 2000 and the total column volume ( A ) was 89 ml using
g [

the peptide antibiotic polymixin, I
. I

=
w1+
o
e

(h) Isolation of colicinogenic factor E,

2 | |

= The procedure was sdapted from the method due to Bazaral ||‘

and Helinski ( 1968 ). ‘ }1

4 _' Exponentially growing cells of E, coli eol* E2 ( strain TR2 ) f
were harvested, washed and resuspended in 20 ml of fresh M9 medium |

containing 10 pci ( mothyl-3ﬂ ) thymine ( specific activity 1 Ci/mmol ) ]}
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per ml and 200 g deoxyadenosine per ml, at a cell density of

2 x 10° bacteria per ml, The culture was incubated at 37° under
aserobic conditions for 2«3 gereration times. The cells were harvested
by centrifugation, washed with NET buffer * at 4° and resuspended in

1.5 ml NET buffer containing 25% ( w/v ) sucrose and 1 mg lysozyme per
ml, The celi resuspension was incubated for a further 10 min at 57‘_D
followed by addition of 0.5 ml 2% ( w/v ) sarkosyl detergent to canﬁleta
cell lysis.‘ A further 1 ml NET buffer was added and the viscous lysate
sheared by repeatedly drawing through a 1 ml pipette followed by short
vortex mixing.

2 ml sheared lysate was mixed with 13,1g CsCl, 7.6 ml water
and 4,0 ml fresh ethidium bromide solution ( 1 mg/ml in 0,1 M phosphate
buffer pH 7.0 ). Two 8 ml aliquots were transferred to two 13 ml
polyallomer centrifuge tubes end overlayered with sufficient liquid
paraffin to fill the tubes, Samples were centrifuged in a Ti=50
fixed angle rotor at 20° for Lih at 44,000 rev/min using a Beckmen
Spinco model L2 ultracentrifuge. After centrifugation 0,15 ml
fractions were collected by carefully inserting a long canular needle
down through the liquid peraffin liyer to the tube bottom and pumping
ouf the tube contents using =n IKB peristeltic pump operating at 80
ml/h.‘ Fraction collection by piercing the tube was found extremely
diffieult with po]&allcmer tubes also CsCl solutions were found to flow
out too fut to count the drops, This last method was therefore not

attempted.

(1) Optical Rotatory Dispersion

ORD measurements were made using a Bendix-Ericsson Folammatic
62 Recording Spectropolarimeter, The conditions are described in

Methodl 3.

* NET buffer ( Smith and Hanawalt, 1967 ) conmtains 10 mM tris-HC1

pH 8, 10 mM EDTA ad 100 mM NaCl,
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Induction of colicinogenic E.coli

RESULTS 1

(a) Induction and purification of colicin Ey~F9

Production of ecoliein E,, like prophage, can be induced
with certain agents active on DNA metabolimm ( see General Introduction
end Fig, 1i ). The methods used for the purification of celicin E,
fall into three distinct catagories, The first, used by Fredericq
( 1957 ) and Holland ( 1968 ), relies on the release of colicins from
the colicinogenic bacteria into the medium after approx. 4=6h
incubation under serobic conditions at 37°. The dying cells are
removed by centrifugaticn and colicin purified fram the supernatant
fluid, This method suffers from the disadvanteges that the volumes
involved for large scale production are inconvenient for ammonium
sulphate precipitation and that after 4=6h incubation of cclieinogenic
cells after induction, cell lysis frequently occurs thus contaminating

the supernmatant protein,

The second method was developed by Herschmen and Helinski
( 1967.2 ) and was used in an adapted form in this work, This involves
incubation of the induced colicinogenic bacteria for spprox. 2h under
anaercbic conditions and salt extraction of the coliein from the outer
surface of the cell wall after harvesting, Herschman and Helinski
( 1967.2 ) found that under anaercbic conditions colicin E, synthesis
was unaffected but bacterial growth was inhibited, Therefare the
initial specific activity of colicin is not reduced by excessive con=
tinued synthesis of other cell proteins. = Also by using short post=
induction incubation times, most of the colicin activity ( 90% ) remains
atfached to the cell surface and can be convenieﬁtly extracted for
ammonium sulphate precipitation by using molar salt solutions after
harvesting the cells by centrifugation, In the studies described

below ( see Teble 1ii ) approx., 70-80% colicin activity remained

associated with the cells after 2h incubation,
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‘The third method was developed largely for use on very
small scele colicin mroduction ( Herschmen and Helinski, 1967.b )
for example in the preparation of radicactively labelled cclicins E2
and Eq ( Maeda and Nomura, 1966 ). This siv)ly involves EDTA=-
lysosyne-SDS lysis of the induced cells after 2-3h incubation and

hydroxylapatite chromatography of the lysate.

The extraction and purification of clicin E2 used in this
work involved the second extraction method described above and a
combination of the purification methods of Holland ( 1968 ) and
Herschmaen and Felinski ( 1967.a2 ), see Fig 1ii, All operations
except the post-induction incubation were performed at O=4° and are

described below,

Mitomyein C ( final corcentration 0.4 pg/ml ) was added to
an exponentially growing culture of the colicinogenic strain TR2
( eo1* E, ) when the cell density was 4 x 108 bacteria per ml ard the
incubation contimed for a further 2h at 37°. The bacteria were
harvested by centrifugation and the colicin was extracted by resus-

1 becteria per ml in

pending the cells st a density of 5 x 10 - 10*
10 mM phosphate buffer pH 7.0 containing 1 M NaCl and blending at low
speed for 15-20 min in a MSE microblendor ( using the 80 ml flask
attachment ), This Irooedm was repeated twice. The saline washings

were combined and precipitated routinely with amonium sulphate at

4L0% saturation,




32

The yields and distribution of activities on emmonium |
sulphate fractionation are shown in Table 1lii, 60-80% of the ‘
total activity appeared in the first two fractions,

The precipitate was ‘ral'uupendnd in 10 mM phosphate buffer
pH 7.0 and dialyud overnight against the phosphate buffer. The
protein solution was then centrifuged at 48,000g for 15 min to remove
a fine #coipitute that formed during dialysis, This was followed by
mixing with pre-equilibrated DEAE sephedex at 4° for 30 min in standard
phosphate buffer so as to remove the more acidic p:'oh:lin and mucleic
acids ( see 0D280/260 ratio in Table 1ii ), Colicin was not adsorbed

under these conditions and arpeared in the filtrate after filtering
the DEAE sephadex suspension through a filterpad in a Buchner funnel, |
The DEAE sephadex was prepared by first allowing it to swell in
distilled water and then washing with 0,5 N NaOH on a Buchner funnel
until free of chloride, JXxcess NaOH was removed by rinsing with
distilled water and the DEAE sephadex allowed to equilibrate in excess
standerd phosphate buffer until pH 7.0 was attained, The equilibration
procedure tobk 3-l, days using le2g DEAE sephadex ( approx, emount for

51 original oculture ). Inadequate preparation of the DEAE sephadex
did not remove ebntunizntim 260 rm sbsarbing material and sometimes
reduced the specific activity of the colicin,

 After alalysis end centrifugation, the DEAE sephadex filtrate
was reduced in volume using Carbowax 20M ( approx, 2h ). This had
adventages over veoum distillation in thet it was performed at 0°
and caused less protein denaturation, The concentrated preparation
( approx. 10 ml ) wes further dialysised against 0.05 M phosphate
buffer pH 6,0 and then applied to a CM-sephadex column ( 2 x 10 - 15 em ),
equilibrated with the ssme buffer. The column was eluted with an
increasing pH gradient formed by mixing equal volumes ( 2 x 100 = 150
ml ) of 0,05 M phosphate buffer pH 6,0 and 0,05 ¥ xpr0, ( pH 8.8 ).
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CM SEPHADEX ELUTION PROFILE

FIG., 1 iii

After treatment oif the dialysed saline cell extract-
trom stirain TR2 with ammonium sulphate and DFAE sephadex, the
protein solution was concentrated with carbowax and appliéd to a
CM sephadex co;umn. The proteins were eluted by an increasing
pH gradient formed by mixing 0.052 phosphate buffer pH 6.0 and
0.05M KQHPO4. The column ffactions were tested for growth
inhibitory actiVity ( see PIATE 1 iv ) and the inhibitory zone

size plotted. The OD of the fractiouns is also plotted.

280

PIATE 1 iv

Bioassay of CM Sephadex column fractions

The fraction numbers correspond to those in FIG, 1 iii

and the inhibition zone diameters are plotted in FIG,

1 iii.
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11 Colicin activity was detected as described in Methods 1 and Fig. |

1iii and was eluted at a pH value of 6,80 ( see Hersciman and
Turification table for eolicin 32—19

Helinski, 1967.a )e |

CM sephadex ( approx. 1 g ) was prepared similarly to

Volume Total Protein Specifie Yie_;ld ODBBO— | & DEAE sephadex except that after swelling in distilled water the ion \

g 26
(mls) %ﬁg‘)‘y (mg) ﬁiﬁzg) £ exchanger was treated with 0,5 N HC1 and equilibrated for 3 days with
x 1077 x 1072 changes of 0,05 M phosphate buffer pH 6,0, |
: ' \
Induced o The results of the purification procedure are shown in |
Culture Supn. 5000 4,0 230 10‘7 ke ! R ‘
i Table 1ii, The protein associated with the colicin activity peak ‘
Cells * 11.8 1550 C.76 100 | on CM sephadex was characterised by the methods described in the |
Saline Extract 45 102 ': following section. A 16,5 fold purification wes achieved with |
rac , :
3}2 % respect to the total cell mrotein and the yield was 25%  The specific
6 0.6 1
total 110 6.6 181 3.7 3 ,3 i activity of colicin preparations was of the order of 106 units per mg |
_ Y ,
sz i protein,
sulphate ptt. | i |
0=20 4 1.2 18 6.7 3 Further purification and characterisation was attempted ‘
Mg f:g gt g i}, | 3 using hydroxylapatite columns ( Maeda and Nomura, 1966; Holland, 1968 ).
“()‘6 ™ b |
60=80 25 0.01 5 0.2 Commercially prepared hydroxylapatite was mixed as a slurry with ’
: successive changes of 10 mM phosphate buffer for 2 days. The slurry U
centrifugation 5 . ‘ was allowed to gently sediment in a chromatographic column filled with 1\‘
Sephadex 105 4.2 52 8.0 36 1.36 g phosphate buffer, The column ( 2 x 8 em ) was then eluted with 2
DEAE SephadeX ® ’

_ column volumes of phosphate buffer and the colicin sample applied
r 60 0 21‘. 12.50 25 l'li'ﬁ - ) ‘
CM Sephadex 3s immediatdy, Hydroxylapatite columns were slow ruming if allowed ‘
8 1.46 y to stand for more than 1 day before use. Removal of fines and ‘

HO-Apatite €5 0.9 13 7.0 H ‘ |
column packing under low pressure wes essential, Cellite(diatomaceous ;
a. Values derived fron cell lysate aliquot. | carth ) was mixed with hydroxylspatite initislly to increase the
b. Ammonium sulphate fractions 0-20 end 20-L0% satn. ‘: | |
" were combined, dlalysed and centrifuged. eluant flow but considerable colicin inactivation resulted, Frotein Il

11 sate.
e. 16,5 fold purification with respect to cell 1y was eluted from the column using a linear gradient of 0,01 M to w‘ |
: \
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FIG, 1 iv
Hydroxylapatite elution profile of colicin E2 and E3

The ammonium sulpbate precipitates of saline extracts frpm
stirains TR2 aud CL124 were dialysed, concentrated and applied
to hydroxylapatite columns. Proteins were eluted by an increasing
phophate gradient formed by mixing 10mM phosphate buffer pH 7.0
with 40UmM phospiate buifer pll 7.0 . The growth inhibitory activitx

vahd 00280 of the fractions were determined.

PFAK . © FPACTION NOS,

A 7 - 14

B 17 - 25

C 44 - 56

I 4 = 9

11 12 - 20

111 34 - 42

1V 47 - 54

0.40 M rhosphate buffer pH 7.0, Colicin activity was eluted at

0,18 M phosphate ( see Holland, 1968 ) as det&cted by the method

of Fiske and Subbarow ( 1925 ), see Fig, 1ii, No further purification
was achieved and the specific activity usually decreased from that
obtained after CM sephadex ion exchange chromatography ( Table 1ii ).

This step was therefore left ocut.

Initial studies showed that if after ammonium sulphate
precipitation and dialysis the colicin preparation was spplied directly
to an hydroxylepatite column ( Fig., liv(a) ) the coliein activity peak

(e) ren in the same position as some 260 mm absorbing material, ( the

280
/ 2

method of Holland ( 1968 ) was similar to this initial method except

colicin peak fraction had an OD o retio of 0,8 = 1,0 ), The

that DEAE cellulose was used prior to hydroxylapetite.

(b) Induction end Purification;colicin EJ-CABB

Coliein E3 was purified for later comparison with colicin
E, ( see Chs, 2 amd 3 ), In contrast to colicin E, production,
Herschman ard Helinski ( 1967.2 ) found that oolicin Ey synthesis was
inhibited by anaerobic conditions and the cells started to lyse 1-2h
after mitomycin induction, The procedure for colicin E2 production
was therefore modified for colicin E3 by incubating the mitamyein
induced cells ( strain CL 12, ) fow only 1 h under sercbic conditions,
The cellé were extracted with M NaCl in 10 mM phosphate buffer pH 7.0
as described for colicin E, and the dialysed aménium sulphate fraction
( 0=40% ) applied directly to a freshly prepared hydroxylapatite
column, The elution procedure was the same as above and the elution

profile is shown in Fig, liv(b), Colicin E, activity was eluted

3
eerlier than E, and corresponded to pesk III ( Fig, liv(b) ), Feak IV

280
=/
’2

however hed a low OD co retio ( 0.5 = 0,7 ) and was in the seme
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FIG. 1 Vv
Absorption spectra of colicin E2 prepérations

Preparation E2(a) is fraction C ( FIG., 1 iv ) after hydroxyl=-
apalite chromatography.

Preparation E2(b) is the colicin activity peak ( fractions
38=50, FIG. 1 iii ) after CM sephadex chromatography.

BSA is bovine serum albumin,




Chemical analysis of eoliein E2-P9 preparations

Frepn. & Frepn. b
Protein © 300 pgd 35058 /al
DNA 0 ° DR
RNA <2 " <2 "
< " )
Cerbohydrate <y " b i

Macromolecules were determined as described in Methods 1,
Prepn. a was fraction C after hydroxylapatite chromatography
( Pig. 1 iv ) and prepn. b wes the colicin activity peak
( fractions 38-54, Fig. 1 1ii ) after DEAE and CM sephadex

chramatography.
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position as the colicin E, peak with respect to the phosphate
gradient, ( Fig, 1ii ). This was probsbly the contaminating
material obtained in colicin E2 rrepared by the hydroxylapatite
procedure, The large amount of other protein shown in Fig, liv

was probebly due to the susceptibility of col* E, cells to lysis

_ 3
after induction, The yield of colicin Ey ( peak III ) from 21

original culture was 11 mg ( protein ).

(e) Characterisation of colicin E~F9

The final colicin preparation after CM sephsdex chrometo-
graphy was shown to be pure by sedimentation analysis end polyasecryl-
amide gel electrophoresis, and characterised by determmination of its
molecular weight, sedimentation velue and < helical content,

(1) Chemical snelysis

Colicin E,~F9 preperations after CM sephadex chromatography
were analysed for the presence of mucleic acid and carbohydrate because
certain methods of purification ( hydroxylapatite ) produced varying
emounts o:f 260 nn absorbing material associated with the colicin EZ-P9
fractions ( see Fig. lv ) and it has been reported that cerbohydrate
1§ a camponent of ¢olicin P ( E,~CAk2 ), ( Reeves, 1963 ), CM sephadex
purified colicin E,~F9 was shown to contain less then 1% nucleic acid
and carbohydrate ( Table 1iii ),

(41) Ultrecentrifugel Analysis

A purified colicin preparation. ( 4 mg protein per ml ) was
centrifuged in 10 mM phosphate buffer pH 7.0 and the schlieren pictures
are shown in Pig. 1 vi. No contaminating peaks were observed and the
colicin peak was symuetricel, The sedimentation coefficient was

determined at concentrations of 2, 4 and 6 mg rrotein/ml armd was found

to be equal to L.2 ¢+ 0,2, There was no observable effect due to
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vie. 1wi Velocity Sedimentation of COLICIN Eg
i | k
|
|

concentration ( see Herschmen and Helinski, 1967.2 ), In order |

to calculate the sedimentation coefficient of a colicin preparation,
the distsnces moved by the schlieren peak from the axis of rotation |
were determined at intervals. The log. of these distances ( em )

wes plotted against time ( Fig, 1 vi ) and the slope of the line |

determined. The sedimentation coefficient ( So0w ) was given by J
‘ j dividing this slope by the square of angular velocity of the rotor |
| - g and multiplying by 2,303 ( Pig, 1 vi ), The value obtained comperes i
F 3 well with that found by Herschman and Helinski ( 1967.a ), i.e. s‘;o' = |

e p—
o —

-i 10-00 :_ 0.1 for om Ezc ‘

As a further test for purity, purified colicin E2 and

1 fraction III of eoliein E; ( Fig. 1 iv(b) ) were electrophoresed
with dialysed saline extracts of the original cultures ( Fig. 1 vii(a) ).

1 | | - , - e 8 - Coliein E; was more electronegative then colicin Eye This result is I
. L |

i | log @ . , .. , consistent with the isocelectric point dete: Shona o o |
| v x = distance of peak from axis of termina Herscl :

i 081t rotation ( “ Helinski ( 1967.2 ). No contaminating mroteins were cbserved even I
BECKMAN E . » when 100 ug colicin E2 was electrophoresed, “ ;“
1‘ 50,000 rev/min il
" 20° temp. il

Limg colicin/ml. a | Attempts were made to demonstrate possible sub-unit structure

of ooiioin E, by electrophoresis of the protein in the presence of 8 ¥
urea, Fretreatment of colicin E, with dithiothreitol ( 10 mM ) amd |

8 M urea was also tried to detect possible S-S bridged subunits as i

a! ¥irne found in the gamma globulins, There was no detectable shift in band
i I T ! position of the treated samples from the control except far a slightly
1 il : J:-/ _ y v . 4
& SZOW= 2302 log X2 = 4 2 ' - increased diffuseness and the investigation was not contirmed,
( z w (tz' 4 )
i . . addit icin E ions subjected to dis
| g : Sedimentation analysis of colicin E2 was carried out-in a " In ion colicin 2 preparat were subjec c

Spiuco model E analytical ultracenrifuge. The sedimentation gel electrophoresis at pH 8.6 in an attempt to cbserve the apparent

I

ik . ‘ ; i 1S hhe angular

| coefficient is given by thg above equation, <O 1is the augular : "isocoliein® phencmencn of colicin Ez deseribed by Herschman and
velocity. ,
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e 1 ovid Helinski ( 1967.a2 ). After electrophoresis colicin activity was

POLYACRYLAMIDE GEL ELECTROPHORESIS
((1) BLOCK ’ 3 mm thick discs cut serially from the halferod on agar plates |

‘+ve - previously seeded with E, coli ROW, The inhibition zones were |
— Ve - . | _':

located by cutting the gel rod into two along its length and placing ‘

measured af'ter incubation of the plates at 37’0 for 16h, The other |

soo ccooom

pumE.z half of the rod was stained end the only protein band coincided with

- the peak of colicin activity ( Fig, 1 vii(b) ). There was however |

8thﬂC’t Ez

no detectable bifurcation of the protein band or activity peak, I
extractE,

eeomeccsne oeosesoon

(iv) Cel filtration |

The moleculer weight of colicin E, was determined using the |

2
|
method of Andrews ( 1964 and 1965 ). A Gpoo Sephadex column was |

pure E5

prepared ( see Methods ) and calibrated with proteins of known mole-

‘ : .1 culer weights ( Pig, 1 viii ). The elution volumes and K velues were
(b) DISC

5 | . 10cm 1 determined as described in Methods and Fig 1 viii and the K values |

' bromophenol : - L
15 . . blue marker ' : molecules of less than 10" molecular weight K was equal to unity, |

plotted against the log, of the molecular weight, For small protein |

0 i.e. the elution vwolume wes equal to the total column volume, The

relationship of K to the log. of moleculer weight was approximately
L 8 _

linear for pmteina of molecular weight fram 2 x 101+ to 105. The

inhig 1b 20 30 digg - 50 _ ' a theoretical moleculer weight of pure protein at which K was zero was
zone b . : =
d?c?m. : 4 106 and for pure polysaccharide 2 x 105. Yeast invertase, which was

gt i

‘ :‘ ' . . believed to have an approximate molecular weight of 3 x 105 ( Lampen,

(a) Samples of crude and purified preparations of colicins

. 1968 ), had an elution volume equal to the void volume ( K = 0 ).
E2 and T3 were electrophoresed for 4h in a discontinuous
This was therefore consistent with the observation that this enzyme

\ buifer system of tris-citrate and borate at pH 8.6 .

‘ “w (b)) A pure preparation of colicin E2 was ' electrophoresed ‘ contained approximately 50% carbohydrate\.

iy ~ i ) . . E i

| for 3h in tue same buffer system as (a). The gel was cut in two,

] one half was stained for protein aud the other half cut into discs Preparations of colicin E2 and oolicin'lij gave elution

i . . - - o
g and colicin activity determined. : volumes of 58 and 59 ml respectively, The variation between duplicate

determinations of all standards and colicins was no more than + 1 ml

with respect to the elution volumes, The molecular weights of the ‘U

two colicins were determined from Fig. 1 viii to be 61,000 + 4,000




FIG. 1 viii

G 200 Sephadex

: \/t"Vo'

10 < ..
Polymixin NlSlﬂ( 7000)
(1200) _
Lysozyme (14000)
Trypsin( 24000)
Ovalbumin(45000)
05t Colicin Eo (61000)
Serum albumin(67000)
0 | Invertase
1l 12 97
3 104 105 10°
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Molecular Weight

Determination of protein molecular weight by Gel Filtration

Proteins of known molecular weight were eluted through a

Gzoo sephadex column and their elution volumes Ve detcrmined.
The constant K was calculated using tne values of 31iml for
the void volume Vo and 89ml for the total volume Vt, and

plotted against the log protein molecular weight,

and 58,000 + 4,000 respectively, This method however assumes that
the proteins ere 100% pure and globulsr, The consistency of these
velues with those obtained by Hershman and Helinski ( 1967.a ) using
the Yphantis short column technique would suggest that this assumption
wes Justified,

Cn a few isclated occesions with different coliein iy
preperations an additional activity peak was observed corresponding
to a protein with a moleculer weight of approx. 180,000, This peak
was small and diffuse compered with the main 60,000 molecular weight
peak and was not consistently reproducible. It could perhaps be
interpreted es colicin o trimer fommation at high concentrations,
however polyserylemide gel electrophoresis did not detect a similar

rhenomenon.,

(v) Optical rotatory dispersion

The helical content of colicin E2 was determined fram its
ORD spectrum ( Ch, 3 and Fig, 3 vi ). Two methods were used ( Fasman,
196% ); the first and most accurate method involvcd measurement of the
"§°“' value by use of the Moffitt equation:

ao]\% . b°.7\éo'
A2- 22 (M2- 2232

(m'), -

( Moffitt and Yeng, 1956 )
&8s b, end 7\0 are constents, (M')) is the reduced mean
residue ro \
tation at wavelength A . bo and A o ore functions of the

h
elical backbone and 8, is a function of envirorment,

3 MRW (¢

(m’ =
2 M2+2) 100 )

MRW is the mean residue weight ( = 11S for most proteins )
n is the refractive index of the solvent at wavelength A
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()9, is the specific rotation and is derived from the

observed rotation ( Fig. 3 ii ) see Ch, 3.

Therefore if ( C)( 7\2-7\3) is plotted against the
reciprocel of ( N2-A2) & straight line should be produced with a

. b
slope equal to: %4 |
Mg ,

Where K= 100 . (np2+2)
3

Moffitt Plot

MRW

N, was teken to be equal to 216 mm ( Fasman, 1963 ) and |

the straight line plot is shown in Fig, 1 ix, The slope was found to |
be B@al to -3.77 and hence be = ‘.108. [l

b, was essumed to be zero for rendom chains and -630 for | |
completely helical chains of I-smino acids using pel -L-glutamic ecid

; (F12.2) es standard ( Fasman, 1963 ); Therefare the cbserved b,
=70 1 value for coliein E, would indicste a helicsl comtent of 17.2%  This

"‘ 3 , may also be interpreted as the excess right handed helix over left

-80 handed helix in the protein,

H | 1 -
il 1 : L 1

3 | 13 15 20 25 | - ' The second simpler nethod involves caloulation of the reduced ||

 mean residue rotation (m’) A at 233 m fram the specific rotation | “‘

(@ )p35 ( see Che 3 ). This method relies on the observatiens that il

e

(m')233 far a 100% helical polypeptide is =12,700° and for a rendom coil I I

OD"

)
n
o
T
Q

l

|
==
o
o

- is -180C°, ( Fasman, 1963 ). A value of -3565° for eoliein E, indicates | il
n . ie. Colicin Eo helical content f B Wbl St a2k

! | o =17 | ] () Isolation and cherseterisation of Col. facter E,

The Col. factcr lias beea snown to be a closed circular duplex

I Deterwination of colicin E2 helical content -
1
I
|

The Moffitt plot was obtained by measuring the degree of specific j ' DINA molecule ( Roth and Helinski, 1967 ) and its isclatien by the il

rotation (O()xcaused by colicin E2 at certain wavelenglhs }\ {from

ethidium bromide ~CsCl technique of Radloff et el., ( 1967 ) provided

- |46 the ORD spectrum ( FTIG. 3 vi ) . K and No are constants (sece

b E"EE text ) b is =630 for a protein of 100% helical content. a convenient method for characterising the strain of E, coli used for
‘. ™ L4 o - :
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colicin E, production and for cbteining a DNA stendard for subsequent |

FIG., 1 X sedimentation studies. fl

| | - A culture of E,_goli TR2 lebelled with ( % )=thymine was M
. Ethidium Br/ CsCl gradient | ﬂ lysed and subjected to iscpyenic centrifugation in CsCl comteining

nh the intercalating drug ethidium bremide, At high concentrations this Il
| ' R drug binds preferentially to non-circulsr DNA duplexes and hence the M‘:\
bouyant density of chramoscmel DNA decreeses by approx. 0.0 g/ml l

l 004 g/L ' ' ( see Radloff et al., 1967 ) relative to circular duplex DNA., The
radioaotivity profile af'ter equilibrium sedimentation in ethidium

bromide ~CsCl is shown in Fig 1 x, There was a distinct satellite (i
peak on the heavy side of the main chramoscmal peak containing 2-3% ;i I
of the total radicactivity, A UV photograph of a centrifuge tube and il
its contents af'ter centrifugation to equilibrium is also shown in \

o 10 Fig, 7 x. The main DNA band fluoresced brightly because of the bound
| .

ethidium bromide, The Col. factor band was t©0 small to be detected.

The pooled satellite DNA fractions were dialysed against NET

Co[. | o | ; _. buffer and analysed by sucrose gradient centrifugation ( Fig. 5 1 ) end
factor CsCl isopycnic centrifugation ( Fig, 5 xiii ). The sedimentation I

observed by Bazaral and Helinski ( 1968 ). The bouyant dcnl:lw was ‘

10

Cis/min 3H

= T e e

] A S eI S

\ | - " value obteined was 25S and this value is approximately equal to that ;‘

the same as that of E, coll chromosomal DNA, |

106 ¥ 20 30 L0
Fraction No.

Isolation of Col, factor F2 DNA
E,coli col p2t (TR2) were ly§cq : \
and centrifuged to equilibrium 1n CSC} coétaining 250ug etﬁ;dlum .‘
bromide perml. Aliquots of thg @ube fract}o?i were cold-aci : m
precip;tated and the radiocactivity determinede.

(SH) thymine labelled cells of
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In vivo activity of colicin E2-P9

After colicin E,~F9 had been purified and cheracterised
physicochemically, its biological activity was imvestigated by
studying its effect on cell viability, micleic acid stability and
macromolecular gynthesis in sensitive strains of E, coli K12 and same
of their nuclease deficient mutants.

An overnight culture of E, coli ROW was diluted one hundred

fold with prewarmed M9 medium and incubated aerobically until the cell
density was 3 x 108 bacteria per ml, These exponentially growing cells
were diluted tenfold with M9 medium containing 200 ng deoxyadenosine per
ml to facilitate thymine uptake, ( Boyce and Setlow, 1962 ) and 5-10
nci ( neth;yl-sﬂ ) thymine per ml ( specific activity 1 Ci/mmol ) to
label cellular DNA,

RNA was labelled by diluting the cells in M9 medium containing
5 pci ( 5-_’H ) uridine per ml ( specific activity 5 Ci/mmol ) and 10 pg
unlabelled uracil per ml,

Incubation was contirued for a further 2-2h until the oell
density was again 3 x 10° beoteria per ml. The labelled bacteria were
then diluted tenfold with prewarmed M9 medium oénta.ining 100 pg un=
lebelled thymine or uracil per ml and colicin E, at the required concen=
tration, Puri_fiod colicin preparations were diluted in the presence
of 1 mg bovine serum albumin per ml to prevent denaturation, The final
dilution was carried out immediately before addition of the labelled
‘bacteris and the final concentration of albumin was 10 pg/ml in the
incubation mediun, o
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Treatment % (3H) counts insoluble efter trestment

3 uridine
(methyle"H) thynine (5+°) uridioe

TME buffer 30 min,
¥ ud

TMK buffer + DNase
%gpg/hl)ﬁminb

TMK buffer + RNase
(10 pg/ml) 15 min,

37°

TMK buffer + trypsin
(10 pg/ml) 15 min, 37°

N NaCH overnight 57°

5% (w/v) TCA 30 min,
90°

93

91

96

97

96
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At intervals after addition of ooliain E2 to the labelled
bacteria, 0.5 or 1 ml aliquots were mixed with an equal volume of
ice cold 10% ( w/v ) TCA.  After 30 min at 4°, the rrecipitates were
collected on 25 mm diameter Oxoid membrene filters ( or glass fibre
filters ) washed twice with 2,5 ml cold 5% ( w/v ) ICA and twice with
5 ml 1% ( .v/v ) scetic acid, The filters were dried at 80-100° for
30 min and the radiocasctivity measured in a Packard Tri~Carb sein-
tillation spectrometer using a toluene base scintillation fluid

containing 4g BBOT per 1.

(b) Identification of labelled materisl ( Cundliffe, 1967.s )

The nature of the label positions in ( methyl-"H ) thymine
and ( 5-°H ) uridine ideally necessitated incorparation of label into
specific macramolecules, so that the former would only label DNA and
the latter RNA.

Cells were incubated in the presence of ( meﬂwleﬂ ) thymine
end ( 5-°H ) uridine, Aliquots were cold-acid precipitated and
collected on Oxoid membrane filters, After washing and drying the
filters, the radiocsctivity was detemimd;' Samples were selected to
give approx, 100,000 ete/min, The filters were then removed from the
scintillation fluid, gently rinsed in toluene and dried in a stream of
air, The residual scintillation fluid contained less than 0,5% of the
radioactiﬂty on the ﬁ.ltcr.. The dried filters were immersed in 5 ml
™K * buffer, N NaOH or 5% ( w/v ) TCA and treated as described in
Table 2 i, After each treatment TCA m;adﬂod tc a final concen-
tration of 5% ( w/v ) and the mixture chilled to 4. The filter was
removed and the radicactivity determined, The remaining liquid was
filtered through a second Oxoid filter and the radicactivity determined,
The total radiocactivity after treatment was expresupd as a percentage

of the initial radicactivity.

* MK buffer contained 10 mM tris~HC1 pH 7.9, 10 mM magnesium acetate
and 100 KC1,
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ey P

At intervals after addition of colicin EZ to the labelled

_ | becteria, 0,5 or 1 ml aliquots were mixed with an equal volume of

l i IARLE2 L ice cold 10% ( w/v ) TCA. After 30 min at 4°, the precipitates were
‘ l collected on 25 mm diameter Oxoid membrane filters ( or glass fibre
i! ¢ risation of cold LRl it filters ) washed twice with 2,5 ml cold 5% ( w/v ) TCA and twice with
Ll 5 ml 1% ( .v/v ) ecetic acid, The filters were dried at 80-100° for
EI | 30 min and the rediosctivity measured in a Packard Tri=Carb scin-

! Treatment % (°H) counts insoluble after treatment

tillation spectrometer using a toluene base scintillation fluid

(methyle-H) thymine (5=-H) uridine containing Lg BBOT per 1.
label

label

- gewmgack

Pl ¥ i p i

(b) ldentification of labelled materiel ( Cundliffe, 1967.a )
The nature of the label positions in ( methyl-"H ) thymine

o 370 93 96
i o Wabfer + SIS and ( 5-°H ) uridine ideally necessitated incorporation of label into
i g},g pg/ul) 15 min,

2 97 specific macramolecules, so that the former would only label DNA and
o |.!“l j | the latter RNA.
. n(m buffcr)-a» RNase
B b 10 pg/ml) 15 min,
F 9“, j M 379 91 4 Cells were incubated in the presence of ( xnetlvl-s’ﬂ ) thymine
P |
| TME buffer + trypsin p and ( 5-3H ) uridine, Aliquots were cold-acid precipitated and
K
i (10 pg/m1) 15 min, 37° 95 ? collected on Oxoid membrane filters, After washing and drying the
4 | N NeOH overnight 37° 90 1 filters, the radicactivity was determined, | Samples were selected to
{ | _ 55’;6‘(;7/7) —— 1 ) give approx, 100,000 ets/min., The filters were then removed from the

scintillation fluid, gently rinsed in toluene and dried in a stream of
air, The residual scintillation fluid contained less than 0,5% of the
radinacti‘v{ty on the filter. The dried filters were immersed in 5 ml

Ipre e | R MR e S i'rlié ﬁm’ﬁfj%‘i_lil‘.rj f! iy
—p = s s ~

i
e Al - =

TMK * buffer, N NeOH or 5% ( w/v ) TCA and treated as described in

Teble 2 i, After each treatment TCA was added %o a final concen-
tration of 5% ( w/v ) and the mixture chilled to 4°, The filter was
removed and the radicactivity determined., The remaining liquid was
filtered through a second Oxoid filter and the radicactivity determined,
The total radicactivity after treatment was e:q:resqod a8 a percentage
of the initial radicactivity.,

Ao &3
== =2

¥ MUK buffer contsined 10 mM tris<HC1 pH 7,9, 10 m magnesium acetate
and 100 mM KC1,
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PAPER CHROMATOGRAPHY
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Paper chromatography of a nucleic acid hydrolysate from

(3H) thymine labelled cells.

-acid insoluble material from labelled cells was extracted
The

The éold
with hot TCA and the extracts hydrolysed with N HCl .

, . < . 1-
hydrolysate was resolved by paper chromatography using isopropano

‘HC1 Tne location of the UV absorbing bases and nucleotides 1s shown

in Lhe p |
The bases are abbreviated by their initials (X) and the

nucleoside monophosphates as X' .

- No, 1 chrametography paper,

hotograph and the distribution of radioactivity in the figure.
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The ( H ) thynine labelled material was sensitive to
DNese and hot TCA but not to RNase, trypsin or NaOH suggesting that
it was DNA, whereas ( 4 ) uridine lesbelled material wes sensitive to
RNese, NeOH and hot TCA but not to DNese or trypsin suggesting that
it was RNA,

Other ( “H ) labelled filters were treated with 2 ml 5%
w/v TCA at 900 for 30 min after washing with ether: 75% ethanol
( 1:1 ) to remove lipid material ( less 1% total radiocactivity ).
The hot TCA extracts were shaken with equal volumes of ether three
times to remove the TCA and hydrolysed with I HC1 in a boiling water
bath for 60 min, The hydrolysate was evaporated to dryness. The

residue was dissolved in 100 ul or less of H,_0 and applied to Whatmen

2
The hydrolysate was run overnight using
a descending €5% ( v/v ) isopropanol: 2 N HC1 system, ( Fig., 21 ).
The chromatogrsm was dried at 45° and photographed using ultra-violet
light. The peper was then cut into 3 x 1 un strips and the radio-

activity measured in the liquid scintillation counter.

The positions of the radicactive peaks, UV absorbing spots
end predicted Rf values are shown in Fig, 2 i, The acid hydrolysate
from ( %y ) thymine labelled cells gave two main radicactive pesks
corresponding to the positions of thwmim or thymidine end TMP
( mcthyl-jﬁ )-thymine ran in the same position as the major radio=-
active peak with an Rf velue of 0,77, Acid hydrolysates frem (-H)
uridine labelled cells also gave two main radicactive corresponding
to uridine and UMP, The two mcleic acid precursors were shown to
be chramatographically pure with ( “H ) uridine running in the seme

position as CMP, -Recove'ry of radicactivity was routinely 80-90%,
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It was concluded from these experiments that under the
qxpudnontul} conditions used the radicactive precursors could be
used far gpecifically labelling DNA and RNA,

(e) Ingorporation studies |
DNA, RNA, protein and mucopeptide synthesis were followed
by rndiéa.ctiu incorporation studies using ( mctlwl—’ﬂ ) thymine,
( 5*3!!)111'1&1:&, ( Lig ) valine and ( BH) K , §~diaminopimelic acid,

Exponentially growing cells of E, coli ROW were washed and
resuspended in M9 medium ( without casamincacids ) qontaiping 100 ng
methionine per ml at a cell density of J.(.?8 bacteria pe- ml, The
bacteria were incubated for 10 min at 37° followed by addition of radioe
active precursors to separate tubes. The final concentrations were;
1).101(sﬂ)thymim(ICi/mol)pernl(plusZOO);gdcoxyldonDlm
per ml ); 101 ( %K ) uridine ( 5 Ci/fmol ) per ml ( plus 10 pg unlabelled
uracil per ml ); 0,1 304 ( ¢ ) valine ( 6.9 mCi/mol ) per m1 and 1 |
uci ('3H ) diamihop:lmclicncid ( 76 mCi/mol ) per ml ( plus 100 pg une
labelled lysine per ml to prevent ( 3y ) incorporation into protein as
lysine ).

Colicin E, was added as required, 1 ml aliquots were teken at
intervals, mixed with equal volumes of 10% ( w/v ) cold TCA and left at
4° for 30 min ( for thymine, uridine and DAP incorporation ) or heated
to 90° for 30 nin ( for valine incorporation ).  The precipitates were

~collected on glass fibre filters, washed and the radicsctivity determined.,

Miten;ycinCandactizmycinDnnuuduufwtherchackon
the incorporation of labelled thymine and uridine into DNA and RNA

respectively, Mitomycin C was used at a final concentration of 5 pg/ml

(Pig, 2 vi ), Actinomycin D was only effective on E;,_coli if the cells
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were pretreated with EDTA according to the method of Leive ( 1965 ). I

Exponentially growing cells were washed with 10 mM tris-HC1 buffer |

pit 8, resuspended in tris buffer at a cell density of 10° bacteria |
per ml end treated with 1 mlM EDTA for 2 min at 20°, The treated cells
were then diluted tenfold with prewsrmed M9 medium and incubated for 10 |
min at 37°% ( ’H ) uridine was added to the culture as described |
above together with 100 ug actinomyein D ( Fig, 2 vii ), The EDTA

treated cells ( in the absence of actinamyein D ) incerporated ( -H )
uridine at a comparable rate to untreated cells. i1

() Zote:

Exponentially growing cells of E, coli were washed and re- I

suspended in M9 medium at cell densities of 2,5 x 108 or 10° bacteria M {l

per ml together with coliecin E, as required, Incubation was contimed M
at 37° for 2 hy The cells were harvested by centrifugation and resus- ’
f

pended in 0,2 N perchloric acid at 4° for 30 min, The precipitate was |
removed by ccntri.ﬁgation and the procedure repeated. The cold-acid
Ainsoluble material was resuspended in 0.5 N perchloric acid and extracted ”
three times at 70° for 20 min, The pooled hoteacid extract was h
analysed for DNA and RNA ( Methods 1 ), The hotescid insoluble material

was dissolved in N NaOH and analysed for protein ( Methods 1 ), E

(e) Cheracterisation of E, coli K12 mutant strains )

(1) UV _sensitivity il
v : i

E._coli K12 strain AB1157 and its UV sensitive mutant AB1885 ” |

were tested for UV irradiation sensitivity by plotting a survival curve.

Exponentially growing cells. ( 2 x J.()8
nlh-dmdmpawdinnwuc saline at a cell density of 2::1(37 h

bacteria per ml ) were harvested, .

bacteria per ml, 10 ml suspensions were pipetted intc petri dish lids i

irrediated with UV light from a 30 watt low pressure mercury vapour ‘H’ ’
I




lamp ( Hanovia B13/A 1836 ) at an incident doﬁe rate of 12,5
ergs/mm’/sec,  Sultsble serial dilutiens in sterile saline were
Plated on mutrient agar and the muber of survivors determined after
incubation at 37° for 16h, Results are shown in Fig, 2 ix(a).

(11) Endomiclease I sctivity

E.coli K12 strain 1000 and its endomuclease I deficient
mutent { strain 1100 ) ( Diirwald and Hoffmann-Berling, 1968 ) were
tested for nuclease activity using an adapted version of the method
due to Korn and Weissbach ( 1963 ) and Obinata and Mizuno ( 1968 ).
Exponentially growing cells were harvested by centrifugation, washed
end resuspended at 5 x 10° bacteria per ml in 10 @M tris-HC1 pH 8,0
containing 5 mi MgCl,. The bacteria were then broken by sonic
oscillation using a 0,5 inch probe ( Soniprobe Type 1130/1A Dawe
Instruments 1td, ) et 4 emps for 1-2 min, The broken cell extract was
diluted tenfold with tris-Mg'" buffer pH 8,0. The assay system con-
tained 2,5 ug ( “H )ethymine labelled DNA ( approx, 10,000 cts/min, see
Ch. 3 ) and 0.05 ml diluted crude cell extract in a total volume of
0,25 ml tris-Mg'’ buffer pH 8,0, The system was incubated for 30 min
at 37° and the reaction stopped by adding 1 ml ice eold 5% ( w/v ) TCA,
The coldeacid inscluble radicactivity was determined and the decrease
taken as a measure of other muclease activity, In order to determine
specifically endonuclease I activity 0,05 ml diluted crude cell extract
was incubated with 5 ug heated ribomiclease in 0,2 ml tris-Mg' buffer
P 8,0 for 15 min at 37° prier to eddition of ( “H ) DNA; this treetment
removed tRNA from the extract and therefore activated endonuclesse I
( see lLehman et al,, 1962 ). Endonuclease I activity is given by
subtracting the DNA degradation obtained without RNese from DNA

degradation obtained with Riase.
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PLATE 2 i

Filament formation omn incubation of cells with colicin E2

(b) E.coli ROW after 2h incubation with colicin E2
(250 molecules per bacterium).
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RESULIS 2

(a) Effect of colicin E, on cell viability and growth

Colicin activity is sametimes expressed as arbitrary units
per ml where the units are derived fram the highest dilution of a
coliein pnparation ‘able to pmdﬁco an inhibition of bacterial growth
on mitrient agar ( see Methods 1 ), This is unsatisfactory fram a
biochemieal point of view and a more meaningful figure would be the
mumber of colicin molecules required to kill one bacterium ( i.e. one
killing unit ). The mmber of killing units ( XU's ) in a colicin
propmtionm be determined from a survival curve ( Methods 1 and
Fig, 2 ii ) where the colicin arbitrary units are plotted against the
log. of the percentage surviving bacteria after incubation with colicin,
The survival curve was shown to be exponential consistent with the
single hit theory proposed by Jacob et al., ( 1952 ) and therifore the
mean lethal dose or the amount of colicin statistically needed to
initiate one lethal event per bacterium according to target theory
( see Lea, 1946 ) was at 37% survival rate, This corresponded to
a.pproi. 100 eoliein moleouléu per bacterium ( cf. Maeda and Nomura,

© 1966 ) which meansthat the colicin preparation has a specific activity

of approx. 10 KU's/ng. At multiplicities spproaching 1 killing unit
of colicin :l!‘.2 per bacterium, filementous cell forms were observed after
1-2h incubation ( Flates 2 i(a) and (b) ). Similar results have been
observed with coliecin E, by Holland ( 1968 ) and with mitomycin C by
Reich et al., ( 1961 ). At higher multiplicities however this
phencmenon was less noticeable probably due to the more rapid :I.nhibitién

of macromoleculer synthesis ( see text ).

The effect of colicin E, on the growth of a bacterial culture
as determined by measuring thaODSOC is shown in Fig, 2 1ii, A typical
drug-response curve was obtained from which the minimum growth inhibitory

~ concentration ( MGIC ) was determined and found o correspond to approx.
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Exponentially growing (3H) thymine labelled cells of F.coli

ROW were washed and incubated with colicin E2 at
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The percentage NNA degradation after 2h incubation of cells

with colicin E2 was derived from FIG. 2 iv aud plotted against the

ratio of colicin molecules per bacterium or the concentration of

-7 .
colicin at a cell density of 3.10 bacteria per ml.
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75 ecoliein E2 molecules per bacterium, Measurements of this kind

were frequently used as a quick guide to the activity of a particular
colicin sample,

(b) Effect of colicin E,~F9 on nucleic acid stability in vive

(1) DA

E, coli ROW labelled with ( methyl="H ) thymine wes ine
cubated with various concentrations of colicin Ege  After a lag period
of 10=15 min the cold-acid precipitable radicactivity decreased with
time ( Fig. 2 iv ), The maximum decrease was approx, 70% after 2h
incubation. At coliein E, concentrations greater than 3 ng/ml, most
of the DNA degradation occurred between 15 and 50 min incubation and was
largely over by 2h, The value for the residual cold-ascid insoluble
radicactivity was reascnably constant ( + 3% ) for a perticular colicin
concentration and was dependent on the concentration of colicin Lo
added initially from 10° to 10° ng/nl ( Fig, 2 v ), Above 10* ng
colicin E, per ml a relative decrease in DNA degradation was consis-
tently observed but the amount of degradativn varied by + 10%,  large

~ variations were also observed at colicin concentrations less than
1 ng/ml ( i.e. multiplicities near to unity ),

The inhibition of colicin Ey induced DNA degradation at high
colicin concentrations has not been reported mreviously and may result
from high secondary colicin binding ( Maeda and Nomura, 1967; Shannon
and Hedges, 1967 ) intérfering with the primary binding responsible for
the initiation of DNA degradation, It could also be due to the
formation of partially inactive molecular aggregates ( see Gpoo Sephadex
results Ch, 1 ) or a form of competition for multiple interaction points

per binding site in the cell envelope normally oeccupied by only one

colicin molecule similar to high substrate inhibition of certain enzymes.

i
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i
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However since the bacterial chromosame may not be the primery site \‘H \

of colicin E, action ( Iuria, 1970 ) a more severe effect on the

TABLE 2 ii
membrane at high colicin concentrations may interfere with the

induced DNA degradation, A

‘ leic acid stability ' '
Effects of colicins E, and E3 on mucleic ‘ , : DNA degradation starts to plateau at approx, 30 ng colicin

in . cold ' E, per ml (‘104 colicin molecules per bacterium ), Fig, 2 v, i.e. all |
the primary binding sites are saturated assuming all the colicin i
molecules added are specifically bound to bacteria. This figure is
slightly higher than the 2-3000 sites rroposed by Maeda and Nomura “ i

% acid solubilisation | '
after 2h incub, ! ( 1967 ) and 1100 sites proposed by Mayr-Harting but varying experi- !

mental conditions appear to cause discrepancies, ‘

( > ) thymine lsbelled E, coli ROW 3 Coliein induced DNA degradation in bacteria harvested from
exponential phase + colicin E, 65 E 3 cultures in the stationary phase occurred after a lag of 3060 min and | ‘U‘]
stationary phase + colicin E, R - - = the subsequent rate of breakdown was reduced ( Teble 2 ii ). This may F

exponential phase + colicin Ey - 5> | 3 be consistent with the observations of Shortman end Lehman ( 1964 ) that HIH
I
F cell miclease activity was maximal during repid growth and minimal H“ |

( %8 ) thynine labelled E, goli ROW/E
during stationary phase, Colicin EB did not induce DNA degradation

exponential phase + colicin E, 7

in the sensitive strain ( E, coli ROW ) and the resistant strain 1‘
3 led ROW _ 4 : : ‘
( “H ) uridine labelled E, coli = ( Es_coli ROW/E ) wes only slightly affected by colicin E, at 30 ng/nl ‘\&

1 phase jein B 12 i
exponential phase + ool 2 ( Table 2 11 ), This confimms that DNA degradation is a specifio effect ,>(
: of coliein E, and not the result of contaminants,

Dt e BT i b S ft . Bl B i o =

'i‘ho radicactivity remeining in the acid insoluble material \“
after incubation of the labelled cells with ecoliein E2 was shown to be

== D
T T SR N ST R § S

\H\‘
: in DNA by similer methods to those previocusly described and Cs, SO ‘\T‘Fi]“
Colicins E, and E} were used at molecule per bacterium F 250, |

isopyenic centrifugation ( Fig, 5 xi ),

ratio of 10"'.

i sl T

1

(11) RNA
It was originally reported by Nomura ( 1963 ) that colicin

E, did not induce RNA breakdown in sensitive bacteria, but Nose et al., “
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( 1966 ) and Nose and Mizuno ( 1968 ) roported that colicin E,
induced a specific degradation of ribosomal RNA, In these studies
( Teble 2 i1 ) no RNA degradation was detected during the first hour
of colicin incubation and only 12% degradation occurred after 2h,

(e) Effect of eolicin E,~F9 on macromoleculsr synthesis in vive

(i) Incorporetion studies
The effects of colicin E, on the in vivo synthesis of DNA,

RNA, protein and mucopeptide are shown in Figs, 2 vi, 2 vii end 2 viii,
In all cases synthesis was followed by studying incorporation of

labelled precursor,

The incorporation of labelled thymine, uridine, valine and
DAP into macromolecules was affected by colicin E2 by differing amounts
according to the concentration. At 3 ng coliecin E2 per ml DNA
synthesis was significantly inhibited, whilst RNA synthesis only showed
an effect after a lag of approx. 30 min, Protein and mucopeptide
synthesis were relatively unaffected at this colicin concentration after
40 min incubation, consistent with the formation of filamentous cell
forms ( Flate 2 i(b) ).

At 30 and 300 ng coliein E2 per ml net DNA synthesis was
inhibited almost immediately whereas RNA synthesis was inhibited only
af'ter a lag period of 10-20 xﬁin. Protein and mucopeptide synthesis
showed an almost immediate effect but contimued at a reduced rate.

The interpretation of these results is complicated by the
concomitant DNA degradation ( Fig, 2 iv ) since the products of DNA

‘breakdown may lower the specific activity of the micleotide pool,

Comparison of the effects of colicin E2 on DNA synthesis and breakdown
in Figs. 2 iv and 2 vi must take account of the different cell
densities, so that 1 ng colicin Ep per ml in Fig, 2 iv is equivalent
to 3 ng/ml in Fig 2 vi, i.e. approx. 300 colicin molecules per ———
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#i | | |
F:'_. f‘ v 3 4 These results are consistent with those obtained by H\f{i‘
T iii Reeves ( 1968 ) but differ from the results of Holland ( 1968 ) in
the extent of inhibition of DNA synthesis at higher coliein concen- l
Effect on net is of cellular olecul g trations, 1“\‘”“”%3: ‘ .
(11) Zotal macromeleculsr content
3 The effect of coliein Ez on macromolecular synthesis in ‘Hh ]
- Protein exponentially growing cells and in young cells under conditions of |
Tpg/mg ary j‘]—:f)lt at zero time) - = little growth was investigated by measurement of total cell mucleic “
o * acid end protein, The results are shown in Table 2 iii where the ',Ur
(a) Growing cells B amount of colicin is given by the mmber of molecules per bacterium ’M ,
Control (initial) 33 120 408 | in order to enable comparison, The exponentislly growing cells were ‘ |
" (2n incub,) &8 3 1840 d incubated with colicin at & density of 2,5 x 10° bacteria per ml whilst ,J\! |
o the other cells were harvested at a density of 2.5 x ].08 bacteria per ’
Colicin E2 (2h incub.) | - ml during exponential growth, resuspended at 10° bacteria per ml and ’( |
mols/bacteriun 5x10% 74 296 71472/ s : R “ 1_
sx20° w o e i
5x10° 5 1,0 520 3 | Under conditions of cell growth ( Table 2 iii(a) ) there was H“[J\M\‘
e - - - little detectable overall DNA degradation even at eelicin:eell ratios I

of 5 x 10* suggesting a competition between DNA synthesis end break~ I
down ( see Figs 2 iv and vi ), Total RNA increased very little in the |

(b) Cell conditions of limited

presence of colicin which together with the results of Fig, 2 vii and i‘

control (initial) 28 11 440 L “

*  (2h incub,) 38 134 720 Table 2 ii suggests a certain degree of RNA degradation ( Nose et al., | M

- 1966 ). DNet protein synthesis was also found to be inhibited under \‘ |

: SEEII: Sy (% tasch.) : - . _ conditions of cell growth, however the amount of protein synthesised in ‘U
i . mols/bacterium 5x10" B 126 e | the control after 2h incubation was disproportionately high compered | i
[ ' -’ i o e : 5 | with control DNA and RNA syntheses, This was probably due to the cells |
5x105 R 58 360 3 going into stationary phase towards the end of the incubation time, ,|

© sxaot 12 84 510 E |
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(b)

Under conditions of limited cell grdwth ( Teble 2 iii(b) ), J

il
DNA degradation was signifiicantly increased on incubation with ‘\H‘ |
colicin E2, suggesting that DNA synthesis was not now competing so “

i
HM
g effectively with the degradative processes, RNA was also found to lﬂ‘}f\
g ” have a net degradation, although small in comparison with DNA, .
5 10 o |
3 These results differ from the results obtained with stationary phase ‘
— + \\ “l
S uvr cells in Table 2 ii as the cells used in Table 2 1ii(b) were relatively |
2 01} young at the time of colicin addition and presunsbly still contained
‘1‘\ I
\h

significant muclease activity ( Shortman end Lehmen, 1964, ) Under

3 ' \ : ' A th nditi tein synthesis in control cell limited but |
0 250 500 750 1000 O 10 20 30 00 00 ons pro synthesis in con cells was e “

UV dose (ergs/mm?) colicin conen.(ng/ml) still subject to inhibition by colicin E,. i‘”‘

(d) Effect of eclicin E2 on the viability and mucleic acid stability ‘

of 1t1 1) endonucl. T deficient ts of
E, eoli K12

(1) UV_sensitive mutant N‘*“
| Threlfall and Holland ( 1968 ) have produced genetic evidence

UV and colicin survival curves for F.coli K12 mutants

FIG., 2 iXx

that enzymes involved in repairing UV dameged DNA may also be involved ‘\‘,
in colicin Ez induced DNA degradation. In order to test this hypo=-

Exponentially growing cultures of the stirains of F.coli

(a) ultraviolet irradiation

K12 indicated were treated with

The percentage of cell survivors was determined

and (b) colicin E thesis, the effects of wlicin I, on a UV sensitive strain of L, ool

oy serial dilution and plating on nutrient agar.

K12 were compared with the effects on the parent strain, The two

strains were characterised as described in Methods 2 end the UV \H

irradiation survival curve is shown in Fig, 2 ix(a), The effects of
‘ |

coliecin Eé{on the survival and DNA degradation of the parent uvr’ strain fl

TR R

were similar to the results reported for E, coli ROW, However the i

- ) M\ I
mutant uvr strain was shown to be more resistant to coliein E, ' W

| | ’ | + induced cell death ( Fig. 2 ix ) although not to the seme extent as i
o | | . : 3 the colicin adserption resistant mutant E._coli ROW/E ( see Fig, 2 ii ).
i - | | _ 1_'T : There was also a reduction in the extent of DNA degradation in the uvr it
‘ strain, ( Table 2 iv ). These observations are therefore consistent “‘H\‘“
with the above hypothesis, i

I
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% DNA cold-acid soluble after 30 min

Nuclease(~RNase) Nuclease(+RNase) IEndonuclease I

Strain 1000 10 ’ 15 5
Strain 1100 13 67 Sk

(%H) DNA was incubated with crude cell extract before and
after RNase treetment. 1C0% radicactivity = 10800-11,300 cts/min,
The above percentages are the average of duplicate determinations,

IABLE 2 iv
Coliein E, induced DNA degradation

Strain % DNA degraded after Zh

E. coli ROW (CL 142) ' 53
ROW/E (CL 145) 3
vve' (AB 1157) | b9

. uvr (AB 1885) vv 23

1000 50
1100 54

Colicin was used at a concentration of 3 ng/ml at a

cell density of 3,107 bacteria per ml,

(11) Endomuclease deficient mutant

It has been reported that endonuclease 1 is associated
with the bacterial membrane and may be situated in the periplesmie
space ( Cordonnier and Bernardi, 1965; Nossal and Heppel, 1966 ),
It has also been implicated in certain phage exclusion phencmena
( Dr. M.R. Iunt, 1970; personal cammunication ). It was of

interest to investigate the effect of colicin E_ on an endo I

2
mutant since ccliecin Ey is believed to bind to: the inner membrane
( see General Introduction ). The endo I mutant 1100 and its
perent strain 1000 were characterised by assaying the nuclease
activity in cell extracts induced by RNase ( see Methods 2 ) and the
results are shown in Tailc 2 v, The effects of colicin E2 on £h0
survival and DNA degradation of strains 1000 and 1100 were similar

~ ( Pig.2ix(b) end Table 2 iv ),

These results suggest that although the enszymes involved
in DNA repair processes are necessary for colicin induced DNA
degradation, endomuclease I is not required, ( see Cbinata and
Mizuno, 1970 ).




CHAFTER 3
In vitro activity of colicin E,~F9

INTRODUCTION
All published work so far reported with colicins has

almost entirely concentrated on the in vivo activity., The central
dogma which explains the allosteric nature of colicin action

( Nomura, 1963; Changeux and Thiery, 1967 ) has precluded inves=-
tigation of direct colicin interaction with biochemical targets and
development of possible in vitro systems, In 1963 Nomura inves-
tigated the possibility that colicins interacted directly with the
bacterial chromosome, It was first shown that trypsin reversed
coiioin action and therefore colicin molecules remained near the cell
surface, In addition it was demonstrated that the aebility of colicin
K to inhibit production of Tk phage in infected E, coli was independent
of the mumber of phage chromosomes per bacterium, i,e. there was not a
stoichiometric relationship between the colicin K molecules and phage
chromosemes,  From this evidence it was concluded that coliein E,,

- which was known to be unlike oolicimlsjmdl{inthcpoorronrul‘
-of its inhibitory action by trypsin, did not interact directly with
‘its biochemical target = the bacterial chromoscme, In 1964 Nomura
supported this claim with the finding that incubation of colicin E,
with radicactively labelled DNA resulted in no incresse in coldeacid

soluble material, However all this proved was that colicin E2 had no

exomucleolytic activity under the condi.tionp of the experiment; details

of which were not given,

In 1966 lMaeda and Nomura prepared radiocactively labelled

colicin E, and showed that, after disrupting cells that had been in-
cubated with labelled colicin E,, and treating with DNase, over 807% of
the radicactivity was associated with the cell envelope fraction,
‘They argued that any colicin associated with DNA in the cell would




appear in the soluble fraction after the sbove treatment. It was

however pointed out ( Maeda and Namura, 1966 ) that a small fragment
of DNA may remain attached to the menbrane and colicin E2 could
complex with this ( see Ch, 6 ),

Fenetration of the cytoplasmic membrane therefore seems
unlikely, but results with radicactive coliecin E, and trypsin ( Maeda
and Nemura 1966 ) show that after colicin is attached to cells only
60% of the radicactivity is removed by trypsin digestion,

In 1967 Konisky and Nomura demonstrated that colicin E, had
no effect in vitro on its biochemical target - the ribosame. On
reising the colicin:ribosome ratio to an unphysiological 200, an in=-
hibition of only 13% was observed using a poly U protein synthesising
system. In vivo a colicin-ribosome ratio of 0.1 ( equivalent to
epprox. 2 x 10° colicin Ey molecules per bacterhm ) produces almost

total ribosemel inhibition,

The published wark has therefore not completely excluded
the possibility that coliecin Ez binds to DNA rendering it more suscep~
- tible to nuclease attack or that it has endonucleolytic activity and
it was decided to reinvestigate in vitre colicin:DNA interactions.,
Fossible direct in vivo interactions are subsequently dealt with in
Chs, 5 end 6, |

- An overnight culture of E, coli ROW was diluted with fresh
medium and incubated aerobicelly until the growth wes exponentiel,
The cul ture was diluted tenfold with fresh M9 medium containing final
concentrations of 200 pg deoxyadenosine per ml in addition to 1 pCi
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appear in the soluble fraction after the sbove treatment. It was
however pointed out ( Maeda and Namura, 1966 ) that a small fragment
of DNA may remain attached to the menbrane and colicin E2 could
complex with this ( see Ch, 6 ),

Fenetration of the cytoplasmic membrane therefore seems
unlikely, but results with radicesctive coliecin E, and trypsin ( Maeda
and Namura 1966 ) show that after colicin is attached to cells only

607% of the radicectivity is removed by trypsin digestion,

In 1967 Konisky and Nomura demonstrated that colicin EJ had
no effect in vitro on its biochemical target - the ribosame, On
reising the colicin:ribosome ratio to an unphysiological 200, an in-
hibition of only 13% was observed using a poly U protein synthesising
system. In vivo a colicin-ribosome ratio of 0,1 ( equivalent to

3

approx, 2 x 10° coliecin Eq molecules per bacterium ) produces almost

total ribosomel inhibition,

The published wark has therefore not completely excluded
the possibility that coliein E2 binds to DNA rendering it more suscep-
tible to nucleese attack or that it has endonucleclytic activity and
it was decided to reinvestigate in vitro colicin:DNA interactions,
Fossible direct in vivo interactions are subsequently dealt with in

Chalsulﬂst

An overnight culture of E, coli ROW was diluted with fresh
medium and incubated aerobically until the growth was exponential,
The cul ture was diluted tenfold with fresh M9 medium containing final
concentrations of 200 ug deoxyadenosine per ml in eddition to 1 uCi




( methyl=Hi ) thynine ( 0.1 Ci/mol ) per ml or 0,025 pCi
( 2.2 ) thymidine ( 5.6 mCi/umol ) per ml, Unlabelled DNA was
prepered in greater bulk, ( 5 1 of culture compared with 100500 ml
for labelled cells ).

The culture was incubated aercbicelly for 5-6 generations
after the second dilution until a cell density of 5.108 bacteria per
ml was reached, The bacteria were harvested by centrifugation,
washed twice with lysis medium ( 0,15 M NaCl; 0,1 } EDTA ) at 4° and
resuspended at a cell density of 1 x 101 1
in lysis medium at 20° containing 500 pg lysozyme per ml, After 10

min incubation, sodium dodecyl sulphate ( SDS ) was added to a final

0~1+x100bactorhpernl

concentration of 0,5% ( w/v ) end incubation contimued at 37° for 15

min to complete lysis. 1In addition to breaking up the cell membranes,

SDS also inhibits DNase activity ( Marmur, 1961 ), The opaque viscous
cell lysate was treated with 500 ug pronase per ml and the incubation
continued overnight at 37°. After pronase digestion the lysate was
clear and a further volume of 25% ( w/v ) SDS was added to give a final
overall concentration of 1.0% In order to dissociate DNA from
residual protein complexes the ionic strength was increased by adding

5 l_&_ sodium perchlorate to a final eomenxration‘ of 1M, The nuecleic
acid was separated fram the cell debris by gently sheking the lysate
mixture with an equal volume of chloroform containing 2% ( v/v )
_p_-ootmoi; The emulsion was broken by centrifugstion at 10,000g

for 15 min,  The upper aquecus phase was removed using en inverted

10 m1 pipette and propipette so as to minimise shear. Care was taken
not to contaminate thiu. rhase with eny interfacial material,

The aquecus phase was gently overlaysred with 2 volumes 96%
(vwiv) ethanol and the nucleic acid ( LNA and KMA ) precipitated at

the interface was removed by spooling on & thick glass rod., The
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precipitated nucleic acid was quickly dissolved in 5=30 ml "dilute

buffer” ( 0,01 M tris-HC1 pH 8.0, 0,01 ¥ NaCl and 0,5 mM EDTA )

depending on original culture volumes. This nucleic solution will

subsequently be referred to as stage I purified DNA,

RNA was removed from the stege I purified DNA by treating

vitthOpgRNncApcrul(DNaumo)mdlunitRNuoTlperml

for 3h at 37°. M tris-HCL pH 7.9 and 4 M NaCl were then added to the

micleic acid preparation to give final concentrations of 0,05 M and

0.2 M respectively. The residuel protein and digested RNA were

removed by shaking with an equal volume of water saturated redistilled

phenol ( or freshly made up AnslaR phenol ) at pH 8,0, The 2 phases

were separated by centrifugation, the upper aqueous phase removed and

DNA precipitated with ethanol, The precipitated DNA was slowly

dissolved in SSC/;, ( SSC is 0,15 M NaCl containing 0,015 M trisodium

citrate ) or "dilute buffer”, The DNA solution was extracted four

times with equal volumes of ether to remove traces of phenol and stored

over chloroform at 0«4, This will be referred to as stage II purified

DNA. The procedure lasted 2-3 days. Disposable polythene gloves

were worn when handling DNA to eliminate muclease contamination,

- In a bulk preparation a yield of 30 mg stage II DNA was

obtained from L g dry weight of cells, This DNA hed a 260/280m

optical density ratio of 1,96-2,01 and a melting temperature
( Fig. 3 11i(a) ) of 63+66° in 580/, ( method described later ),

The melting curve had a completely flat base line indicating the

absence of RNA and a hyperchremicity of 25-307%  The labelled DNA's
had specific activities of 3-6 x 10° ots/uinfug for ( °H ) and
1.5-2,0 x 10° cts/ninfug for ( 40 ). The radiosctivity was determined

as ¢old-TCA precipitable counts on Oxoid membrane filters using BBOT:
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toluene scintillant, The moleculsr weight of stage II DNA was (
approx, 10’ determined by the sucrose density-gradient method “
( see Ch, 5 ),  Frotein contemination was less then 1% as |
determined using the methods of Lowry gt al., ( 1951 ). DNA il
concentration was determined spectrophotametricelly using the 1% _ﬁl}

(w/iv ) cxtincﬁm'ooerﬁomt value at 260 mm ( Ezég; ) of 200 ”

( Mandel and Marmur, 1968 ) for pure preparations and the
diphenylamine method ( Burton, 1956 ) far preparations containing ”

(b) Preparation of radicactively labelled '1‘5 phage and TA DNA

The method used was based on that of Thomas and Abelson
( 1966 ). J |
|

Exponentially growing cells of E, coli B at a cell density
of5x108 bacteria per ml inﬁhagomdhm'mmhodmdrcmspmdad HH

at the same cell density in fresh phage medium containing 200 pg ‘[
deoxyadenosine per ml, The resuspended cells were infected with T, ” ” |
phage at & multiplicity of 5; 10 min after infection ( 2-2%C ) ”‘
thymidine ( specificactivity 5,6 mCi/mmol ) or ( methyle"H ) thymine
( specific activity 0.1 Ci/mmol ) was added to the medium at a f4nal J_\
concentration of 0,05 puCi/ml or 2 uCi/ml respectively. Incubation was /
contimed at 37° for a further 2,5h, To complete cell lysis, the l,/
culture was serated for several mimutes with 1/50 volume chloroform, w
The culture lysate was centrifuged twice in a SW4l rotor at 6,000

rev/min for 10 min at 5° in a Feckman L2<HV ultracentrifuge to remove
cell debris. The supernatant fraction was further centrifuged at

21,000 rev/min for 25 min, The phage pellet was slowly resuspended |
in 1/50 of the original culture volume of 0.1 i phosphate buffer pH 7.0 w
containing 0,1 M NaCl, Using 50 ml original eulture, the phage sus-
pension ( 1 ml ) conteined 6 x 10'2 plague foruing units using the soft /
ager technique of Adams ( 1959 ), i.e. corresponding to a burst size |

of 240,
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Radicactively labelled phage DNA wa# extracted from the
phage suspension by gently rolling with an equal volume of water
saturated phenol for 30 min, The water saturated phenol was freshly
made up from solid AR, phenol and was neutralised by shaking with an
excess of 0,1 M phosphate pH 7,0. The phencl layer was separated
fram the aqueous layer by chilling in ice and centrifuging, The

phencl layer was removed using a Fasteur pipette. The phenol rolling

technique was repeated twice for 5 min each, The aqueous phase
containing DNA was then extracted 5 times with an equal volume of
aqueous ether to remove phenol. The final yield of phage DNA was
approx, 200 pg ( 25% yield ) from 6 x 10°2 phage units using the
specific absorbanay for glucosylated DNA at 260 m of 0,0181 em/hg
( Rubenstein gt al,, 1961 ). The specific activities were 3,000
cte/nin/ug for ( 2*C ) and 12,000 cts/uinfug for ( °H ).

The assay mixture consisted of 0,05 M tris-HCl buffer pi
7.0 or 8,0, 5 mM Mgs0,, 20 jig stage I DNA per ml ( dialysed against
0.05 M tris-HC1l buffer ) and O,4 ug pancreatic DNase I per ml in a
total volume of 2,5 ml, DNese I was freshly made up at 10 ug/nl in
tris-HC1 buffer pH 7.0 ar 8,0 containing 1 mg serun elbunin per ml
and stored at 4° until required, The reaction occurred in a water
Jacketed quartz spectrometer cell, The temperature was hpt,‘ at 30°
by a Haake constant ‘temperature device, The increase in optical

density at 260 nn was measured against time using a ‘Ciari is} mording

spectrophotemeter, A full scale deflection was equivalent to 0,1 OD
unit,

On addition of DNase I to the DNA mixture the optical density

increase was linear after 1 min and contimied lineerly for a minimum

of 7 min, The enzyme activity is expressed in terms of optical density

increase ( measured over e 5 min period from 1«6 min ) per min,




The stock colicin gy solution was dialysed against {
0,05 M tris-HC1 buffer pH 7.0 or pH 8,0 before use,

() Viscosity measurements of DNA |
ALl viscosity measurements of DNA soluticns were carried
out using a simple Ostwald viscometer in a constant temperature water ]
bath at 30° ( Leith, 1963 ). The viscosity of a liquid was taken to
be proportional to the time taken for its meniscus to travel under ’I
gravity between 2 points above a vertical capillary, The liquid H'
volume wes 5 ml and contained 500 ng stege IT DNA per ml ( stock }Ii
solution dialysed against 0.05 M tris-HC1 buffer pH 8,0 ), 0,05 M

tris buffer pH 8,0 and 5 mi MgSOL, | 4

The flow time for water was 27.4 i+ 0.1 sec, The flow times |
for DNA solutions were highly reproducible ( time error + 0,1 sec ) /
for constant viscosities. The DNA solutions were equilibrated in the }
viscometer for at least .30 min, during which the flow time did not f
alter by more than 0.2 sec, On addition of DNase I flow times were (
taken at 3=5 min intervals for 30«40 min, ;

Reduced viscosity qrad is defined as follows: ( '

c \

Threda =  frel -1 ( Eigner 1968 ) ‘ (" !
/

- ( units of decilitre per gram )
Trey OF relative v,im.ity - '}/r{o = tp/topo ”

n and n, sre the actual viscosities of the sample and its r
solvent t and t, are the flow times and p and P, are the densities., M
¢ is the concentration of DNA in the solvemt in g/100 ml, |

The intrinsic viscosity ( n ) is the reduced viscosity ‘
extrapolated to gero concentration ( to eliminate moleculer interactions ) ’J
under conditions of gero shear gradient and stress ( Newtonian liquid ). ’

- (n ) cen be related to molecular weight,
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(e) Thermel denaturation of DNA

A1l melting curves on DNA samples were performed in a
teflon stoppered quartl 1 cm cell using a Cary 15 recording spectro-
photometer, DNA samples ( 2.5 ml ) hed an optical density of 1.2-1,3
at 260 mm and 20°,  The semple temperature was regulated using a Haake
constant tunperéturé bath and raised at a rate of 0.5°/mi.n from 25° to
900. The DNA solvent used was 330/10 or 10 mM phosphate pH 7.0
( Marmur and Doty, 1962 ), Cooling was performed by flushing the
Haake constant temperature device with cold tap water through the
cooling coil,

The 0'2/5

( Mahler et al., 1966; Mendel and Marmur, 1968 ) was derived from the

value or dispersion of the thermal transition

cary f15”’1traces and corresponded to the temperature difference between
17% and 83% absorption rise

(£) Optical Rotatory Dispersion
All measurements were carried out at 20° in a Bendix-Ericsson

Folarmatic 62 Recording Spectropolarimeter using a 250-watt Xenon lamp,
Sampluimrcplmdinlomor2x5n quartz cells and the instrument
' scarmed fram 320 to 220 rm ( 32-45 wave nos, ), The base line noise
was approx, 0,3 millidegrees ( m ) and the sample noise was approx.
1.0 m°,  The noise level was too high below 220 mm to make any accurate
measurements, Each spectrum was performed in triplicate and the mean
of the points plotted: The scenning speed was approx. 1 wave no, per
min and instrument range setting was 100, . The sample volume was
approx, 0,5 ml in a 10 mm cell and oonto._imd 50 pg nucleic acid per

ml ( 0Dpgq = 1a0 ) in ssc,/10 solvent,

The combined ORD spectrum of colicin and DNA ( separate )
in Fig, 3 vi was obtained using 2 x 5 mm cells in series with twice
"the control concentration of colicin in one cell and twice the concen=

tration of DNA in the other cell, The colicin and DNA solutions were
then mixed and returned to the 2 cells for the mixed spe .rum,




(1) Detection of endonuclease activity

5-20% ( w/v ) sucrose density gradients were mede up in
0wl M NaCl-0,01 M EDTA-0,01Y tris~HCL pH 8,0 ( NET buffer, Smith and
Hanawalt, 1967 ) for neutral gradients and in 0,9 ¥ NaCl=0,1 M NaOH
5 mM EDTA ( Studier, 1965 ) for alkaline gradients, After incubating
25 g ( l‘*c)mnurﬁ.fmso,m;m.:lms.n:ra:?_oa-J.ngDNauuaI ( plus 20 pg
serun albumin ) in 0.5 ml 10 mM phosphate buffer containing 5 mM
MgCl, for 5+30 min at 37°, the reaction was stopped by adding 0,5 ml
ice-cold 2 x concentrated NET buffer for neutral gradients or 0.5 ml
ice~cold 0,5 M NaOH~10 mM EDTA far alkaline gradients. In addition to
stopping the DNue reaction in neutral samples, EDTA was necessary to
prevent precipitation of alkeline samples die to the presence of Mg'”.
0,2 ml treated DNA sclution ( approx. 10,000 cts/min ) was layered on
to a 4.8 ml sucrose gredient and centrifuged in a SW50 roter at 40,000
rev/min and 20° for 3h using a Spinco Model L2-HV ultracentrifuge.
Duplicate determinations were carried out in each case, 10 drop
namplu'( 0. 15 m1 ) were collected from a pinhole punched in the
bottom of the centrifuge tube. Samples were mixed with 0,3 ml water
and 3 ml Triton x 100:EBOT-toluene mixture ( 1:2 ) and their radioe~.
activity determined using e Packerd Tri-Carb scintillation spectro-
meter, - Sedimentation values were approximated from results obtained
in Ch, 5 and the weight average molecular weights of the DNA samples
deternined using the formilae of Studier ( 1965 ).

(11) Detection of coliein binding to DNA

5-20% ( v/w ) sucrose density gredient was made up in 10 mM
NaCl-1l mi phosphate buffer pH 7.1 ( Felsenfeld et al., 1963 ).
50 ng colicin E, was incubated with 10 ug ( “H ) DNA in 0,5 ml NeCl-
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rhosphate buffer p 7.1 for 10 min at 20°, 0.2 ml DNA solution

( approx, 20,000 cts/min ) was layered onto L.8 ml sucrose gradient
and centrifuged in a SW50 rotor at 40,000 rev/min and 4° for 3h

using a Spinco L2-HV ultracenirifuge, The gradients were fraction-
ated and the radicactivity and eolicin activity determined, Colicin
activity was measured by the growth inhibition zone method ( deseribed
in Ch, 1 ) after tenfold dilution of the sucrose fraction,

50 ng eoliein E, was incubsted with 10 pg ( H )-DNA in
0.5 ml 10 mf phosphate buffer pH 7.0 for 10 min =% 37° 0,2 ml DNA
solution was mixed with stook CsCl or Cs,SO, solutions in 10 mif trise
HC1 butforv pi 8,0 containing 10 mM EDTA so that the final densities
af'ter adjustment with tris<EDTA buffer using the refractive index
method of Szybalski ( 1968 ) were 1.7100 g/ml for CsCl or 1.4250 g/al
for 03280#. The mixture was overlayered with liquid paraffin and
centrifuged to equilibrium ( 45-70h ) at 4,000 or 32,000 rev/min
using a SW=50 or Ti=50 rotor in a Spinco Model L2<HV ulttmntm.
The tube contents were fractionated ( see Ch. 5 ) and the radicactivity
mmurod. |

Radiocactively labelled DNA's from M , odiektic
and T“_ phage were included with the colicin treated DNA for reference.

E, coli DNA wes denatured by heating to 100° for 10 min in 10 mM
phosphate buffer pH 7.0, followed by rapid cooling in ice,

A siniler systen was used on the Besknen Spinco Nodel E
analytical ultrecentrifuge at 20° using KeleF centrepieces for the
stendard and 1° wedge cells. Each cell received 0,7-0.8 ml solution
containing approx, 0.5 png of each DNA, Fhotographs were taken after
16=-20h with UV optics end tracings were made using a Joyce-Loebl
' recarding microdensitemeter,




The methods used were based on those described by Jones
and Berg ( 1966 ) for RNA polymerase and Yuan and Meselson ( 1970 )
for restriction Q:ﬂomclem. KNA polymerase fraction IV
( Chemberlin and Berg, 1962 ) was used as a standard ( see next

section ),

2 incubation systems were investigated containing in a
total volune of 0,25 nl; (1) 10 ymols tris-HCL pH 8, 1 jmel ¥gCl,
and 3 ymols mercaptoethanol; (ii) 2,5 umols phosphate buffer pH 7.0,
Both systems contained 12,5 pg stage IT ( -H ) labelled DNA per O,25
ml of incubation mixture ( 60,000 ets/min ). After incubation of
each systen with either FNA polymerase or coliein E, for 5-10 min at
37°, the mixture was diluted to 2 ml with ice cold 10 mM tris-HC1
buffer pH 8 containing 50 mM NeCl ( system (i) ) or 10 mM phosphate
buffer pH 7 ( system (ii) ) and filtered through a Millipore membrane
( type HA, plain, white, 2., cm diemeter ). = The membrane filters were
presoaked for 15 min in the diluting buffer, After filtration the
membrane was washed with 2 x 5 ml of the dilution buffer under very
gentle suction, The membrane filters were dried and the redicactivity
determined by liquid scintillation counting, System (i) was described
by Jones and Berg ( 1966 ) whilst system (ii) duplicates the con=-
ditions used in thermal denaturation of DlNA.

The effect of ionic strength on the stability of the DNA:
protein complex was determined by increasing the concentration of
NaCl in the phosphate dilution buffer, This saline-phosphate buffer
was used for dilution after incubation of DNA withprotoin and for
presoaking and washing the filters, The initisl incubation was per=

formed in the absence of saline,
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(3) RNA polynerase assay | |
The system used for assaying RNA polymerase contained in |

e total volume of 0.25 ml; 10 jmols tris=HCl pH 7.95 1.0 jmol MgSOL;
0425 jmols MnCl,; 0,1 pmols each ATP, CTF snd UTP; 0,1 pmols ( 4z ) |
GIP ( 0,36 mCi/mmol ); 3 ymols merceptoethanol; 50 g stage II DA
end 3.5 jig RNA polymerase ( Biopolymers Inc., 2000 units * per mg
fracticn IV ( Chamberlin and Berg, 1962 ) ). The enzyme was stored Hi
at -20° in glyeerol. M

After incubation at 37° for 30 min the reaction was stopped H
by transferring the tubes to a boiling water bath and heating for 5

min in ordu_' to denature the nucleic acid and aid acid precipitation

( Varing, 1964 )., The assay mixture was then cooled in ice and 0,1 |
| 1 ml ( 2 mg/ml ) crude yeast nucleic acid added to aid cold acid preci- }
F 1 pitation of newly synthesised RNA, 0,35 ml 10% ( w/v ) TCA was added

and the cold-acid precipitate was filtered on Oxoid membranes efter [ ﬂ

10 min, washed and the radicsctivity determined, i

(k) In vitro protein synthesis
(1) Ereperation of sctive cell extract |

4 ' . The methods were based on those due to Nirenberg and Matthaei

1 ( 1961 ) and R.N. Hill ( 1969; personal communication ), All
operations were carried out between 0° and L°, 20 g of freese dried
cells of E, ooli VRE 600 were suspended in 25 ml TAMY buffer
containing 2 ug DNase per ml and broken by blending with 60 g acid |

washed ballotini in a MSE microblendor at full speed for 10 min, H
: The broken cells were centrifuged at 2000 rev/min for 1 min in a MSE
= 18 centrifuge using two 50 ml centrifuge tubes. The dark supernatant

% 1 unit is defined as the amount of enzyme which catalyzes the ine |
corporation of one mmol of total nucleotide per 15 min incubation at
' |
57° with native E, coli DNA es primer, ‘

* TAMM buffer; 20 mM tris-HC1 pH 7,8, 100 mM NH, C1, 20 gM magnesium
cets d 6 mM mercaptoethancl
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fluid was retained and the two pellets ruu:pqidadin 2 x 5 ml TAMM
buffer, The cell debris was again centrifuged and the supernatant
fractions combined, = After treatment with a furtlier 2 g INase per

ml at 4° for 10 min; the cell supernatant fraction was centrifuged

for 15 min at 11,500 rev/min, The supernatant and top pellet
fractions were removed and further centrifuged at 16,000 rev/nin for
30 min, The clear supernatant fraction was dialysed for 16h against
3 x 3 1 TAMM buffer after which time a sediment had formed which was
removed by centrifugation at 11,500 rev/min for 15 min, The f‘iml
clear cell extract had a volume of 5«10 ml and an 0D260 of approx, 500,

(i1) Assay system
The poly U directed in vitro protein synthesising system -

conteined in a total volume of 0.25 ml: 5 ymols tris~HCl pH 7.8; 4
ymols magnesium acetate; 25 jmols NH,‘_Ch 1.5 ymols mercaptoethanol;
0,25 ymols ATP; 0,01 ymols GIP; 2,5 umols creatine phosphate; 10 jg
creatine kinsse; 10 ug poly U; 2 maols ( 1¥C ) phenylalanine ( 75 mCi/
mnol ) and 5,0 0D, units * of cell extract,

After incubstion at 37° for 15 min the reaction was stopped
- with 1,5 ml 5% ( w/v ) TCA, The precipitate was heeted at 90° for
15 min to remove ( *C ) phenylalanine attached to tRNA, cooled to
room temperature and ﬁltemd_ on glass fibre filtera. The filters
were washed, dried end the radicactivity measured,

' it01)'260111-1#:-; unit of materisl which in & 1 ml volume end 1 em
light path will have an optical density of 1,0 at 260 rm,

I
il
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RESULTS 3
There are a mmber of possible in vitro interactions

of colicin E, with DNA and these were studied by investigating
(a) deoxyribonuclease activity, (b) DNA destabilising activity,
(¢) DNA binding activity and (&) action on in yitro mecremolecular
synthesis,
(a) Deoxyribonuclease sctivity

DNase activity was investigated by incubating DNA with
colicin E, and exemining the DNA for; (i) e decrease in cold-acid
insoluble nucleotide material, (ii) an increase in absorption at
260 nm, (iii) a decrease in viscosity end (iv) a decrease in sedi-
mentation value on neutral and alksline sucrose density-gradients,
hnmaticmmlmuuduaitindnﬂtmnywut. This enzyme
is a "double hit" endoruclesse ( Studier, 1965 ) and the final
products of the degredation are predominantly di- and tri- mucleo~
tides ( Laskowski, 1966 ),

(1) Effect of colicin Eg-PB on cold-acid insoluble nucleotide
materisl 35 VAN®
This was the only in vitro method uuedbyNanura ( 196 )
for ool:lcin By and although the experimental details nro not included

in his paper, it was a useful starting point, The experiment involved
Siwibubing velfvin E, or DNase with a variety of radicectively labelled
DNA substrates. Certain nucleases in E,_coli ( Lehmen, 1967;
Richardson, 1969 ) are known to be inhibited by FNA ( endonuclease I )
activated by DNA denaturation ( endonuclease II and exonuclease I ) or
decrease of DNA molecular weight ( exonuclease IV ), Most nucleases
also need Mg'" for activation, L parameters were therefore varied;
DNA moleculsr weight, presence of Mg'', physicel state of DNA and

" presence of RNA, These were chosen to enable detection of exonucleo-




IABIE 3 1
Effect of coliecin E2 on cold-acid precipitable mucleotide material
in vitre ‘

cold~acid insoluble radiocactivity (cts/min)

DNA | control +coliein E, +Diase I
(Mc) pra (W, 1.5x207)
Stege II-Mg++' 18310 18570 17130
+Mgt* 18170 18320 270
Stege IT heat denat™ 4dg'* 18110 18070 570
(c) DNA Stage I(+RNA)+Mg** 19110 18920 910
(uwt 2,2x 107) '
Cr) o (e, 2:0°%) |
Stage II + Mg** 33520 32910 420

10 g ( ¥c ) or ( °H ) DA was incubated with 50 g colicin

E, or 1 pg DNase I ( plus 50 yug albumin ) in 1 ml 50 mM tris=HC1

2
pH 8,0 containing 5 ymols MgCl2 or 5 ymols EDTA for 30 min at 37°,

The reaction was stopped by adding 1 ml ice-cold 10% (w/v) TCA.
After 30 min at 4° the precipitate was filtered through glass fibre
discs, washed, dried and the radicactivity determined,

X 'NA was denatured by heating to 100° in tris-HC1 buffer for 10

min followed by rapid cooling in ice.

68

lytic activity or massive endonucleolytic actiﬂty similsr to

DNase I under specific conditions. The effects of more specific
activators such as nucleoside triphosphates and Seadenosyl methionine
( exomucleese II and VI, endonuclease III ) and of pH were not

investigated,

The results are shown in Table 3 i and confirm those of
Nemura ( 1964 ). Colicin E, was demonstrated to exhibit no nuclease
activity es detected by this method under these conditions, The
molecular weights of the DNA samples used were determined by centri-
fugation on neutnfl sucrose density-gradient as described in Methods 3
end Ch, 5, The ( 3H)DNAwasreducedinaizebyaheannginahypo-

_ demic syringe needle, DINase I was active on all DNA preperations in

the presence of Mg' . The incressed residusl radicactivity after
DNese I degradation of stage I DNA was probably due to acid precipi-
tation of RNA inereasing the retention of radicactive nucleotide
material on the filter,

Stage I purified nucleic acid isolated from cells labelled
with ( “H ) uridine was also tested with colicin E, No decrease in
cold-acid precipitable radicactivity was detected, Colicin E, was

therefore assumed to have no RNase activity in vitro.

(i1) Effect of colicin E,~F9 on the OD, . of DNA and DNase I activity

An alternative method of assaying DNase I is to determine
the increase in abscipiion at 260 mm of the DNA semple ( Kunitz, 1950 ).
This method has been frejquently used for investigating inhibitory efféota
of certain antibiotics on DNase activity ( Serker, 1967 ).  Although
the pH optimum of this enzyme is approx., 7.0 ( Iaskowski, 1966 and
own results ) experiments are usually perfomed within a range of
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TABLE 3 ii
det atio miclease ' &
CONDITIONS . ......DNA buffer  AGD260/ninx10°
Mg'* Colicin  DNase Other
( 1 + - - - 0
2+ - + - 7.8
3 - - + - 0
pH 8,0 < Lo+ + - - 0
5 = + + - 0
6 + + + - 10,8
7+ aldoome) + = 9.6
8 + + d.mt} + - 8.1
9 + - + pAv? 0.3
| 10 + - + ,‘ ACT2 1.73
I - + . 18.2
B 7.0 912 4 + + - 19.8
13 + + | - - 0

1 Golicin E, heat denatured at 100° for 10 min prior to incubationm .

R Deunemycin and actinemycin D conen, 20 pg/ml .
3 After a lag of 4 min,
The incubsticn mixture contained 20 pg DNA per ml, 0,05 X

tris-HC1 buffer pH 8 or pH 7 and when .’mdicatcd'_')ﬂllgsoh, Ok pg

DNase per ml and 30 yg coliecin E, per ml. The incresse in 0D,

was determined as described in Methods 3. The rates were averages

of triplicate determinations,

TR T
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2 pH units above or below this optimum owing to the greater
reproducibility of results and the easier detection of inhibitory

or stimulatory effects.

DNA solutions were incubated with varying eombinations of
ug**, coliein E, end DNese and the increase in 0D, per min
determined ( Table 3 ii ).
exhibited no nuclease activity ( tubes 4 end 13 ), however on pre-

Under these conditions coliein E2

incubating DNA with colicin for 5«10 min at pH 8,0, the rate of DNase
induced increase in DNA absorption at 260 nm was enhanced by 38%

( tube 6 ). The molecular ratio of colicin to DNA under these con-
ditions ( Table 3 ii ) was 250 and at half this ratio the enhancement
was 24% ( tube 7 ), however above 250 mclecules of colicin per DNA
molecule there was no significant rate increase. This enhancement
could be an artefact and not due to a specific DNA=colicin E2 inter-
action, The artefact could erise if addition of colicin lowered the
PH value of the DNA sample or altered the ionic enviromment, since it
is known that Mn'* has a significant effect on DNase I action ( Melgar
and Goldthwait, 1968, ) However the pH value did not cheange on
addition of coliein to DNA in tris-HCl buffer pH 8.0 and incubation
of DA with eoliein and Iiase in the sbemnoe of ug** resulted in no
dpt.eﬁbl. degradation ( tube 5 ). In addition heat activated

colicin E2 had almost no effect,

The effects of colicin E2 were only on the rate of DNA
degradation by DNase I and not the absolute amount which corresponded
to approx, 35% increase in OD,c, after 2h incubation, The enhance-
ment effect of coliein By oﬁ DNase activity at pH 8,0 was probably
the result of an interaction with the DNA substrate rather than the
enzyme, owing to compatibility af the colicin:DNA molar ratios with
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subsequent results, However the latter possibility was not come
pletely excluded and could involve a protection of the enzyme at
adverse pH values, The enhancement offect was reduced at pH 7.0
( tubes 11 and 12 ) probably dug to the pH effect on the enzyme,

Preincubation of DNA with deunamyein and actinemyein D
( tubes 9 and 10 ) resulted in different degrees of DNase inhibition.,
Deunomycin ( Kersten et al., 1966 ) a well characterised intercalating
drug almost totally inhibited DNase I whereas actinamyein D only
inhibited DNese I action by 78% during the first 10 min, This
actinomycin D result was consistent with results of Sarkar ( 1967 )
and may reflect protection of only guanine rich regions of DNA
( Kirk, 1960 ), see Ch, k.

. In addition to these results it was observed that there
was a 5+10% hyperchromic effect on mixing colicin E, with DNA.  The
interpretation of this observation may be related to the results

with ORD,

(1ii) Effect of colicin E,~P9 on DNA viscosity in vitre

_ If coliein E, were a limited endonuclease the above -
experiments would not be expected to produce positive results.
Measurement of DNA viscosity however provides a umitin method for
the detection of double-strand cleavages ( Schumsker et al., 1956 ).
Single-ntz-;nd breaks are not detected by a significant change in

viscosity except neer the melting temperature ( Hays and Zimm, 1970 ).

The results are shown in Fig, 3i where the "reduced"
viscosity ( for definition see Methods ) is plotted ageinst time.
0.5 pg DNase I per ml reduced the DNA viscosity to that of water

within 2 min ( see Ieith, 1963 ) and at a concentration of 0,02 ng/ml
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viscosity aund the activity of DNase

) of F.coli DNA ( 500pg/ml) was
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cin (10pg/ml),

The reduced viscosity ( Bred :
determined using an Ostwald viscometer at 30 .

was added at time zero in the presence ot daunomy

ethidium bromide (25ug/ml) and colicin E2 (50pg/ml) as indicated

and the fall in vicosity -plotted against time. The effect of

on DNA viscosity was also determined,

colicin alone
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DNase was found to produce a measurable demaaé in viscosity over

3C min, The DNA semple was always allowed to equilibrate for 30
min in the viscometer. The reduction in DNA molecular weight as 2
result of shear in the capillary was negligable since after 10 )
successive flow time determinations the flow time had decreased by
only 1 sec ( approx, 1% ). Incubation of the DNA sample with 50 pg
coliein per ml for 4O min did not result in a significant change in
viscosity. There was no stimulation or inhibition of the control
DNA degradation with DNase I on addition of 0,02 pg DNese per ml to
colicin treated DNA,. These results would indicate that under these
conditions colicin E, hed no double strand endonuclease activity and
did not activate DNase I directly or indirectly by rendering the DNA
more susceptible to attack. Intercalating drugs daunomycin and
ethidium bromide inhibited the DNase induced viscosity decrease of
DNA ( see Ch. 4 ) after first increasing the DNA 'stiffness' ( Waring,
1966 ).

| The Oswald viscometer is not ideal for DNA molecular weight

detemination since the shear gradient can be very significant for

high molecular weight semples ( Edgner, 1968 ), However the stage II
INA fragments used have an epprox, molecular weight of 107 ( Pig, 3 ii )
and if it is assumed that the shear gradient and concentration effects
are negligible the reduced viscosity sprroximates to the specifiec
viscosity, The specific viscosity may then be related to the molecular
weight using the date of Figner and Doty ( 1965 ) from which a value of

8 x 10° daltons 1s obtained,

(iv) Effect of colicin E,~F9 on the sedimentation value of DNA

The experiments so far have excluded exonuclease and double
strand but not single strand endonuclease activity for colicin E2.
Single strand snips of the DNA helix are only detected after separation
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i | SUCROSE GRADIENT | | |
il | < 1 of the DNA strands by alkeline denaturation. Hence a change in
f

(a) 25S

DNA moleculer weight is detected on an alkaline but not on a neutral

sucrose density gredient ( Studier, 1965 ).

The sedimentation profiles of stage II DNA after incubation I {

I

‘ f

with colicin E, for 30 min or DNese I for 5 min on neutral and Il

alkaline sucrose dohlity-gmdients are shown in Fig, 3 ii. There wes Il | ‘H“

no significant change in sedimentation coefficient of colicin treated
DNA compared with the control on both types of gradient ( 25S neutral,
28S alkaline corresponding to a duplex moleculer weight of 107 ).

( Leg ) labelled DNA was used owing to the spontaneous appearsnce of | ww

e (ctslmin)x10—3

single strend lesions in high specific activity ( -H ) labelled DNA g
i

after approx, one week's storage ( Thomas and Abelson, 1966; and own I

observations ), DNase I treated DNA however showed a greater reduction

in sedimentation value on the alkaline gradient than on the neutral il
gradient consistent with its known mode of action of snipping single i

strands of DNA before double strand breakage, i.e. double hit mechanism

Neutral and alkaline sucrose density-gradient profiles , |
14 ; . .. : ‘
of ("°C) labelled DNA incubated with colicin F2 and | as opposed to single hit m igm of DN - 2. eoli endomuolesse I

|

|

il FIG. 3 ii
h

1 DN in vitro,
pRase 10 22 , ( Studier 1965; Young and Sinsheimer, 1965; Melgar and Goldthwait, 1968 ).

|
|
I
"
| . Fraction No.
il
|
|
|

b 25ug (140)-DNA from F.coli was incubated with colicin F2 @—@

(50pg) and DNase I O-—0 (1lng) at 37%for 30 and 5 min respectively. | ' Bl
Wi

( DNA control O (o) ) Samples were centrifuged on 5=20% (w/v) ‘
’ il

l“‘ neutral and alkaline sucrose deusity-gradients in a SW50 rotor for
|

50 min at 40,000g. Sedimentation values were determined from FIG.5ii. I;c was therefore concluded from this section that ecolicin E2

\ |
l‘ ‘ ' N exhibited no exo- or endonucleolytic activities in vitro, However it I M |
4 ‘ |
‘ was shown that under certain conditions ceolicin E, enhanced the rate = - | | |

of DNase attack on DNA suggesting a more subtle indirect action in vitre

. e .

than the direct nuclease action initially proposed for investigation, ’ \‘ ’(
i
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3 iii Fftect of colicin F2 on tlhe thermal denaturation of NDNA

(a) Melting profiles of stage TI E.coli DNA ( 5Cpg/ml) in SSC/10
after treatment with concentrations of colicin F2 indicated.
(b) Derivative curves of the melting profiles in (a). The

numbers correspond to the colicin coucentration in ug/ml,

05 colicin E,
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04
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02t
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(v) DA destebilising activity

Although colicin E2 was shown to have no nuclease activity,
it was possible that it affected the J=dimensionzl structure of DNA,
This possibility was studied by investigating the effect of coliein
E, on (1) the thermal stability, (ii) the ORD spectrum and (iii) the
buoyant density of DNA.

(1) Effect of colicin E,=F9 on the thermal stability of DNA

Destabilisation of DNA can be detected by a lowering of
the melting temperature ( T, ) or a change in shape of the melting
profile on thermal denaturation. The slope of the profile ( g, /3 )
can also be used as an indication of DNA molecular inhomogeneity and
Ia-protein interaction, ( Doty et al., 1959; Mermur and Doty, 1962;
Mandel and Mammur, 1968 ),

The effect on DNA melting profiles and their derivative
curves of adding increasing emounts of colicin E2_ to stage II DNA in
SSC/10 is showvn in Fig, 3 1ii, The melting temperature and shape of

_the profile were unaffected by colicin E, at concentrations of less

then 30 pg/ml, However at 30 and 40 jg colicin E, per ml the melting
iarofiie base line showed a premeture increase at 50°. At 60 and 80 PE
colicin per ml the profile shape was significantly altered with the

o, /3 velue increasing by approx. 4 times ( Fig, 3 v ). It was also
apparent thﬂ the profile was composed of two melting curves which were
more clearly defined in Fig. 3 iii(b). One corresponded to the
control T, value of approx, 65‘J while the other indicated the presence
of DNA with a melting temperature of about 1;90. Cn further increasing
the colicin ccncentration to 120 ug/ml the 0_2 /3 value decreased again

( Fig, 3 v ) and the profile was no longer biphasif. The DNA was now
entirely converted to a lower melting temperature,
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These results ( Fig, 3 iii ) resemble those obtained
* on binding histone ( Shih and Bonner, 1970.a ) or clupeine ( Incue ]l
and Ando, 1966 ) to DNA except that colicin E, lowered the melting B

temperature whereas histone and clupeine raised its value. FPane 1

creatic ribomiclease has been dgnonstrated to destabilise DNA but

%% DNA lowered inTm o |

! (from melting curves) only below 60°, above 60° the denatured ribomuclease stabilises DNA ‘1”“

( Felsenfeld et al., 1963 ).

If the amount of destabilised DINA was expressed as a per- ‘\

centage of the total DNA using the hyperchromicity of the melting N
‘\

profiles, it was found that the percentege destabilisation increased

| 100

linearly with concentration of colicin E, above a threshold concen=-
tration of approx. 30 pg/ml ( Fig. 3 iv ). Since the DNA molecular
weight was approx, 107, the molecular ratio of eolicin to DNA at the

»
o
]

threshold concentration was approx. 100 and at 100% destabilisation

was approx, 400, It would appear that coliein E2 bound to DNA under ‘m‘
Il
the above experimental conditions with the result that DNA wes less

N
o
T

stable to themmal densturation, | “u “

The melt‘ing profiles were also carried out in 10 mM phosphate

‘ 40 60 80 100 120 pg 1 * buffer pH 7,0 ( stock colicin buffer ) and similar results were H;

i
T colicin Ep_/(50u9 DNA)

i -

g . . . . s $ oo o ’

| FIG. 2 iv Biphasic analysis of meltiug profiles of colicin : — of‘tan“prefemd. The action of colicin E2 on the DNA melting b
\

| : ! treated DNA' A
The percentage DNA lowered in melting temperature was derived profile was also unaffected by 10 mM phosphate buffer pH 8.0 which

obtained ( Table 3 iii ), Coliecin E, was denatured by extensive

dialysis ( Reeves, 1963; and own observations ) so this second method I

would suggest that the pH effect on DNase activation by colicin E2 : i

g from the hyperchromic effects of the melting curves in FTG. 3 iii

( Teble 3 ii ) was due to the enzyme and not the colicin:DNA inter-

and is n'plotted agaiust the colicin E2 councentration.

action,

Heating ecolicin L, in phosphate buffer in the absence of
DNA produced turbidity at spprox. 70° which was due to aggregation of i

=y gro sl
Ly

denatured protein. No protein aggregation occurred however in the i

“ ¥ "ux!!:

e =¥y
- e

el

(i
presence of DNA on heating to temperatures as high as 100°,  This ‘ (

aif v
42
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cbservation indicated a protection of coliein E, by DNA against H{

thermal denaturation and aggregation. Similar results were obtained Il
with chymotrypsinogen by Bobb ( 1966 ). |

These results were reproducible using different coliein

E, preparations, although there were slight variations in the quantity
= of colicin required to destabilize 50% of the same DNA preparation, “%‘
i.e. 70 1+ 7 pg protein per ml, The results were not however quite so

:

, ,“ reproducible using different E, coli ROW INA preparations since the “
|
i

decrease in T by colicin E, varied fram 5° to 15° and the biphasic Il
2

9 nature of the profile sametimes became less distinct, The change in Il

. 0,5 values was reasonsbly constant, i.e. at 60 ug eolicin E, per ml, p‘

0'2/5 varied from 23,2 to 18,1 for the seme colicin preparation, The Il

molar ratio (colicin/DNA) o | | ' . reason for this variability was not due tc a chenge in molecular weight I

-

of the DNA since all preparations were 10 3_2::106 daltons and Marmur ‘N

F1G. 3 Vv Effect of colicins E2 and 3 on the Gz/svalues of and Doty ( 1962 ) have shown that the Tn of calf touue DML wes

independent of its molecular weight within the range 6 x 10° to

8 x 106 deltons. Below this range Crothers et al., ( 1965 ) have

DNA melting proiiles.

o bk g
iy b, . Py St b

perature interval betwcen 17 aud

The 0'2/3 value or the tem | | |

83% hyperchromicity was derived from melting profiles as describ.ed in .. : cound s de - Tm st toorense in peo o, 1
iid i i .olicin/DNA molar ratio b However pheno

FIG, 3 iii and is plotted against the colicin/ 3 | ('0.1 ) 1.:!. gm') s . f:,m - e

z respectively. )

|
l
| \ N T : 1 ..
i , 0 250 500 - | i |
| ‘
l
! 4 melting temperature with colicin E, although the T end (72 /3 values

. 4
assuming molecular weights of 6.10° and 10

for DNA alone were not affected ( Table 3 1ii ), Fhenol elso did not

affect the aggregation temperature of coliecin E2 without DNA or the
" & 0'2 /3 value for the colicin E,~DNA cemplex, In the rresence of phenol
v at concentrations greater than 10 mM continuous DNA melting was

- 3 =
e e = S se——— . S
|
Ll - -

r=re

observed from 40° to 80° in the control, EDTA ( 5 mM ) reduced the

i

|
if E
i
_[.

interaction between colicin E, and DNA since neither 62/5 or T were

altered significantly in the presence of colicin ( Table 3 iii ),
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TABLE 3 113
DNA melt ffec
DNA Buffer FProtein Other AT, 0'2 /3
(50 pg/m1) (60 ng/ml) Additions (eontrol)
E.00li ROW 88C/10 - 64 5.6
(stage 1I) " Ep -15 23,1
" 10mMFO;, - | 70 5.8
. | E, =17 22,3
. 10mMFO - EDTA( 1mM) 69 5.0
. I‘. Ez " "’li~ 901
o SSC/]_O - 63 5.8
(after dialysis) " E, - 20,8
" ssc/. - phenol(0, 1mM) 63 6.0
w 10 E, " = -18 18.3
E'ccli RO‘!I/E 1@4 - " ¥ 71 6.2 )
(stage II) " E, " «17 19.1
Calf thymus 10mMFO), - 66 10,2
" E, -3 16,1
" 1QuiMPO - g™t 75 11.7
u phenol(0, 1mM)
. E, " ‘ =15 17,2
E.coli ROW 10mMFO E +3 6,1
(stage II) b 3
" 10mMFO, BSA +5 6.5

’rm is the DNA melting temperature of the DNA without protein
A‘Zl‘m is the difference between the melting temperatures of mrotein

treated DNA and control DNA,

62 /3 is the temperature transition between 17 and 83% hyperclhramicity.

i 4
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Extensive dialysis of the DNA against SSC/m reduced the
decrease in melting temperature with colicin E, to approx. 5°
It would therefore sppear that for the maximum effect of eolicin E2
on DNA stability trace amounts of phenol must be present., As phenol
was present in the in vitro system it is questionsble whether such
results occur m. It may reflect an association of colicin iy
with DNA only in hydrophobic regions of the cell, i.e. the membrane.
Non-physiological substances such as methanol and ethanol have been
widely used for investigating in vitro protein synthesis ( Munro snd
Mercker, 1967 ) and Nagei et al., ( 1969 ) have found that the peptide
antibiotic bleomycin ( Takita et al., 1968 ) unlike closely related
phleanycin lowered the melting temperature of DNA only if the DNA was
pretreated with llgf mmptwtml or dithiot}moitol. However
under the conditions used in the coliein E2 experiments, mercapto=-
ethanol ( 110 mM ) was observed to increase g, /3 end decrease T
slightly for control DNA, see Bode ( 1967 ).

The effect of colicin E, on '1‘m was specific since a number
of other proteins including bovine serum albumin, colicin E3 and
hydroxylapatite fractions A, II anmd IV ( Fig., 1 iv ) increased the T
value of E, coli INA ( Teble 3 iii ), 1In addition thermal denaturation,
trypsin digestion and age inactivation of coliecin E, sbolished all

etfeota._

The interaction of colicin E, with DNA's fram E, coli
ROW/E, Es eoli col’ E,~F9 and calf thymus ( Signe ) was also studied
and no significant difference was detected between the DNA from the
colicin resistant or immune strain of E, coli and the sensitive strain
E,_coli ROW ( Table 3 441 ), It is therefore unlikely that the

specificity of colicin Ey action results from specific binding sites

on the bacterial DNA, Calf thymus DNA was observed to interact with
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colicin E, less efficiently than E, coli INA. The lowering of the
melting temperature was enhanced by 5 mM Mg'~ and by phenol but the
6, /3 effect was small under all conditions ( Teble 3 iii ), The less
responsive effect of calf thymus DNA may have been due to a different

method of extraction and purification or may reflect some specificity

for the source of DNA,

The percentage hyperchromicity of E, coli DNA on thermal
denaturation was unaffected by the presence of colicin Ey and phenol
but low ( 25-30% ) in comperison with that observed for calf thymus
DNA ( %40% ) ( ef. Mandel and Marmur, 1968 ), This would suggest that
E, coli DNA extracted and purified by the procedure described in
Methods 3 was slightly deratured and may explain why coliein E,
interacted more effectively with E, coli INA, A 5% initial hyper-
chromic effect was noted on simply mixing colicin E, with DNA ( see
Results 3(a) i1 ),

Renaturation of heat denatured DNA by slowly cooling the
heated sample was slightly inhibited by coliecin Ez. The decrease in
hyperchranicity was reduced from 4OJ. of the total effect in the control
to approx. 25% in the DNA sample treated with 80 ug coliein E, per ml,

(11) Effect of colicin E,~F9 on the ORD spectrum of DNA

Although colicin Ii:2 affected DNA thermal stability, the
melting profiles did not provide information on possible changes in
DNA structure at room temperature and subsequent studies with ORD

were designed to investigate this possibility.

ORD measures the change in optical mtét:lon of a molecule
with wavelength and has been frequently used for determining m:
in nucleic acid and protein secondary structure, ( Adler and Fasman,
1968; Yeng and Semejima, 1969; Gratzer and Cowburn, 1969 ). If

colicin E, denatured or altered the base stacking of DNA in vitro
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A 10mm light path was used and the DNA and colicin

conceuntrations were 50 and 70ug/ml respectively in SSC/10.
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it should be detected by this method, McPhie end Gratszer ( 1966 )
examined the ORD of ribosomes from E, coli, and concluded from their
finding that the spectrum could be represented as the sum of the
constituent protein and RNA ORD spectra, i.e, isolated ribosamal RNA
has the seme sqcondary structure as RNA in the ribosome. The
opposite was found wi_th phage mucleic acids ( Maestre and Tinoco,
1965 ), This was probably due to a packing effect on the DNA
inside the virus protein coat, Oriel ( 1966 ) found that histone
protein in high salt ( 1 M NaCl ) had the same helicel content

( approx, 20% ) as in the nuclechistone complex end Tuan and Bonner
( 1969 ) found that the DNA in the complex was denatured to some
extent, probably supercoiled., Interactions of DNA with small mole-
cules such as acridine ( Blake and FPeacocke, 1966 ), stercidal
diamines ( Mahler et al., 1968 ) and metalions ( Cheng, 1965 ) have
all been detected using ORD, Steroidal dismines were interesting in
that low concentrations inareased the 290 nm DNA peak whereas high
concentrations decreased the pesk, This was consistent with the
increase and subsequent decrease of DNA T values ( Mahler gt al.,

1966 ), In contrast Hg'* ions completely inverted the whole ORD

spectrum of DNA ( Cheng, 1965 ).

The ORD spectra of stage II DNA from £, coli ROW and of
coliein E, are shown in Fig, 3 vi and were characterised by a peak
and trough et 287mm and 255 mm for native DNA ( specific rotations
equal to + 2150 and - 2250 respectively ) and a trough at 232 mm for
coliein protein ( specific rotation equal to = 4,060, see Ch, 1 ).

The specific rotation (X )>\ -is derived from the observed rotation,
cX using the formulaj; |
X

(XN = 7
A lc ( degrees. cmz/decagram )

vessYang and Semejima, ( 1969 )




1 is the light path in decimeters and c is the concen~
tration of material in g/ml, i ||

The effect of mixing coliecin E, with TNA in S.‘.’»C/:LO on \‘_ '

the combined CRD spectra is also shown in Fig. 3 vi and comparison
of this with the addition spectrum of colicin and DNA indicated a |
decrease in the 232 mm protein and 255 rm DNA troughs. The DNA peak

at 287 nm however slightly increased but there was no significent |
spectral shift consistent with denaturation of the mucleic acid.

The result suggested that the protein molecule lost some of its

helicity; ( m’ )Acalouhtiona indicated that the colicin helical
content decreased from 16.2% to 5,7% and the changes in magnitude
of the nucleic acid peaks would be consistent with this, Fhenol

( 0.1 mM ) did not significantly affect the spectra except to increase I

the noise level due o the wider slit width needed. Similar results i
|
were obtained with calf thymus DNA but it is impossible at present to i

state that the observed effect was entirely due to a decrease in ‘1
helical content of colicin Ege This espparent change in helicity ‘
could be explained by coliein E, binding to DNA and consequently “‘
altering its ionic environment due to the close proximity of the DNA
- phosphate groups ( Tuan and Bonner, 1969 ). This phenomenon could
: also explain the 5«10% hyperchromic effect on mixing colicin E, with | J
DNA at roam temperature since the total hyperchromic effect on thermal I |
denaturation of the DNA was unsffected by colicin and this would not be |l
expected if it were DNA that csused the initial hyperchromicity. I

Therefore spectroscopic analysis and ORD suggest that it was colicin |
that changed in secondary structure on interacting with DNA and not i

Il
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FIG, 3 vii CsCl isopycnic centrifugation of E.coli DNA after

incubation with colicin E2 in vitro.

(a) contained stage II native F.coli DNA incubated with colicin

E2 and M.lysodiekticus DNA as marher (ML).

(b) contained control native (NN) and heat denatured (dN)
E.coli DNA together with ML marker. C is the point of isoconcentration
and m is the meniscus, |
Centrifugation was in a Spinco model E ultracentrifuge for
20h at 44,000 rev/min. UV photographs were taten when equilibrium

was attained.
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FIG, 3 viii

Csst4 isopycnic centrifugatiou of ¥ ,coli DNA after incubation

with colicin F2 in vitro,

(SH)'labelled F.coli DNA was treated with colicin E2 A-=--- A
aud centrituged to equilibriuﬁ with (14C) labelled heat
denatured E.coli DNA in Cszs()4 at 32,000 rev/min in a Ti-50
rotor in a Spinco model L2-HV ultracentrifuge for 70 h.

The abbreviations are the same as in FIG, 3 vii ,

(iii) Effect of colicin E,~P9 on DNA buoyant density

The buoyant density of a DNA molecule is dependent not
on molecular weight but on base composition, pa.rﬁicularly in CsCl
( Mandel et al., 1968 ), and in certain circumstances on secondary
structure. Denaturation of DNA by heat or alkali and UV irradiation
of DNA cause characteristic increases in buoyant density ( Szybalski,
1968 ), CsCl and Cs,80, distinguish between these two types of
alteration in secondary structure. In CsCl the bugyant density

increase for UV damaged DNA is greater than for heat denatured DNA,

whereas in c.,‘,soh the opprosite is true, ( Opara=-Kubinsks et al., 1963 ).
Isopyenic centrifugation has also been used for investigation of
protein-DNA interactions, ( e.g. phage; Weigle et al,, 1959 ).

The effect of incubation of DNA with coiioin E, on DNA

buoyant density in CsCl and C‘ZSOA is shown in Figs. 3 vii and viii,
In both caesium salts the DNA density was completely unaffected by
colicin pretreatment. Owing to the smaller density increase in CsCl
on heat denaturation of DNA, the centrifugation was performed in an
analytical ultracentrifuge and UV photographs teken during the run.
This gave better resclution than the more convenient method of using
a Ti=50 roter, T, DNA end T, phage were included ( Fig. 3 viii ) to
demonstrate the effect of protein binding to DNA on buoyant density.
The T, DNA had a greater density than E, coli in Cs,S0, owing to the
contribution of glucogyl groups, In CsCl E, coli DNA had a greater

density then T, DNA,

There was no evidence fram these results that colicin i,
damaged DNA or bound to DNA sufficiently to cause a change in
buwoyent density., This latter result however was expected owing to
the extremely high ionic conditions during centrifugation and to the
fact that CsCl has been used for dissociating ribosamal proteins from

ribosomal subunits ( Stachelin and Meselson, 1966 ),
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alteration in secondary structure. In CsCl the bugyant density
increase for UV damaged DNA is greater than for heat denatured DNA, ;\‘
whereas in 032304 the 0ppo§ite is true, ( Opara~Kubinska et al., 1963 ).
Isopyenic centrifugation has also been used for investigation of

protein-DNA interactions, ( e.g. phage; Weigle et al,, 1959 ). I

The effect of incubation of DNA with colicin E, on DNA It

buoyant density in CsCl and Cszsobr is shown in Pigs. 3 vii and viii, i

0 10 20 30 40 _ In both caesium salts the DNA density was completely unaffected by
Fraction No. | colicin pretreatment, Owing to the smaller density increase in CsCl |
on heat denaturation of DNA, the centrifugation was performed in an I
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CS2SO4 isopycnic centrifugatiou oi F,coli DNA after incubation

with colicin F2 in vitro,

a Ti=50 rotor, T, DNA and T, phage were included ( Fig. 3 viii ) to
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The abbreviations are the same as in FIG. 3 vii o

There was no evidence from these results that colicin <o i

demaged DNA or bound to DNA sufficiently to cause a change in o

buoyant density, This latter result however was expected owing to Il

the extremely high ionic conditions during centrifugation and to the

i ' _ fact that CsCl has been used for dissociating ribosamal proteins fram i

il - |
i - , _ ‘ ribosomal subunits ( Stachelin and Meselson, 1966 ), | \




(e) DNA binding activity I

' Percent. total |
‘ | _ .rqdioo.ctwlty re_tcuned | | The binding of colicin to E, coli DNA has already been /‘
i | by filter | inferred from its effects on DNase activity, DNA thermal denaturaticn '!
i | ' . ‘ il
i | 100 o RNA po[ymgmsg 7 | and ORD, A more direct method for investigating DNA-protein binding ’
, | » ° ! |
| ‘ (GO'OOO ctslmln) : has been used by Jones and Berg ( 1966 ). This relies on the fact |
ij that Millipore membrane filters selectively retain DNA-protein I
| |
j complexes whilst allowing DNA and protein to pass through, This
I method has been used with considersble success with RNA polymerase ‘
‘ | 1‘| ‘
:;-z{ ( Jones and Berg, 1966 ) lactose repressor ( Riggs et al,, 1968 ) and Il
ily 50 restriction endoruclease ( Yuan and Meselson, 1970 ). In addition |
b ° ° il
| l colicin E ! amino-acyl tRNA binding to riboscmes has been followed using this method |

[ ! f
| ? (1&000 CtS/mln) | ( Yenus and Berg, 1967 ). A second simpler method involved centri- |

it ©

| ;i fugation of the "complex" under conditions of low ionic strength j‘
i | ° ~ ’ ; ( Felsenfeld et al.,, 1963 ) on a sucrose density gradient and assaying il
i the fractions for specific protein activity in the region of the DNA I
| : | il
| : - ’ - = bend, I
1 0 50 100 pg protein/50ug DNA |
| o | | (1) Effect of colicin E,~P9 on retention of ( % ) labelled DNA by }
1 memb ters )‘
i |1 . » The incubation conditions of colicin E, and DNA were those f
FIG, ix i _ ‘ ) ‘ |
‘ Protein:DNA complex retention by nitrocellulose filters. | used for investigeting themmal denaturation of DNA so th&t colicin=DNA ’.'
! l‘ molecular binding ratios could be compared directly, RNA polymerase ”
i (3H) labelled F.coli DNA was incubated with colicin E2 or | ‘ i”*“‘
| ‘ L — . was chosen as a convenient standard and the incubstion conditions were i
I RNA polymerase for 5-10 min; the mixtures were passed through _ ' ;!“‘j
f nitrocellulose Millipore filters and washed with buffer, those described by Jones and Berg ( 1966 ), although the alternative ,’”‘J
;‘ i The percentage radioactivity retained by the filters is plotted ‘ colicin standard phbaphato buffer did not significently affect its DNA f[:;\
R | (M
ai h t of tei 50ug DNA to facilitate ‘ fl
ag’émSt the amount of protein per 50ug @ binding despite the absence of Mg'M and mercaptoethanocl, Under the l';’
I comparison with FTG, 3 iii . J‘
1\1

I
filter washing conditions used 2-5% total DNA radiocactivity was (’
retained in the absence of protein by the filter using either buffers. I

I!
“ ; ‘ ‘ The amount of DNA~protein complex retained by the filter was

7

: I
_: ‘ progressively reduced if after incubetion, the complex was allowed }
i |
|




to remain for more than 10<15 min in the cold dilute buffer. |

: : This limited the mmber of incubations that could be performed at I
Percent. mgxnzr*sﬁ.rB NA /orotein) 1 :
I’ClleClCthI‘ly prowel any one time owing to the necessarily slow rate of filtration and

retained by filter | M
A washing, The effects of colicin E2 and RNA polymerase on the |

1100 ¢3

retention of ( “H ) labelled DNA are shown in Fig, 3 ix, RNA polye
merase had a much higher affinity for DNA under the conditions used | |
and at a concentration of 30 ug/ml caused 100% retention of the DNA, I
The maximum retention of DNA in the presence of colicin E, was 30%
at a concentration of 60 pg/ml, This corresponded to the colicin

50 concentration in Fig, 3 v that produced the maximum 0'2 /3 value with

~ 8

similar smounts of DNA. The ionic stability of the protein~DNA I
complex was determined by diluting the standard incubation mixture Il
after formation of the complex with increasing concentrations of NaCl _ﬂ“

in the appropriate buffers, This buffered saline was also used in

Colicin E4 RNA polymerase

the washing procedure. The results are shown in Fig, 3 x. The
) - colicin=DNA complex was far more labile to increasing ionic strength
0 01 02 03 04 05 M | then the RNA polymerase~DNA complex, Between 10 and 20 mM NaCl,

' 1
NaCl concn. : ' : colicin sterted to dissociate from DNA end at 50 mM NaCl 50% of the i
complex had dissociated., This extreme salt lability of the colicin ‘i?‘*
complex would argue against any specific DNA interaction and also any

F1G, 3 x ‘ - .
-_— . ) direct in vivo colicin action on the bacterial chromosome under intra- [
Fffect of NaCl on DNA:protein complex rectention by _ il

nitrocellulose filters. cellular ionic conditions, However this method only measures the (i

effect of salt on membrane filter retention and it is assumed that a I

(3H) labelled DNA and protein were incubated together |
) ) . decrease in retention is equivalent to complex dissociation., It Il
unager optimum binding conditions as described in FIG, 3 ix

could be that the colicin-DNA complex passes through the membrane » M

and uiluted with buffer containing NaCl at the concentrations

inaicated. The mixture was filtered aud washed with buffered _ filter in high ionic strength buffers without necessarily dissceiating, “J
|
|

saline. The radioactivity retained by the filter is expressed .
) In support of direct in vivo colicin action on DNA it ecould be argued
as a percentage of the maximum retention obtained for each e o

protein in FIG. 3 ix . that colicin only interacts with DNA at the chromosamal-menbrane i

attachment point under comparative hydrophobic conditions,
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FIG. 3 xi

Sucrose density=-gradient ceatrifugation of colicin F2

treated DNA under conditions of low iouic strength.v

(3H) labelled DNA from F,coli was incubated with colicin E2
in 1mM plosphate- 10mM NaCl pll 7.1 and centrifuged through a 5-20%
(w/v) sucrose gradieut(made up in the same buffer ) for 90min at
40,000 rev/min in a SW50 rotor. The tube contents were fractionated
and the fractions tested for growth inhibitory activity as shown

in PLATE 1 iv and the cold-acid precipitable radioactivity determined,
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Fhenol ( 1,0-0,1 mM ) did not affect either coliecin or
RNA polymerase binding to DNA. The background retention of native
DNA elone was unaffected by prior filtration of colicin :E2 or RNA
polymerase, The mechanism of retention of the INA-protein camplexes
was not due to formation of large molecular aggregates since centri-
fugation of the complexes on sucrose gradients produced no dramatic
increase in DNA sedimentaticn value ( see Results 3 (c)ii and Jones

and Berg, 1966 ).

The molecular binding ratios of RNA polymerase and colicin
E, at 30 and 60 ug/nl to DNA ( 10/ daltons ) at 50 pg/ml were
calculated to be 15 and 200 assuming the molecular weight of the
polymerase to be approx. 5 x 10° ( Travers and Burgess, 1969 ) and its
purity to be 100% at 2000 units per mg ( Chamberlin and Berg, 1962 ).
The colicin<DNA molar ratio was therefore consistent with the results
obtained in earlier sections, |

(1i) Association of coliecin Ey~F9 activity with DNA after sucrose
ity centri ion

The ability of coliein E2 to bind to DNA was also tested

directly by an adaptation of the method of Felsenfeld gt al., ( 1963 ).

This method relied on the isolation of DNA after incubation with
colicin by sucrose density-gradient centrifugation in a low ionic
strength buffer, The gradient fractions were tested for colicin
activity and if DNA binding had occurred the activity profile corres~

ponded to the DNA profile,

The DNA radicectivity and ocoliein E, biologicel activity
profiles after sucrose gradient centrifugation are shown in Fig,
5 xi. Owing to the inaccuracy of biocassay no molecular binding
ratios were calculated, but it was demonstrated that eolicin activity
wes associated with the DNA peak thus confirming the observations of
DNA thermal denaturation and filter retention experiments regarding




TABLE 3 iv
DNA RNA : ivi

_pu6l GMP incorp, 7 incorp.

Camplete system 1. 5 pg DNA 2.2 (1021 ets/min) 100

Additions to gystem 1.

-enz, - 0
~DINA - 1
+ACTD(2.5 3g ) - 1
+coliein E, ( 5 pg ) 1.7 | 78
+colicin E, ( 10 pg ) 1.6 ‘ 75
‘ +heat denat., colicin E, 2,2 101
+1 ymol phosphate (pH 8) 1,2 57

The éanpleta system ( total volume 0,25 ml ) is described in

o
Methods 3, DNA semples were incubated with colicin at 37 for 10

min prior to addition of RNA polymerase, All assay incubations

“ ere for 30 min and the smount of ( 'C )GMP incorporated into the
cold-acid precipitable fraction determined, The figures quoted are

averages of 2 duplicate determinations and the variation was not

more than & 4.

DNA-coliein in vitro binding. The in vive activity of colicin,

as determined by survivel curves for E, coli ROW and DNA degradation,
was completely unimpaired by preincubation with DNA, but this was
prartially expected owing to the ionic conditions of the cultwre medium,
A similar diffuse colicin sctivity profile wes obtained after sucrose
gradient oeutrirmﬁ.on with heat denatured DNA but the relative
affinities of colicin for native and denatured DNA were not determined
owing to the high degree of variability and lack of precision in the

experiments,

(@) Effect of colicin E,~F9 on in vitro macromolecular synthesis

Colicin E, was found to have inhibitory effects on the
synthesis of DNA, RNA and protein in vive at high colicin molecule
to cell ratios ( Ch. 2 and Nomura, 1963 ). As a final investigation
into the in vitro activity of colicin Ep it was declded to investigate
the effects of colicin E, on RNA and protein synthesis in vitre.

(1) In vitro RNA synthesis

The binding of eolicin E, to DNA described in Results
3 (e)i would suggest an inhibition of RNA polymerase activity by
coliecin E, owing to a competition for DNA binding sites. Shih and
Bormer ( 1970,2 amd b ) have shown however that histones end poly-
amines inhibit DNA template activity of RNA polymerase not by
prevcntion of enzyme binding but by inhibition of helix uncoiling,
Therefore it could also be argued from the DNA thermal denaturation
data ( Results 3 (b)i ) that colicin E, would emhance INA template
activity, In order to resolve this inconsistency DNA was pretreated
with c:ol:!.cx.'n.n-]!:2 and incubated with RNA polymerase and nucleoside
triphosphates. The amount of RNA synthesis was determined by the
incorporation of ( L ) GMP into cold-acid precipitable material
( Teble 3 iv ). 5 pg of stage II E, Coli DNA was used in the test




ZABLES Y

Foly U directed FPoly-

Additions rmols (4C) Phe % incorp.
None 0,12 (22,210 cts/min) 100
- poly U - | 5
- cell sap - 2
+ colicin E, (10 ng) | 0.12 97
+ colicin .‘E3 (10 ng) 0,11 92
+ CAP (25 ng) 0,04 - 37

The complete system ( total volume 0,25 ml ) is
desoribed in Methods 3, The cell sap ribosomes were incubated
with colicin E, at 37° 10 nin prier to addition of ( ¢ )-
phenylalanine, All assay incubations were for 15 min and the
( G )ephenylalanine incorporated into the hotescid precie
pitable fraction determined, Freincubation of the c;ell sap

at 37° for 10 min in the control had no effect.

1

e

systems as this resulted in approximately Mf the maximum rate

of RNA synthesis for the given conecentration of enzyme and this was
most sensitive to any change in template activity ( see Waring, 1964 ).
Under conditions of excess template ( 50 pg DNA ) the maximum activity
rate of RNA polymcrnaa was 4.4 mmol GMP incorporated into cold-acid
precipitable meterial in 30 min, The specific activity of the enzyme
was therefore 2500 units per mg ( see Methods 3 ).

Duplication of phosphate buffer conditions used in themmal
denaturation and binding studies was prohibited owing to the inhibitory

action of phosphate on the assay system ( Table 3 iv ),

Colicin Ez, at protein-DNA molar ratios of approx. 150 and
300, reduced the incorporation by sbout 25%  This effect was reduced
and subject to wide variation if the engyme and colicin were added to
the DNA template at the same time, This would indicate that coliecin
E, pertially blocked RNA polymeraseactivityin vitro but this effect
was not consistent with the more effective inhibition of RNA synthesis

observed in vive.

(i1) In vitro protein synthesis

The poly U directed polyphenylalanine synthesising system
was essentially the same as that described by'Konisky and Nomura
( 1967 ). The control system was characterised by having maximum
activity between 15 and 20 mM Mg'', There was little activity below
10 mM and above 30 mM Mg''. The effects of colicins E, and E, on
polyphenylalanine synthesis at 16 mM Mg™* is shown in Table 3 v, and
it was concluded that neither colicin produced a significent inhibition
to account for its in vive effects. However it was noted that
chlorcamphenicol wes only partially effective as an inhibitar of this

poly U system.




A
DISCUSSTON I | U
o
Investigations into the in vitre activity ef coliein |
E,~F) may be divided into those that produced negative results end ii’ |
those that produced positive results, Negative results were i
:‘ obtained by investigations into possible direct miclease activity E ‘ ',, |
-1 : ' end direct interaction with in vitro macromolecular synthesis, B |
although & slight inhibition of KA synthesis was detected. The kJ |
interpretation of these experiments would be that colicin E, needed ﬂ \‘ r |
a whole cell envirorment to influence molecular synthesis and that I ’ ”
the mode of acticn of coliein &, carnot be simply explained by hypo- | }'
thesising a membrane permesble miclease, Together with results on )) |
nagnesiun don depletion ( Ch, 4 ), this would further eliminate another || \ |
hypothesis of DNA leaking out to a coliecin nuclease in the periplasmic ﬁ’ ) |
spece, ( assuming nonepenetration of the inner cell membrane by the y‘ '.
The positive results were probably all direct consequences N}J f
of colicin binding to DNA in vitro., Despite the strict dependence on 'l |
the ionic strength of the incubation buffer, suggesting that binding | L
 would not oceur in vivo, the colicin:DNA molecular binding ratios were H !’ 1
remarksbly consistent for three different experiments, i.e. DNese , ";} 1‘
activation ( 250 ), thermal destsbilisation of DNA ( 100=400 ) and (
colicin=DNA complex retention by millipere filters ( 100=400 ). ”rr
These ratios for a DNA molecular weight of 10’ may indicate that ” |
there 1s a colicin moleculs bound every 10° daltons, i.e. every 200 ”‘
micleotide pairs, It is interesting to compere this with the repert J‘\‘
] of Sadron ( 1968 ) tlnf thoro are local regions of untwisting or h |
3- . distertion every 5 x 10° dsltons along mative DNA strands. Sekine : };
1 _ et al., ( 1969 ) have used this to explain the binding ratios of ’ ll
: ribenuclease A to DNA which were similar to those cbserved for s

- coliein E2. Histone I has also been shown to bind to DNA at a
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molar ratio of approx, 400 ( Shih and aner 1970.2 ). Other well-
characterised protein-DNA interactions have been observed at lower
molar ratios; 15=30 for RNA polymerue ( Jones amd Berg, 1966 ) and

70 for chymotrypsinogen ( Bobb, 1966 ), The significance of the
interaction of colicin E, with DNA is questionsble since all the other
DNA=protein complexes mentioned are considerably more stable with
respect to increasing ionic strength, i.e, more specific,

The lowering of DNA melting temperature is difficult to
explain since there was no apparent change in DNA secondary structure
on binding colicin as detected by CRD, even in the presence of phenol,
It is possible however that coliein E2 shows a greater affinity for
the denatured rather than the native structure of DNA, although there
was no direct convincing evidence of this. Riboruclease ( Felsenfeld
et 8l., 1963 ) and bleomycin ( Negai gt al., 1969 ) are the only
proteins together with coliein E, so far cbserved to lower DNA melting
temperatures, Various other agents have been found to destabilize
DNA such as nucleosides ( Ts'o et al.,, 1962 and 1964 ) steroidal
diamines ( Mahler et al,, 1968 ) and more drastic agents such as
formamide, perchlorate and urea ( Marmer et 2l., 1963 ) but protein
destabilisation of DNA has interesting possibilities with regard to
in vive control of treanseription and replication, |

Colicin E2 itself was observed to undergo a form of de-
naturation on associating with DNA due to the close proximity of the
DNA phosphate groups and this change in the ionic enviromment of DNA
may explain the DNase ‘mtvivation effects and the increase in 0'2/3

values on DNA melting ( see Peacocke and Walker, 1962 ),
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The positive effects of colicin E2 in vitro were not
pursued too vigourously after discovering the effect of increased
ionic strength on DNA-colicin complex stability and the enigma of
the phenol effect on DNA melting in the presence of coliecin, The
direct action ef eolicin E, on DNA may unfortunately be an artefact
and not at all related to its in vivo action since it assumes inner
menbrane penetration and all other evidence argues against this,

( see General Introduction ),




CHAFTER &

The effects of other chemical agents on colicin EE-PS induced DNA “;

| degradation in vive

|
] INIRODUCTTON | | |
V A previocus investigation ( Nomura, 1963 ) into the effects \ ‘H
3 of other chemical agents on eolicin E, ection in vive has shown that I
J the induced DNA degradation is interferred with by inhibitors of energy |
J metabolism such as 2:4 dinitrophenol and coliein K, but unaffected by g

Il

protein synthesis inhibitors such as chloremphenicol, Reynolds and |
Reeves ( 1963 ) also showed that under certain conditions trypsin “
reversed the lethal effect of colicin E,, increasing the mmber of H

cell survivors, However trypsin was less effective with colicin E,
‘ compared with other colicins such as K, E, and s ( Nomura and
Nekamura, 1962 ), Nomura ( 1963 ) concluded from this and other un~
published evidence that degradation of cell DNA induced by coliein E2
did not utilise newly synthesised deoxyribomucleases but was dependent \
on energy production and DNA synthesis whilst the coliein molecule I
remained near the cell surface. This may suggest a possible involve=- H
ment of Kormberg's DNA polymerase ( Kormberg, 1969; Richardson, 1969 )
which is known to be dependent on nucleoside triphosphates and to have }‘;‘
exo- and perhaps endomucleolytic activities ( see Ch. 5 ). 1

It was therefare decided to imvestigate t.e cffects of other I
chemical agents on this phenomenon with the view to elucidating the I
mode of astion of colicin E, Various inhibiters of DNA synthesis I
end DNA intercalating drugs were studied in addition to agents affecting ”33‘

cell membranes, It has already been observed in vitro that certain | ’
DNA intercalaters inhibit deoxyribonuclease action, ( Leith, 1963; J
I

Serkar, 1967 ). The coliecin E, system therefore slso provided a
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novel and useful means for investigating the effect of induced
deoxyribonuclease activity on intercalated DNA in vive.

METHODS 4
(e) Eretreatment of ( 38 ) labelled cells with antibacterial agents

7 The DNA of exponentially growing cells of E, coli ROW was
lsbelled with ( methyl="H ) thynine as described in Ch, 2, The

labelled cells were washed and resuspended with fresh medium at a

cell density of 3 x 107

bacteria per ml, The cells were preincubated
for 10 min with growth inhibitory concentrations of various anti~
bacterial agents before addition of the appropriate concentration of
coliein E2,‘ 1ml aliquots were taken at intervals end mixed with

1 ml ice cold 10% ( w/v ) TCA, The precipitate was filtered and the

redicactivity determined as described previously.

This procedure spplied to the preliminary investigations
with dinitrophenol ( DNP ), chloramphenicol ( CAP ), mitomyein ( MIT ),
phleemyein ( FHL ), novebiocin ( NOV ), acriflavin ( AC ), ethidium
bromide ( EB ), daunomycin ( DAU ) and nogalamycin ( NOG ), The
concentrations used are given in the text,

The more detailed investigations with actinomyein D
( AcT. D ), ethidium bromide, phenethyl alcohol ( FEA ), 5=bromo-
uracil ( BU ) and trypsin are described in the text.

(b) Isopyenic centrifugation of BU-DNA
In order to show that 5-bromouracil was incorporated into

the DNA of E, coli ROW under the conditions md, it was necessary to
show an increase in bouyant density of the extracted cell INA in CsCl,

The DNA of E, coli ROW was uniformly labelled with ( methyl=-

35 ) thymine and the exponentially growing cells were washed and re-
suspended at a cell density of 108 bacteria per ml with fresh medium
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containing 5 pg S=bremouracil per ml, 200 pg déomdemahze per ml U !{ H
and 1 ug ( mtlvl-}H ) thymine per ml ( specific activity 1 Ci/mmol ), i

After incubation for specified times, 10 ml aliquots were mixed with il
10 ml NET buffer pH 8,0 containing 10 mM KCN ( NET-CN ) at 4° to stop Mh[‘
further incorporation, The cells were harvested by centrifugation H‘;P‘i‘” |
and resuspended in 1 ml NET-CN buffer pH 8,0 at 20° and incubated with |
200 pg lysozyme per ml for 15 min, The cells were then lysed by the ‘1
addition of sarkosyl detergent ( final concentration 1% ( w/v ) ) end \;\ i
digested with pronase at 100 pg/ml for 15 min at 37°. 0.6 ml lysate i
was mixed with 5.4 ml NET buffer pH 8,0 end added to 7.8 g solid CsCl,

% cold-acid precipitable 3y

The mixture was overlayered with liquid psraffin in a 13 ml centrifuge |

tube and centrifuged to equilibrium in a Ti-50 rotor at 30,000 rev/min H‘

-10 0 60 ~ *120min for 60h at 20°. The gradients were fractionated and the coldeacid

Time precipitable radicactivity in the fractions determined ( see Ch. 5 ).

(a) Effects of preincubation of E, coli ROW with antibacterial agents
on colicin E,-F9 induced DNA degredation

FiG., 4 i
In order that stimulation as well as inhibition of coliecin

Effects of antibacterial agents on colicin E2 induced

induced DNA degradation could be detected it was necessary to use a

DNA degradation.

concentration of colicin E2 that did not induce excessive DNA

‘ .7 ‘
(3H) thymine labelled cells of F.coli ROW ( 3.10 bacteria ' degradation in the control, 3 ng coliein E‘2 per ml was therefore
. . . . . . i )
per ml) were preincubated for 10min in the presence of the used ( 103 molecules per cell ) sinee @is iodused 50 + 5% degradation

agents (X) indicated . Concentrations are given in TABLD 4 i.

of cell DNA after 2h incubation,

Samples were takhen at intérvals alter addition of colicin E2

i ( 3ug/ml) and the cold-acid precipitable radioactivity determined.

Freliminary investigations involved a simple preincubation
i . h : | | , of cells with various agents for 10 min followed by incubation in the
presence of coliecin ( Fig, 4 i ), Mitomycin ( Reich et al., 1961 )

| and phleomycin ( Falaschi and Kornberg, 1964 ) were used as examples
i _ - of antibiotics that would specifically inhibit DNA synthesis ( see

Ch, 2 ) but do not intercalate. Fhleomyoin has also been shown to
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inhibit exonuclease I in vitro ( Falashi and Kornberg, 1964 ) but U |
not endonuclease I, DNA isolated from cells treated with mitemycin |
C was degraded as well as untreated DNA by exo and endomuclease ‘i

in yvitro, in contrast to DNA treated with intercelating drugs
( Sarkar, 1967 ). Mitomycin and phleomycin were used at 1 ug/ml - M
\

Preincubation concn, % DNA degradation after 2h ( close to the M.G,I.C. ) and 20 pg/nl, There was mo significent | |

tmen pg/ml |

SR ( ) difference in colicin E, induced DNA degradation between control cells |

- coliein E2 + coliein E2 U“

and cells preincubated with either mitomycin or phleomycin, ( Tsble

I Contred : y- iand F 11 ). H the | |
‘ | Mitamyein C 1 2 ﬁ 4 ig. &4 . owever there was a slight degradation M*
e ‘ 20 . I
1 Fhleonyoin 1 lg 50 ( 10-20% ) at the higher concentrations of the two antibiotics in
w 1 L7 i
! - d the sbsence of colicin E, after 2h incubation. H ‘“
| Aeriflavin 100 0 7 | |
| g Ethidium Bromide 100 0 19 Four intercalating drugs were selected; acriflavin, } 1
Daunomyein 100 0 25 ethidium bromide, daunomycin and nogalamycin ( see Waring, 1968; | (/

|
| Jogalesgeia 100 2 31 . Kersten et al,, 1966 ). Owing to their charged nature, high concen=
| i . | - j
‘ EDTA (1 my) 15 41 % trations ( 100 pg/ml ) were needed to overcome the permeability berrier ]‘
Actinemycin D 50 18 32 1 U ‘
(= Mg** 0 49 ) ‘ | of gram-ve bacteria. The inhibitory effect of such intercalaters on “ “
i |

8 z certain deoxyribonucleases by binding to the DNA substrate in vitro has |

Novobioein 100 0 ! & T |

P 100 o 48 o been investigated by Leith ( 1962 ) and Sarker ( 1967 ) and was des- Il

o Cassn , 0 53 - |

Difxil M:Jc‘; — (2 mM) 2 L ) | ‘ cribed in Ch, 3. However very little has been reported of their in ([

' |
vivo effect on DNase activity. Acrifiavin and ethidium bromide pro- J‘ l

\

duced the most significent results for inhibiting colicin E, induced
DNA degradation ( Teble 4i and Figs. 4 i and 4 41 ), Daunomyein \\‘ |
and nogalomyoin had slight inhibitory effects but still allewed i
approx, 30% DNA degradation on incubation of cells with colicin, \‘,‘
This wes probably due to a decreased pémeabuiw effect. All

drug concentrations were growth inhibitory end preincubations were per=—
formed in the dark. Interpretation of the o,criflavin results was com= i‘H |
= plicated by (i) extensive colour quenching of the cold-acid precipitates
2 ’ when measuring the radicactivity by liquid scintillation and (ii) the |

A pini g
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possibility that acriflavin not bound to DNA may bind to colicin

or certain DNases., The first difficulty was partially overcome by‘
adding acriflavin to colicin control samples Jjust before mixing with
cold TCA, However the results still showed a considerable variability.
The second difficulty was pertly eliminated by washing acridine pre=
treated cells with fresh medium and then treating with colicin,

Similar results to unwashed cells were observed, but this in itself
did not eliminate the possibility of the drug binding to the nucleases.
The results with the other intercalaters which are known not to bind
so avidly to protein would however discount this as the cause of the
inhibitory effect. The results with ethidium bromide were examined

in greater detail later.

Actinomyein D has been well characterised as an inhibiter
of RNA synthesis ( Kirk, 1960 ) but its method of binding to DNA has
been uncertain owing to the minor groove H bonding theory of Reich
( review, 1966 ) and the intercalation theory of Miller and Crothers
( 1968 ). It was therefore interesting to see whether ACT D
resembled the other intercalaters studied in inhibiting coliecin induced
DNA degradation, Sarkar ( 1967 ) has shown that ACT D inhibited
DNese action in vitro and Reiter et al., ( 1966 ) have shown that
repair of UV damaged DNA was inhibited by ACT D in vivo.

' EDTA pretreatment ( Leive, 1965 ) was necessary to increase
the permeability of E. coli towards ACT D, This was performed as
described in Ch, 2 and the cells treated with 50 ng ACT D per ml for
10 min befare incubation with colicin E,. The results are shown in
Table 4 i, The EDTA treatment caused the cells to be "leaky" giving
rise to the_ appamnt DNA degradation in the EIDTA controls with or

without ACT D, Colicin induced DNA degradation was inhibited by




ACT D pretreatment but exact determinations were complicated by

°J/o DNA degrad. after 2h

A the "leaky" controls, This result would put ACT D in the same |

' (il

+ O , catagory as the intercalators described above, If the cells were Il ﬁ\}‘

— SITE OF ; I

1001 embrane DNA syn. " intercalation Y INHIBITION not pretreated with EDTA, ACT D was without effect on cell growth, il f“

& DNA  &prot.syn. & energy q | | ““jf

Suspension of exponentially growing cells in a magnesium |

¥ i

T - deficient medium 10 min prior to colicin addition had little effect Il

STIM + ‘ Il

8 . | on the DNA degradation although the magnesium deficient control I ‘
‘ il
vV E _ . ' cells were unable to grow, From this result snd the results with x“ ‘

A | i

50+ , COLICIN 3ng/ml EDTA it is not possible however to determine whether colicin E2 i\ ;‘
SR e el K D ey e ittt m==e= ' fihf
= CONTROL induced DNA degradation was Mg dependent, but it does indicate that | i
Ll
tl C if the nuclease system is Mg'' dependent then degradation does not ‘\‘ j‘ |
hth
(E) é T\IA N INHIB - v occur in the periplasmic space as has been suggested for DNA ‘\“? |
i
6 O|D 4 degradation in phage exclusion phenoncmena ( Dr, M.R, Iunt, personal “‘1 ’i“‘)i !
E v ' it
G ﬁ B DNP ' » communication 1970 ). | “'1
. | ‘\ {
AC_] _ ‘iH e{ |
Novobioein ( Smith and Davies, 1967 ) is a known membrane- it
i
active antibiotic and inhibits DNA metabolism in E, coli, FPre=- , U\j |
incubation of cells with 100 g novobiocin per ml was found to have f ‘T“ H;
Fi1G. 4 ii labilising effect towards subsequent colicin induced degradation of I |
Histogram of the eftects of autibacterial agents ' DNA ( Teble 4 i and Figs, 4 i and 4 ii ), This was the first case of “‘ J ‘H'
_ . (it
gn goliein §2 induced DNk degFadation an agent increasing the biochemicsl effect of colicin Ez. (3 Phenethyl ;‘} | h,

| . : i
The percentage DNA degradations after 2h incubation of cells in alecohol ( Lerk and Lark, 1966 ) has similar antibacteriel properties H “\ m
v . i A |
- ic i < 1 it tit : “ I ”
the presence of colicin E2 and the appropriate pretreatmeuts with anll % Sffeoh an eslintn autise was Lavestigated in & later seotisn. “ | ’
] . with antibacterial agents were determined as described in FI1G.4 i ;‘1 “1; [
all except the pretreatment with phenethyl alcohol which 1is B sesulie of Musre ( 1963 ) with ohlorespheniool and w“ }‘w“ '}
‘,‘ desribed in FIG, 4 iv. These results are also presented in . ‘TH“‘
1! TLELE & _ dinitrophenol were confirmed and are shown in Table 4 i, In this i |
| 3 1 . ' A ' : }1 lH “
I : ‘ connection amino acid starvation for 90 min ( Lerk and Lark 1966 ) ‘\ ’
i ' 1
![i prior to colicin attack had little effect on the subsequent DNA | '
: , _ WA |
i f degradation and was independent of whether amino acids were restored !i“
}5'2 on incubation of cells with colicin ( Table 4 1 ), ‘”] ;
1
[ o
1| i
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(b) Effect of ethidium bromide on colicin E,-F9 induced DNA i
degradation | i

Ethidium is a well characterised intercalating drug

EB <1040 min(m)

( Crawford end Waring, 1967 ) and was selected for a more detailed
examination of the inhibitary effect of intercalaters on colicin i

action since it was almost as effective as ascriflavin but did not

suffer from the disadventages outlined above, On addition of TCA |

colicin . S E to ethidium bramide treated cells, the bright red colour of the dye |

control(e)
changed to pale yellow and this was removed on washing the membrane I ‘

] or glass fibre filter with 1% ( v/v ) acetic acid. Il ;‘

% cold-acid preg_fpi’((lbl@ +H
(@)

Since this drug inhibited colicin E, induced DNA degradation | Il

— : \ : ) when added prior to colicin, it was of interest to see whether |

time addition of this drug to cells simultaneously with or subsequent to | |

colicin E, had eny effect on the induced DNA degradation,

The results are shown in Fig, 4 iii, This time a concen=

FIG, 4 iii
S L , tration of 5 ng colicin &, per ml was used to increase the colicin it

Effects of ethidium bromide on colicin E2 induced
' . i contrel DNA degradation, If the time of colicin addition to bacteria il
DNA degradation. H
was at O min, then additions of EB st =10, =1, O, +5 and +10 min hed |

3 . 7 b. :
("H) thymine labelled cells ( 3.10" bacteria per ml) were " equal inhibitory activity on the induced DNA degradation. After the ‘M‘ “

treated with colicin E2 ( 5ng/ml) at time zero and ethidium bromide i
"lag phase" ( 10-15 min see Ch, 2 ), DNA degradation to acid scluble W |
i1

( 100ug/ml) at the times indicated. Aliquots were taken at intervals ‘(

1148
and the cold-acid precipitable radiocactivity determined, (O) are material was occurring at the time of drug addition., Despite this, ““‘ w ﬂ
lhe averages of the points obtained by addimg ethidium bromide to ethidium bromide inhibited the overall degradation and even after | f’

cells at =10,=1, O, +5 and +10min . |
addition of EB at +40 min degradation of the DNA was inhibited and (1
. A . _ |

ceased by +60 min, These results suggest that (i) ethidium bromide

inhibition of colicin E, action during the preincubation period | J
( =10 min to O min ) was not the result of the drug binding to ‘;M‘ il
eolicin or an alteration in the cell surface thus preventing eolicin w J
binding to the cell, and (ii) ethidium bromide penetration of the i J

\ cell and binding to DNA was unaffected by prior treatment of the

cell with colicin E2 R
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(e) Effect of phenethyl alcohol on colicin E,~F9 induced DNA
degradation

(3 Phenethyl alcohol ( FEA ) has been well characterised as

a selective inhibitor of DNA synthesis ( Berrah and Konetzka, 1962 ),
Treich and Konetzka ( 1964 ) also showed that FEA only inhibited DNA i

synthesis after the bacterial chromosame had completed a cycle of
replication, i.e. inhibited initiation of a new cycle, The point i
on the chramosame at which replication ceased with FEA was the same |
point at which replication ceased with amino aqid starvation, It was \‘\
also the point from which a premature cycle of replication was H‘ |
initiated by thymine starvation ( Lark and Lark, 1966 ), Initiation
of a new replication cycle appeared to need two proteins, One was I
sensitive to inactivaetion by FEA but its synthesis resistant to H
chloramphenicol; the other was unaffected by FEA but its synthesis |
J was inhibited by chloramphenicol ( Lerk and Ierk, 1966 ). These
* proteins may well correspond to the structural and initiator proteins i
i | hypothesised by Jacob et al., ( 1963 ). J\‘ |

|

In eddition to affecting DNA synthesis, FEA eppears to l

~ demage the cell membrane and it has been suggested by Treich and (
. Konetzka ( 1964 ) and Ierk end Lerk ( 1966 ) that this is the cause

of the rdi-ruptim of DNA replication and that the chromosome may have

7 Hi |
| became detached from its replication point on the membrsne, In view w, |
| of the effects of PEA on DNA metabolism and membranes in &, coli it |
1 ' was clear that it would be useful in ltu@f-ng the mode of action of l "
—— i
' i
The concentration of PEA required for a specific effect l
on bacterial DNA synthesis is determined to some extent by the growth \1“ W [

conditions ( Lerk and Lark, 1966 ) and this was studied for E, coli ROW,
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Effect of Phenethyl Alcohol (PEA)

|
(@) = The results are shown in Fig, 4 iv(a). The incorporation of 1
= (It
% Control PEA ( 5H ) thymine into cold-acid mrecipitable material was not W‘\
~ - O -25010 ) ‘ \“‘ ‘\
v 2 o : immediately inhibited by 0.5% ( v/v ) FEA end continued for ”H
%) i
| - approx. 50 min, 1,0% produced an effect too rapidly whereas I '
g ‘ | 0.25% failed to completely inhibit DNA synthesis after 90 min
O ' ‘
'.E- it o/o incubation,
S | -
_gi. Exponentially growing cells of E, coli ROW previously
'g 5 labelled with ( 3H ) thymine were incubated with O,5% FEA for 90
o—=a a—-al10 %
i ) ) min by which time all DNA synthesis ceased, The cells were washed
0 [ | 1
0 30 time 6 S0 mn : ' : and diluted as described in Fig, 4 iv(b). At intervals after
' addition of colicin Eps aliquote were taken, coldwacid precipitated
(b) E xponentially growing cells and the radicactivity determined. The amounts shown in Fig, 4 iv(b)
| . ‘ . : are the percentage degradationsof DNA after 2h incubation of treated
, N
o] - Sl 3 cells with colicin, If the PEA treated cells were incubated with
" 4 . o _® -
+PEA pre'nnculu +PEA &COl{CIﬂ +colicin omm colicin in the absence of PEA ( tubes 1 and 2 ) there was a stimulation
10min,then at Omin +PEA 10min :
colicin ' _ of colicin induced DNA degradation over the control, This stimulatory
mlin incub. LYSIS LYSIS same as colicin
i %95% PEA —_— S control. Z6% degrc:td. - effect was most pronounced when the cells were treated with colicin
| | | after 2h | inmediately after removing the PEA ( tube 1, Fig, 4 v ). If however
{ ‘ L]
I\ cells washed ‘ . the cells were allowed to recover slightly before addition of coliein
| & resusp.at Omin _ '
i 1’ . ,L ( tube 2 ), the stimulatory effect decreased ( Fig. 4 v ). Incubation
. 1 zl 3 o
;Y . : 5 s - of cells however with coliecin in the sence of FEA after in FEA
+colicin Omin + colicin 20min +colicin & PEA Onfin - . presmee 9 =
incub. 2h incub. 2h incub. 2h ' | pretreatment ( tube 3 ) caused an inhibition of DNA degradaticn compared
STIM. §T_|M | INHIB. | with the hcolicin control These resulits be interpreted in two
75% degrad. 66% degrad. 25%, degrad. may
: _ ’ : ' ways; either the PEA directly inactivated the colicin or some partial
I FIG. 4 v - . recovery of the PEA treated cells was necessary for colicin to act
(a) Etfect of PEA on ("H) thymine incorporation by E.coli ROW

Exponegtially growing cells (2.108bacteria per ml) were incubated ( i.e. DNA/membrane interaction )s

IE with ("A)thbymine and phenethyl alcohol at the concentrations
i indicated. S les were taken and the cold-acid insoluble radioactivity ‘
LP | ated. mamp P The possibility that coliein E, was directly inactivated

(b) Scheme for PFA aund colicin B2 treaitment oi cells.
(3H)thymine labelled cells werg incubated with 0.5% PFA for SOmin,

by FEA was investigated by mixing the two together before addition

m;, washed and resuspended at 3,10 bagterig per ml at time zero. _  to the cells ( tube 5 ). On addition of the mixture to growing

i Colicin E2 (3ng/ml) was added at times indicated (tubes 1-3)._PEA ‘ v

d‘ was added to 0.1%to tube 3. Tubes 1-3 were incubated for a further ‘ ‘ cells there was rapid lysis, Freincubstion of the cells for 10 min
ﬁT 2h after E2 addition. Tubes 4-6 contained 2.108 bacteria per ml,

B

0.5% PFA and 20ng colicin E2 per ml as iudicated.
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Effect of Phenethyl Alcohol (PEA)

with FPEA also brought about lysis on addition of colicin ( tube 4 ). ”}"}‘ 7
| This phenomencn of lysis had been reported by lerk ani Lark ( 1966 )

when FEA treated cells were incubated with 5«fluorouracil, This i““ {
i
1007— therefore left the question of direct interaction partislly un= !
1l
\ ‘1;‘
resolved, but since FPEA did not lyse the bacteria in the absence of J H
colicin E2, the coliein presumably was at least partially active. ‘
= SOmnPEA . _ “ﬁ“
& then colicin O _ I |
- ‘ If PEA was added to the cells after the addition of i
i
g colicin, there was no lysis ( tube 6 ) and the DNA degradation was ‘H g ‘
F N N oCONTROL = i
§ 50 | (+colicin) o . unaffected with respect to the colicin control ( unlike the results ;H\\‘ i
-S- SOmPEA “ with ethidium bromide ). It would therefore appear that colicin ( |
— w ell _ | ‘ 5 | ?
S vash cells stebilised the cell envelope ( see liose et al., 1570; end Chs, 5 f
= then colicin : e i
: o » an @ (| A
: 90mhPEA - | ' i
Wﬁsh cells : : ‘\H |
thencolicn = S (d) Effect of colicin E,~P9 on 5-bremouracil=DNA in vive | il
| ~ « i
. Incorporation of the base analogue 5ebromouracil into ‘ E’ I
0 - 60 B 120 min » bacterial DNA has long been known to increase sensitivity to UV amd W |

e Gt = Xray irradiation, Acki et al., ( 1966 ) have shown with UV I
irrediation that there wes excessive DNA degredation and prevention

of the normal repeir processes in cells labelled with bromouraecil, www |

FIG. 4 v Lett et al., ( 1970 ) however found an inhibition of the repair exo- i

. mel with Xray irradiation., Sinc nzyme 1
Effect of PFA on colicin F2 induced DNA degradation, —— * dation e the repair e 8 have been ”

implicated in colicin induced DNA degradation(Ch, 2 and Threlfall and

3 . . . ) .
("H) thymine labelled cells were preincubated with PFA and Holland, 1968 ) it was of interest to investigate the effect of

treated with colicin as described in FIG. 4 iv(b) . Samples ll
bromouracil=DNA on colicin sction. ‘“‘H ‘

were taken at intervals after the addition of colicin (time O)
il andnfhe cold-acid precipitable radioactivity determined. The

numbers above the curves are the tube numbers in F1G. 4 iv(b). |

\
; i
With all the other chemical agents studied it was possible I I
i to demonstrate their effect on cells by simply testing for growth ‘M

; |

inhibition, Ihcorporation of bremouracil into cellular DNA could be “W ‘

demonstrated only by isopyenic centrifugstion, il
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(3H) thymine labelled cells of F.coli were incubated with ("H)
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f g FIG. 4 vi Isopycnic centrifugation of S5-bromouracil labelled DNA.
\
1!

thymine aund S5=-bromouracil for 85min O—(Q and 30min Q—@ -

The cells were lysed and centrifuged to equilibrium in CsCl at
30,000 rev/min in a Ti-50 rotor . The fractions were cold-acid

precipitated and the radioactivity detcrmined.

FIG. 4 vii Action of colicin F2 on BU-DNA in vivo,

Fxponentially growing cells incubated with 5BU and (Sn)thymine
for 2-3 generations were washed resuspended at a cell density of
3.1O7bacteria per ml and incubated with colicin w2 O—0oO at (a) 1ng/ml

(b) 3ngs/ml and (c¢) 5ng/ml . Coutrol cells B—m were incubated with

colicin but not bromouracil.
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The results of incorporating 5-braﬁm1racil into E, coli
for 5 and 30 min are shown in Fig, 4 vi and indicate linear uptake
with time so that after 5 min, approx. 12% of the DNA aeppeared as
a BU/SH hybrid consistent with an observed cell doubling time of
LO=45 min, The sppearance of radicactivity in a third peak
( BU/BU ) indicated that ( 3y ) thynine was competing with the BU
and that there was more than one site of replication per bacterium
( Caro 1970 ). Cells that had incorporated BU gave the same minimum
growth inhibitory concentration ( MGIC ) with colicin E, as control
cells, The procedure with colicin E, was first to incorporate BU in
the presence of ( 3y ) thymine into DNA of exponentially growing cells
for 2«3 generations, The cells were then washed and resuspended at
a cell density of 3 x lC>7 bacteria per ml with fresh medium containing
1=5 ng coliecin E, per ml, Aliquots were taken at intervals and the
cold-acid precipitable radicactivity determined, The percentage
radicactivity was plotted against time of incubation with coliein
( Pigs. 4 vii(a), (b) and (¢) ) instead of recording the degradation
after 2h, since here the effect of BU was on the overall shape of the
degradation curves rather than the 2h degradation point, With very
low concentrations of colicin the BU effect was most pronounced and
was the opposite of that found with UV induced DNA degradaticn, i.e.
inhibition instead of stimulation ( Fig. 4 vii(a)). When the colicin
concentration was increased, the inhibitory effect decreased, so that
at 3 ng colicin per ml ( Fig, 4 vii(b) ) the 2h degreadation was almost
equal to the control velue but the lag phase was still greater than in
the control, At 5 ng colicin per ml ( Fig. 4 vii(e) ) and greater
concentrations there was no detectable effect. .The results with

colicin therefore appear to resemble those of Lett et al,, ( 1970 )

but are difficult to interpret.
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Effect of trypsin on colicin induced DNA degradation,

(SH) thymine labelled cells of F.coli ROW were incubated with

colicin E2 at 3ng/ml or 30ng/ml. 1In addition trypsin (2mg/ml) was

added to cells treated with 3ng colicin E2 per.ml alter 2min ( T2)

and 5min (T.) . Aligquots werc taken at intervals and the cold-
5

acid precipitable radioactivity determined.
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(e) Effect of trypsin on colicin E,~P9 induced DNA degradation

The results of Reynolds and Reeves ( 1963 and 1969 ) on
the recovery of colicin treated cells with trypsin have shown that
the survival of colicin treated cells could only be maintained if
trypsin was allowed to digest the protein antibiotic within the
first 15«20 min incubation with colicin and then only if dinitro=-
phenocl was added at the same time as trypsin, This recovery process
necessitated the use of high trypsin concentrations ( Reynolds and
Reeves, 1963 and 1969 ) and even then a considerable fraction of
radicactively labelled colicin E2 was found attached to the cell

envelope ( Maeda and Nomura 1966 ),

Addition of trypsin ( 2 mg/ml ) during the first 10 min
incubation of cells with 3 ng colicin per ml reduced the extent of
DNA degradation ( Fig. 4 viii ) and if added 2 min after the addition
of colicin completely prevented degradation as detected by the cold=-
acid precipitate method, After 10 min incubation with colicin the
subsequent degradation of cellular DNA was unaffected by trypsin even
though Maeda and Nomura ( 1966 ) have shown that the ability of
trypsin to remove colicin from cells was independent of the colicin
incubation time, The effects of trypsin on cells incubated with_
30 ng colicin per ml were unreproducible and vari_ed widely with
conditions, This was probebly due to the more repid DNA degradation,

The significance of these results was investigated in Ch, 5.

DISCUSSION
Colicin E, induced DNA degradation was inhibited by;
(1) combining the substrate DNA with an intercalating drug so that
miclease action was directly prevented; (2) blocking the production
of energy and (3) insctivation of the colicin molecule at its

receptor site before there was any detectable acidesolubilisation

of DNA,- The results with ethidium bromide indicated that penetration
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of the cell membreane and intercelation with DNA was not
significantly affected by colicin Ezg This would suggest that
there was no direct MMtim of colicin with DNA in vive similar
to histone "coating" of the chromosome., Bobb ( 1968 ) has however
shown that actinomyein D will intersct with chymotrypsinogen-DNA
complex, Binding of ethidium bromide to DNA also appsared to be
independent of the state of degradation of the ILNNA,

Inhibition of degradation of the bacterial chromoseme by
energy deprivation may indicate the specific nature of the nucleases
involved but could also indicate an energy dependent membrane confore
mational change which was necessary for initiation of nuclease attack
on DNA., An energy dependent transport process of colicin molecules
across the membrane is difficult to reconcile with trypsin reverssl
and the radicactively labelled colicin experiments of Maeda and
Nomura ( 1967 ), see Ch. 3.

The inhibition of BU incorporated DNA to act as a substrate
for limited coliecin ty induced degradation may reflect an inability
of the induced exornuclease to degrade phosphodiester links to this
base analogue ( see Lett et al., 1970 ). However this one result
would suggest a difference in the enzymes used for degradation of UV
and mitemycin damaged DNA ( Aoki et al,, 1966 ) and the nuclease
enzymes induced by coliecin Ege This apparently contradicts the
findings of Threlfall and Holland ( 1968 ) and the results in Ch, 2,
However growth inhibition experiments indicated that there was no
difference in sensitivity botmen control cells and cells that had
incorporated BU, This could mean that the cold-acid solubilisation
of INA was not necessary for the lethal effect of colicin E, but the

experiments are far from conclusive, ‘
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Colicin action on DNA was unaffected by prior inhibition

of protein or DNA synthesis which suggested that colicin E2 did not

initiate the synthesis of new nucleases or rrotein activators of
1 latent cell micleases and did not need active DNA synthesis far DNA
] degradetion to cccur, This last result contredicted the findings m!
of Nomura ( 1963 ) for which there was no convineing evidence.
i , The results with amino acid starvation supported the effects of ‘\‘J
[ chloramphenicol, mitomycin and phleomycin since after 90 min ‘\‘
starvation all protein and nucleic acid sgynthesis ceased and yet |
8 coliein induced DNA degradation was unaffected, The result with \1

phleomycin and mitomycin indicated that exonuclease I ( Falashi and
| Kornberg, 1964 ) and excnuclease II and IV ( Kornberg, 1969 ) were ‘_
not involved in the colicin induced acid-solubilisation of DNA,

The effects of novobioein and phenethyl alcohol were most |
interesting in that they potentiated the biochemical effect of
colicin E,. Both these entibacterial agents are believed to be \“

. differ from colicin E, in that they labilise the membrene whereas i

membrane active ( Smith and Davies, 1967; Lark and Lerk, 1966 ) but J ’
ﬁ

|
i

colicin E, has a stebilising effect on whole cells snd spheroplasts “
; A

3.,

( Nose gt al., 1970; and see Ch. 6 ).  An increased permeability of
the cell membrane toward colicin molecules could be envisaged in

support of a direct interaction of DNA and coliecin Ez, but an effect
on DNA-membrane association is far more likely since both novebiocin l

S L ey

end phenethyl alcohol affect DNA metabolism end colicin E, could act at

theDNA=membrane atteclment site. ' M\‘ ’

i vl - 50 Lo

1]
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CHARIIR O

Sedim | DNA degradation products resulting from
the action of coliein E2~P9 on E, coli

INIRODUCTION ‘

‘ Celiein E2 induced DNA degradation has been measured using
the dissppesrance of radiocactive DNA from the cold-acid precipitable
fraction of treated cells ( Nomura, 1963; Holland, 1968; and Chs,

2 end 4 ). A variety of time lags have been reported ( Nose ami
Mizuno, 1968 ) depending on (a) the concentration of colicin;

(b) the sensitive strain of E, coli used; and (c) the growth con-
ditions employed prior to colicin attack ( see Ch, 2 ), This lag
has been interpreted as the time needed for the adsorbed eoliein
molecule to "transmit" its lethal effect to its particular biochemical
terget through the membrane complex ( Nose and Miguno, 1968 ),

Genetic studies suggest that the ensymetic system involved
in colicin induced DNA degradation mey be related to that used in the
excision-repair process occurring after UV irradiation ( Threlfall and
Holland, 1968; and Ch, 2 ), If this is the case, the first stage of
colicin attack would be the breakdown of cellular DNA by an endoe
miclease. The lo=s of radicactivity from labelled DNA present in a
cold~acid precipitate may not therefore be a satisfactory method for
following the initial events on addition of colicin E, to cells.

It was decided to look for the appearance of single and double strand
breaks in the DNA by analysis of lysates from colicin treated cells

on neutral and alkeline sucrose density-gradients, Similar work has
been carried out by Obinate end Mizuno ( 1970 ) but their results and

those presented here differ and will be discussed later.
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It wes also of interest to determine imthez- DNA isolated
from colicin treated cells was denatured or damaged in any wey so
as to explain eolicin initiated DNA degredation, Obinata end
Miguno ( 1970 ) have reported that the activity end sub-cellular
localisation of nucleases in E, coli was unaltered by coliecin Ez
and have suggested that "an alteration in the stete of DNA" may be

responsible for initiation of degradation,

The DNA of an exponentially growing culture of E, coli ROW
was lebelled with ( “H ) thynine end the cells treated with colicin E,
et 3 and 30 ng/ul ( i.e. 10° and 10* colicin melecules per bacterim )
as described in Methods 2, A%t intervals after addition of colicin 32
to the labelled bacteria 0,5 ml and 5,0 ml aliquots were taken, The
total cold=acid precipitable radicactivity was determined by mixing
the 0,5 ml sample with 0,5 ml 10% ( w/v ) TCA as described in Methods 2,
The 5 ml sample was diluted with 15 ml ice-cold lysis medium (.0.15 M
NaCl - o.‘1 M EDTA pH 8,0 ) containing 2 mM dinitrophenol to stop
 further DNA degradation, The diluted bacteria were harvested by
 centrifugstion at A, washed and resuspended in 1 ml lysis mediun
containing 200 pg lysozyme per ml, After incubation at 20° for
10=15 min, 0,5% ( w/v ) SDS and 100 ug pronase per ml were added and
the incubation continued for a further 20-30 min at 40° to free the
( %M )=DNA fron membrane and protein ccmplexes and to eliminate any
deoxyribonuclesse activity ( Mermur, 1961 ), 0.2 ml DNA preperation
was layered directly on to a sucrose gradient using the wide end of
. alml pipett_a to eliminate excessive shear, The amount of sample
corresponded to 0,4~1,0 ng DNA ( 40,000 cts/min ).
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FIG. 5 i Standard sedimentation on sucrose deusity-gradients.

Col. factor DNA, ribosomal subunits and T4 DNA fragments

were prepared as described in METHORS 1,3 and 5, and centrifuged

through 5-20% (w/v) neutral sucrose density-gradients as indicated.

After fractionation, the cold-acid precipitable radioactivity of the

samples was determined.

\
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(b) Sucrose density-gradient snalysis

5-20% ( w/v ) sucrose density-gradients were made up in
NET buffer pH 8,0 ( Smith and Hanawalt, 1967 ) for neutral gradients
and in 0,9 M NaCl = 0,1 M NaCH ( Studier, 1965 ) for alkaline
gradients, The neutrel gradient had a volume of 4,8 ml on which
was layered 0,2 ml cell lysate whilst the alkaline gradient had a
volume of 4,7 ml on which was layered 0.1 ml 0.5 M NaCH followed by
0.2 ml cell lysate. After preparation, the alkaline gradients were
allowed to stand for 30 min at 20° prior to centrifugation in order
to allow denaturation of the DNA to take place ( McGrath and Williams,
1967 ).

The gradients were centrifuged for 1.5 to 3h at 40,000
rev/min at 20° in a Spinco Model L2-HV ultracentrifuge using a
SW=50 rotor, 10 drop samples ( approx., 0,15 ml ) were collected
from a pinhole punched into the bottom of the tube, Initially the
samples were mixed with 1.5 ml 5% ( w/v ) TCA and 0.1 ml of a solution
of 1 mg crude yeast nucleic acid per ml at ho. After 30 min at ho
the cold~acid precipitates were collected by filtration on Oxoid
mbrme filters, washed and the radicactivity determined, However
identical results were obtained by simply mixing the semples with
0.3 ml water and 3 ml triton X~100:BBOT-toluene mixture ( 1:2 ) as
described in Ch, 3. Recovery of labelled material from gradients
veried betwsen 75 and 85% of the input radicactivity ( Table 5 i ).

(e) Caleulation of ion value mo, er weights of

the DNA fragments

The sedimentstion values of the ( “H ) labelled DNA
fragments were calculated using the formula of Nanﬁra et al.,
( 1960 ) and the values obtained were checked using the following
markers of known sedimentation coefficient ( see Fig. 5 ii ):
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The filled circles are the theoretical points ( Nomura

et al., 1960) and the open circles are the empirical points

obtained from FIG, 5 i . The relétionship of sedimentation value

ad fraction or tube number is only applicable for gradients prepared

and centrifuged as described in METHODS 5 and above .
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( ¥c ) thymidine lsbelled T, phage DNA ( preparstion deseribed
in Methods 3 ), its fragments having sedimentation values of 633,
43S and 30S ( Burgi and Hershey, 1963 ); ( “H ) thymine labelled
colicinogenic factor E,~F9 DNA ( preparation described in Methods 1 )
sedimentation value 253 ( Bagzaral and Helinski, 1968 ); and 508 and
303 ribosamal subunits from sonicated E. coli ROW labelled with

( M ) uridine ( Methods 2, sonicated cell extract cemtrifuged at
The T

4
DNA fragnents and Col, factor DNA were centrifuged on neutral sucrose

30,000 g for 15 min and supernatant fluid stored at =20°),

gradients as described sbove whilst the ribosomal subunits were centri-
fuged in a 5-20%(w/v ) sucrose gradient mede up in 10 mM tris-HCl-
25 mM KCL~0,1 mM magnesium scetate pH 7.0 ( Fig. 5 1 ).

The sucrose density-gradients were shown to be linear by
adding a radicactive label to the 20% sucrose and prepering the
gradient with unlabelled 5% sucrose solution, The centrifuge tube
was pierced and the radiocactivity of the samples determined using the

triton-toluene~EBOT method, The distance moved by a DNA sample was

assumed to be directly proportional to the number of drops between the

peak maximm end the meniscus since the difference in viscosity
between 5% and 20% sucrose mede a variation of less than 3% in drop
size The mumber of drops collected per gradient was 300 4+ 5 after

correction for the effect of SDS in the last few fractions.

The weight average molecular weights of the DNA fragnmfl
were calculated fram their sedimentation coefficients, ( Doty et al.,
( 1958 ); Rubenstein &t al., ( 1961 ); Burgi and Hershey ( 1963 );
Studier, ( 1965 ) ) see Fig, 5 iii,
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: (d) Isopyenic centrifugatien

f 3D3 forms a precipitate with CaCl and was therefore

‘1:““
replaced by 1% ( w/v ) sarkosyl solution in the preperation of lm
( ”H ) labelled cell lysate for CsCl and 08,90, equilibriun centri- |

e}
1

fugation, The lysate was mixed with a solution of CsCl or CszE’:O‘F I
in 0,01 M trie-HCl buffer pH 8.0 containing 0,01 M EDTA for neutral
gradients or in 0,01 ¥ tris=0,1 Y K;PO, buffer pH 12,5 containing I

Alk denat DNA 0.01 M EDTA for alkaline gradients ( Smith and Hanawalt, 1969 ).

(ss) The final densities were adjusted to 1,7100 g/ul for CsCl or 1.4250
g/ml for Cs,S0, ( or as indicated in the text ) by the refractive

index method described by Szybalski ( 1968 ). 4 ml of the mixture |

o
~J
I

containing spprox. 1 ng ( “H ) labelled DNA was overlayered with 1 ml

MOLECULAR WEIGHT

liquid paraffin and centrifuged to equilibrium ( 45-60h ) at 32,000 JH‘” .
or 44,000 rev/uin at 20° in a Spinco Model L2<HV ultracentrifuge |
using the SV50 rotor, The tube contents were fractionated to give
50 x 5 drop samples by piercing the tube bottam with a needle I !
connected to a IKB, peristaltic pump operating at 80 ml/h to decrease
the flow rate. This method was used for nitrocellulose tubes, Poly-

0 10 20 30 40 50 S0 | allomer tubes ( used for alkaline centrifugation ) were however i
So : difficult to pierce and the tube contents were pumped out from above \!H;‘
using a cannula ( Methods 1 ).

FIG., 5 iii ,
Relationship between NDNA molecular weight and sedimentation

goeliioient, precipitation or the triton-toluene-EBOT method described above, j
i

~ The sample radioabtivity was determined by either cold acid Il

The plots shown are derived from the formulae of ; There was no significant difference between the two methods, Il

- A——ATDoty et al. (1958) for native DNA 1—1().106 daltons

O——0O Rubeustein et al., (1961) for native DNA 3()-16().106(1a]tons (e) Caesium ﬂ!!EEEEEﬁE++ isopyenic centrifugetion “1“
- = - = f

B—am Burgi & Hefshey (1963) for native DNA 15-30.106 daltons i ‘1;‘

. . 6 ' This method was based on that described by Cornec et al., ‘Ns
©——@ Studier (1965) for native DNA 1-100,10 daltons _ R |
O—O0 " " alkaline denatured DNA _ ( 1970 ). 1.0 ml cell lysate ( dialysed against 5 mM borate buffer i

PH 9.5 ) was mixed with 3.7 ml 65% ( w/w ) Cs,S0, stoek solution ( |
(inHy 0 ), Ok ml 0,1 M borate buffer pH 9,5, 0,15 ml 1 mi HgCl, 1
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L ' ‘H
g and 2,75 ml glass distilled water. The final density was |

: f;bggl:_i lc}u 5\%/ | 1 1,4625 g/ml. The 8 ml mixture was overlayed with liquid paraffin |

C(:éHe) tﬁymine ot 1/10 (. C thymine) | | | 80 as to £ill the tube and centriruge: o equilibriun ( 70h ) at
! I L 32,000 rev/min in a Ti=50 roter at 20 . The tubes were pierced W‘
( | [ ] . r ] r ] | and the contents fractionated using a peristaltic pump as des=
li’ .COLICIN 7 ' cribed sbove, The 0,2 ml sanples were cold-acid precipitated with {X‘\i‘
©— | mcubationU U USJO bACTEFI mi ' yeast nucleic scid as cerrier and the radicactivity determined.
1 | RESUIES 5

‘ ., Initially it was intended to investigate the physical

|

f +15ml. ,EDTA;- NaCl-DNP» 0

A2/ = e »

\
|
1
‘ i 5ml. aliquots & |
Cll . : , integrity of DNA from cells incubated with colicin by lysing sphero- J\‘}
| . |
|
|

it ‘MEMBRANE 'DNA 'FRAGMENT 'DNA ‘DENSITY ‘'DNA | plasts directly on top of the sucrose density-gradient, in this way
| . v _ ' causing a minimum shear of the released DNA, However after E. coli w‘
It - Cells resusp. 1ml. Cells resusp.1ml. Cells resusp 1mi. iw
\‘ 30% sucrose , EDTA-—lysozyme A EDTA"lysozyvme | ROW had been incubated in the presence of colicin E, far a few minutes |
| EDTA~lysozyme SDS prondse sarcosyl it proved extremely difficult to form spheroplasts and once formed H‘Hﬁ
1 —Dialysis— - | (pronase) - |
‘. (V ortzx-pronase) SO.rkOSYl Nedtral Alkaline l | | these spheroplasts showed an increased resistance to lysis; similar
afn S *Mg S —_— — effects have been reported with colicin E, by Nose et al., ( 1970 ) J
ol ' . ° _ . I
l 5% 5% o'l 5% end with other anti-bacterial agents by Cundliffe ( 1967.b ). This |
,~ l : | l ] » | was probebly the result of changes in the cell envelope and may be ‘H‘\
i s . ‘_\‘
Wl | 20.] 20 20 related to the appeersnce of long filemerntous forms of E, coli after “‘»‘
i (62) 49/ N i B
S . . prolonged colicin treatment, ( Ch., 2 ). The alternative approach of “
| Sucrose Lcrose CsCl ofr Cs50 i
| grad. . grad. 4 _ treating preformed E, coli spheroplasts with colicin was also unsuccess- {\“;
;'i e ' . ful owing to the reduced sensitivity at the high sucrose concentrations H
| } |
ii 90m ;.;'mumsu 30miln | 90mMin 40h 60h used and the implicit demege to the bacterial cell envelope ( Smarda, }“H%‘ ’
I LOK[] 20K | 40K | LaK 32K ._ 1965; Beppu and Arima, 1967 ). |
;‘L = \‘H“ !
i “‘i

cell lysis and a schematic representation of the methodology used in ;“‘

% @ u \ \/ \__/ | It was therefore decided to use conventional methods of |
| ; ' ‘}

| . i
I 1 2 3 L 5 |
% ' Che., 5 and 6 is gshowmn in Fig., 5 iv. For examination of DNA-membrane \w
il 1

' !’ FTIG. 5 iv Scheme for iunvestigating DNA membrane association, association a different method of cell lysis was used ( FPig. 5 iv,

i : : ’
| fragmentation and Censity. tubes 1 and 2 ) and this will be discussed in Ch, 6, The method i
i;i For tubes 3,4 and 5 see METHODS 5; for tubes land2 see METHODS 6. “
i » _ . 1:;]‘
& I
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Sedimentation analysis of DNA from (3H) thymine labelled

cells of E.coli after treatment with colicin K2,

The labelled bacteria were ibncubated with colicin F2 (3ng/ml)
! for the times indicated above the peaks, harvested by centrifugation
lysed and centrifuged for 90min as described in FIG. 5 ii through

neutral ( FIG. 5 v) and alkaline ( FIG, 5 vi) 5-“0%'(w/v) sucrose

density-gradients. The 30 and 60 min peaks differ only in magnitude.
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FIG, 5 vii

DNA profiles in alkaline sucrose ( 30ng colicin F2 per ml)

(SH) thymine labelled cells of E.coli were incubated with

colicin E2 for the times iundicated above the peaks. The control
DNA was centrifuged for 90min whereas the DNA samples frow colicin

treated bacteria were centrifuged for 3h., The 30 and 60 min peaks

diifer only in magnitude.
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employed for investigating "Fragment" DNA gave reproducible
sedimentation values of 408 and 478 for control DNA in neutral
and alkaline gradients respectively, both of which corresponded
to an original double stranded DNA of molecular weight 5 x lO7
using Studier's equation ( see Fig, 5 4ii ). This approximates to
velues obtained by Sekebe and Okazeki ( 1966 ), Smith end Hanawalt
( 1967 ) and Nomura et al,, ( 1962 ), Under the ionic conditions
used single stranded DNA ( denatured ) had a slightly higher sedi-
mentation value than double stranded DNA ( native ) ( Studier, 1965 ).
The amount of DNA used per gradient was always less than 1 g in order
to eliminate concentration effects due to aggregation, DNA/wall inter-
action in the centrifuge tube and rotor speed ( Burgi and Herschey,

1963; Studier, 1965 ).

(a) Analysis of DNA from cells incubeted with coliein E,~F9 using
sucrose density-gradients

Cultures of E, coli ROW prelabelled with ( °H )=thymine

were treated with colicin E,, sampled at intervals and after lysis the

2,
DNA was analysed using both neutral and alkaline sucrose density-
gradients, The results are shown in Figs, 5 v, vi and vii. The
aedimentation values of both native and denatured DNA were
progrésshelgr reduced on incubation with colicin E, ( 3 ng/ml ) over
a period of 30 min, but there was a difference in that the reduction
in the case of denatured DNA was detected after 2 min incubation

( Pig, 5 vi ) whereas no differences from the control sample were
observed in the native DNA until 7 min efter the addition of colicin
E, ( Figs 5v ). This alkaline shift was more pronounced at higher
colicin concentrations ( 30 ng/ml ) Fig, 5 vii. The difference
between the results on the two types of gradients after 2 min

indicated the presence of single strand but not double strand

scissions in the DNA helix,
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mil (3ng/ml) in= piteble counts trol recovered in rec- trol | from Fig. 5 vi that there was an appreciable molecular weight in- i
h ‘ cubstion time in O,2ml lysate counts main peak overy counts - |
\]if‘l before ogntri— for after oogtri- for - homogeneity in the DNA strands which manifested jtself as an increase “ |
“ , fugation column 2 fugation column & ~g- ' | i
1111}“f ‘ = in peak width end assymetry in addition to a decrease in sedimentation ‘
:n‘y,! i pH 8 pH 12 3 value,
i 0 min 40130 0% 32890 33010 83%  100%
“.“ \L < 2 win L0500 101% 521350 31200 285 96% L A plot of the DNA molecular weights against time of incu~
i A ) , ! 11s with . .
il; | 7 min L0110 10057 3580 31 630 29% 95% i bation of cells wit colicin E2 is shown in Fig. 5 viii The mole=
s | ; ' . 1 cular weights of single strand DNA prepared from cells incubated in
\ 15 min 38910 9TH 32090 32000  83% 97% : | ien "
it , ) ) the presence of colicin E, at a concentration of either 3 or 30 ng/ml |
\ | 30 min 30120 5% 2130 23870 8O% 7% : e 2 |
e . . _ fell rapidly with no detectable lag, whereas reduction of the mole~
il 60 min 23640 s9% 19590 18700  81%  58F | ’
‘ '  | culaer weight of native DNA oceurred only after a lag of 5-10 min,
11 1
\1_ ‘ g The concentration of eolicin E, in the incubation medium not only
| ' ] ‘
b - jnfluenced the rate DNA fri ta bu its extent, The ‘
‘ ‘1:\ a. Calculated from cold TCA precipitable material in 0,5 ml : _ | rate of agnentation but also 1ts € |
Rl ' - Jeculer weight of DNA isclated f 11s treated with colicin for |
il of the original cell suspension before lysis, ‘ e eé ght © soLs rom ee ' \
| & 30 min at e concentration of 30 ng/ml hed a native molecular weight |
":v | . i ‘ ;
: of 2 x 106 compared with 107 for DNA from cells incubated in the ‘l i
\ il
N sence f * hm;gh hi I B8
b, Profiles from which these values were derived are shown in ) P of 3 ng colioin Ep PEF -~ =5 Share was $his “
8 o ' \
1_1 ] Figs, 5 v end 5 vis difference in molecular weights, the number of single strand I
‘.j scissions per duplex fraguent was between 1 and 3 for both colicin i
.‘ I

i . ' concentrations and the whole process of single and double strand | it

gnipping was largely over by 30 min,




daltons

S
oo
T

3nglml colicinE9

30ng[ml colicin E9

double stranded

DNA e
single stranded

DNAO

/

1 i \ [ (] L ] 1

10

0 10 20 30
Time (min)

FIG. 5 viii Decrease in molecular weight of DNA from cells of F.coli

after incubation with colicin F2,

Cells were incubated with colicin E2 at the concentrations
indicated. The sedimentation values of single and double stranqed DNA
were determined after alkaline aund neutral sucrose ceuntrifugation,

( FIGS. 5 v.vi &vii). Molecular weights were obtained usiug the
formula of Studier (1965)-.

The deciease in cold-acid precipitable radicactivity
from ( 7H ) thynine labelled eells inoubated with colicin E,
occurred after a lag of 10«15 min and was largely over after lh
( Fig. 2 iv ), with the result that only 50-30% of the DNA remained
acid precipitable for 3-30 ng colicin per ml, It was interesting
to compare this with the observation that the DNA fregment molecular
weight af'ter 20«30 min incubation of cells in the presence of

coliecin Ey was 2 x 1(?#6 - 107

daltons ( Fig, 5 viii ) and that no
fragments of DNA with molecular weights between this value and that
of cold-acid soluble fragments ( i,e. approx. 5 x 10° daltons ) were
detected. This observation must indicate that once the exonuclease
has attached itself to a particular piece of DNA, the breakdown to
small acid-scluble oligomuclectides was extremely rapid and similar
to that found for Th phage induced host chromosomal degradation

( Kutter and Wiberg, 1968 ).

(b) Lethal process in eclicin Ey=F9 induced cell death

It was apparent from the studies reported so far that DNA
degradation induced by colicin E2 could be divided into three stages;
stageé I and II being limited single and double strand endonuclease
steps and stage III the rapid exonuclease step, It was therefore
necessary to determine which was the "lethal step" after which the
effects of oolicin E, could not be reversed by trypsin ( see Ch. 3 ).
The method far trypsin treatment was similar to that described by
Reynolds and Reeves ( 1963 ) and is given in the legemd to Fig., 5 ix.
The shape of the graph of the viability of cells incubated with
coliein E, ( withput subsequent trypsin treatment ) egainst time
indicated the rate of adsorption of colicin molecules to the cell
surface. However if at the times indicated the colicin treated

cells were incubated with trypsin before dilution, the survival
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FIG. 5 ix FRffect ol trypsin on the viability of E.coli ireated

with colicin F2

Exponentially growing cells of F.coli were incubated with
colicin B2 (3ug/ml) at a density of 3.1O7bactcria per ml aud
serially diluted at iutervals to preveut further adsorption of
colicin molecules and hénce determine the number of bacteria still
able to produce colonies on nutrient agar. Appropriate dilutions were
plated out in triplicate O———O- Similar colicin treated samples
were incubated with trypsin (2mg/ml) and 2:4 dinitrophenol for 20min

at 37%and then serially diluted and plated out as before, e—@-
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curve differed from the control in that thafe was a period during
which trypsin apparently reversed the effect of coliein E2‘ A
comparison of these survival curves with those showing the temporal
decrease of molecular weight of native DNA from bacteria incubated
with colicin E, ( Fig, 5 viii ) would indicate that once double
strands breaks had occurred in DNA, the lethal effect could not be

reversed by trypsin,

(e) Trypsin induced repair of coliecin E,~F9 damaged DNA

If the lethal process in colicin induced cell death was
the production of double strand breaks in the chromosome then it must
be possible for cells to repair the single strand le sions produced
initially, Addition of trypsin during the first 10 min to a culture
of colicin treated bacteria reduced the extent of DNA degradation to
acid-soluble fragments and if added 2 min after the addition of
colicin, completely prevented any exonuclease activity ( see Fig,
4 viii ). The repair process in the presence of trypsin was followed
by anaelysing cellular DNA using alkaline-sucrose density-gradient
centrifugation ( Fig., 5 x ). A concentration of 3 ng colicin E, per
ml was used because under these conditions there was a slightly longer
and more distinct time lag before the appearance of double strand
breaks in the DNA, The high trypsin concentrations used were similar
to those prescribed by Reynolds and Reeves ( 1963 and 1969 ). There
was a lag between the addition of trypsin and the cessation of colicin
E2 activity and if colicin action was not stopped before the appearance
of double strand breaks then the exonucleolytic rrocess was initiatéd

and contimwed even after ﬁypnin digestion of coliein,




FIG., 5 x

Effect of trypsin on colicin induced fragmentation

of single stranded DNA from FE.coli,
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(SH) thymine labelled cells were incubated with colicin EZ2
(3ng/ml), atter 2,5 and 10 min trypsin (2mg/ml) was added as

indicated. Samples were taken at iutervals, lysed.and the.DNA
denatured and centrifuged on alkaline sucrose density-gradients.

trypsin at Sming

13

When trypsin was added 2 min after the addition of
coliein E, to E, coli, the sedimentation value fell for a further
5«10 min, although at a reduced rate canpared with the colicin
treated control, and did not begin to increase until about 20 min
after addition of trypsin, By 50 min the sedimentation value of
the DNA was similer to the initial value ( see McGrath and Williams
( 1966 ) for repair of UV damaged DNA ), Addition of trypsin to the
culture after 5 min incubation in the presence of colicin Ez did not
completely inhibit stage II of colicin induced DNA degradation,
There was an immediate reduction in the rate of changs of the sedi~
mentation value, followed by a period of no apperent degradationm,
probably a result of competition between degradative and repair
processes occurring within the cell, After 30 min there was a

further decrease in the sedimentation value.

Trypsin treatment after 10 min incubation with eolicin E2
had virtually no effect on DNA degradation, Camperable samples were
analysed on neutral=sucrose density-gradients and double strand breaks
were found in the preparations from the 5 min but not the 2 min
trypsin treatment, It would appear probable that once double strand

cleavages have occurred, recovery was impossible,

(d) Buoyant density of DNA fram cells incubated with colicin E,~F9

It was of interest at this stage to determine whether
coliein E, altered the secondary structure of DNA in vivo and in so
doing initiated mucleese attack., The theory behind this investigation
has already been discussed with reference to in vitro studies ( Ch, 3 ).
DNA wes isclated from cells incubated with colicin snd centrifuged to
equilibrium in neutral CsCl or C'ZSOL as described in Methods 5 and
Fige 5 iv ( tube 5 ). The radiosctivity profile isshown in Fig, 5 xi

for a Cszsoh gredient, There was no shift in mean density of the DNA




FIG. 5 x1 CS2SO4 isopycnic centrifugation of DNA from colicin E2

treated T.coli.
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(3H) thymine labelled cells were incubated with colicin E2

(3ng/ml) tor the times indicated, harvested by centrifugation,
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the buoyant density positions of marker DNA's; for abbreviations

see FIGS, 3 vii & viii .
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fragment after colicin treatment a result consistent with the in
Yitro observations ( Figs, 3 vii and viii ), If pronase treatment
of the cell lysate was left out there was still no detectable change
in buoyant density of the DNA, Although this last observation
eliminates the possibility of any strong protein=DNA interaction
similar to phage it does not eliminate formation of more subtle
protein=-DNA camplexes which would be dissociated under conditions

of high ionic strength ( see Ch, 3 ),

Although the mean DNA density was not sltered by coliecin
E, the peak width increased and a skewness indicative of molecular
This peak assy-
metry was most pronounced in c.zsoh end was investigated further

weight and density inhomogeneity beceme apparent.

since it could indicate a specificity of nmuclease attack at GC rich
regions leaving AT rich or lighter DNA fragments compared with contreol
INA. It could also be the result of increased density inhamogeneity
as a result of a decrease in molecular weight as reported by Thomas
end Pinkerton ( 1962 ) for small phage fragments and Suecka ( 1959 )
and Doty et al., ( 1959 ) for sonicated calf thymus and bacterial DNA,

More recent investigations of this phenomenon have used the Hg-Csst#
method of density enalysis ( Nendi et al., 1965 ). Yemegishi ( 1970 )
found that E, coli DNA fragments with a molecular weight of approx.

10'5 varied in GC content from 39 to 56%, and that the AT rich fragments

were more numerous,

The Hg-Cszsoa methed relies on the preferential binding of
Hg'* to AT regions in the DNA at pH 9.5 ( see Gruerwedel and
Davidson, 1966 ) and the results of such an experiment are shown in
Fig. 5 xii, ‘The mean density of control and colicin treated DNA was
increased from 1,4260 g/ml to 1,5100 g/ml consistent with a Hg'*/DNaA-

phosphate molar ratioc of 0,2 ( Nandi gt al,, 1965 ). The colicin

treated DNA however gave an assymetric peak, but this time the skew
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Hg-caesium sulphate isopycnic centrifugation of DNA

from colicin 112 treated F.coli

Lysates of: (3H) thymine labelled bacteria treated with

colicin E2 for the times indicated were mixed with Cs S04 pH 9.5

2

containing 20uM HgCl and the DNA centrifuged to equilibrium at

2
32,000 rev/min and 200. The final density of the fractions

was determined by the refractive index method of Szybalski (1968).




3i;l ('cts}énin) x 1073

P

Col DNA

0
O )
11-780 g/ml
density
5. 1 1-740
X . . 1700
10 20 30 40 50

Frqction No.

FIG. 5 xiii

Isopycnic centrifugation of (a) Col. factor DNA pit 8.0

(b) alkaline denatured B.coli

DNA  pH 12.3

(a) Col. factor DNA E-@E ( METHODS 1) was centrifuged in
Cszso4 pH 8.0 together with DNA from cells treated with colicin
E2 for 30 min O—10O .

.. (b) TDNA from I.coli treated with colicin E2 for O and 20min
was ceintrifuged in CsCl pil 12.5 at 32,000 rev/min. The density of

the fractions was determined as in FIG. S5 xii .

was on the heavy side of the peak maximum consistent with the
presence of AT rich fragments and the results of Yamagishi ( 1970 ).
These findings eliminated the possibility of peek assymetry in Fig,
5 xi being due to preferential diffusion of small DNA fragments into
the lighter CQZSO# or the result of artefacts arising from fraction-
ation of samples after centrifugation or DNA/wall interactions in
ther centrifuge tube, etec. If nuclease attack were base specific it
would be expected that using the Hg-'CQZSOl‘_ method the degraded frag=-
ments would perhaps give rise to a distinct second peak heavier than
the control ( see Cornmeo et al., 1970 ). The results of Fig, 5 xii
do not campletely eliminate this possibility but together with
similar results of DNA degraded by sonication it would suggest that
the peak assymetries in Figs. 5 xi and xii were due to compositional

inhomogeneity as a result of fragmentation of the bacterial chromoscme,

Cel, factor E, DNA has a molecular weight of 5 x 106

(Bazaralend Helinski, 1968 ) but was found to give an almost
symmetrical profile after 0’2304 isopycnic centrifugation ( Fig,
5 xiii(a) ). Therefore simply reducing the molecular weight of
hanogeneous DNA would not cause assymetry, it is because DNA is
heterogeneous with respect to its base caomposition that small frage
ments contain base compositions widely different fram the chromoscmal
average., = Isopycnic centrifugation under alkaline conditions showed
an increase in density of DNA fragments fram control and colicin
treated bacteria, ( Fig, 5 xiii(b) ), There was no shift in mean
density or the appearance of a second peak consistent with a single-

strand bese-specific nuclease,
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Determination of B values
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T ' " DNA
| isopychic profile

F1G. 5 xiv
By using the data in FTG, 5 xi, the peak width (w) squared
is plotted against tlie fractional peak height (y/vo). [3 is a
coustant for the gradient conditions used ( Thomas & Berns, 1961)
aud was found to 0.36 x 107 for Cs2S04 at 32,000 . rev/min in a
SWS50 rotor. The times refer to the cell incubation times with colicing

( FIG. 5 xi ). The B value is given by the slope of the lines plotted.
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FIG., 5 xv Relationship betwecen B values and Molecular Weights

The B values ( FIG.5 xiv ) are plotted against the ]

corresponding DNA molecular weights calculated from sucrose

density-gradient centrifugation ( FIG. S viii) using Studier's

equation ( 1965) (o). The lines from the open circles indicate

the spread in estimation of molecular weight using the eqations

and Rubenstein et ‘11_. (1961)

of Burgi aud lersiey (1963)
. The only takes account of the Studier values. Tﬂ%PNA

was used as a standard
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It was of interest to compere molecular weights of DNA
fragments computed from sedimentation through sucrose density=
gredients with peak widths obtained after isopycnic centrifugation
using the method of Thomes and Berns ( 1961 ), Meselson et al.,

( 1957 ) originally found that the peak variance was indirectly
proportional to molecular weight, B values were determined by
plotting the log of the fractional peak height against the peak-
width squared as described in the legend to Fig. 5 xiv. The
sedimentation molecular weights of the DNA fragments were then
plotted against the B values ( Fig, 5 x v ) and an approximate

linear relationship was obtained which provided a useful confir-
mation of the relative molecular weights assigned to particular DNA
fragments isolated from colicin treated cells, This method of B
value determination is only strietly applicable under conditions of
peak symmetry and Geaussian distribution, However despite the marked
pesk assymetry a worksble relationship between B values and molecular

weights was obtained,

DISCUSSION

The results reported show that tliere were at least three
distinet stages in coliein E, initiated degradation of E, coli DNA,
Stages I and II involved the appearsnce of single and double strand
scissions in the DNA which may result from the action of either two
specific limited enaomwlmen or one double hit endonuclease similar
to DNase I ( see Ch, 3 ). These two stages overlapped to some extent
although stage I was usually observed in isolation during the first
few mimutes of cell incubation with coliein, Stage III involved a
rapid exonucleolytic attack on the products of stages I and II.
producing cold-acid soluble fragments without any observable inter-
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- neutral sucrose density gradients also differed in that the lysates

17

mediates. Exonmuclease activity was detected after a lag of 10
min and was largely over by 45«60 min, nimilartoThphasc induced

degradation of host DNA where there is a lag of about 5 min and the
whole process is over by 30 min after infection ( Kutter end Wiberg,

1968 ). ' However the percentage of residual DNA left efter this H‘\}H
stege is only 12-15% with T, phage compared with 25-30% at optimal i
colicin cencentrations, The initisl lag phase with colicin may 1} |

\

have been the result of exonuclease activity being initiated only H\[{“

|

[ “‘
when stege II DNA fragments were of a suitsble size ( about 107 /“

daltons ) or could have simply been due to a competition between |
repair and excision processes, The nucleotide pool of E, coli is
resistant to a rapid "cold" chase ( see Britten et al., 1964 ) and
since it has been shown that DNA synthesis continues for some minutes
after colicin attack at low colicin:cell ratios, ( Ch. 2 ), the |
appearance of net exonuclease activity after a lag of 10 min may be

appércnt rather than real,

Stage I was not the lethal process associated with coliein
induced cell death since the single strand lesions were repeirsble if
the adsorbed colicin molecule s were digested by trypsin., However
stege II was irreversible and the extent of double strand breaks was
indirectly related to the mmber of cell surviveors,

-Obinata end Misuno ( 1970 ) elso found that the appearance
of double strand breaks was the lethal process of colicin E, attack
but did not detect the separate initial appearance of single strand
lesions and any consequent repair on digestion of coliecin with
trypsin. This was probably due to the fact that they used impure
colicin preparations which were 10° ~ 10° more comcentrated than
reported above, The treatment of cell lysates for alkaline and

for neutral gradients were subjected to a freeze-thaw and phenol |

|

|

iH‘ \

{ |
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extraction procedure. The molecular weights of native DNA frag-
ments could therefore be lowered relative to DNA obtained under more
comparable conditions to alkali treated cells and thus mask any
detection of a difference from twice the molecular weight of de-
natured DNA, The trypsin treatment used by Obinata and Mizuno

( 1970 ) was only with low trypsin cencentrations after 5 min
colicin incubation and it has been reported by Reynolds and Reeves

( 1969 ) that at such oencenﬁratiem there was under certain con=-
ditions a potentiation of colicin activity.

Fossible nucleases involved in eoliein El induced DNA degradation
The appearance at the end of stage II of DNA fragments

with molecular weights between 10° and 107 daltons may be related to

the finding of Sxzybalski et al., ( 1966 ) that there is a aytosine-
rich cluster per :l()6 - 107 daltons of E, coli DNA and that these may

be the sites for initiastion of transcription by RNA polymerese.
Hence stege I and II could‘ involve a cytosine-specific nuclease of
the type described by Kutter and Wiberg ( 1968 ) and Opara=-kubinska
et al,, ( 1964 ), This mey indirectly account for the apparent
‘density heterogeneity of DNA fragments reported on isopycnic centri-
" fagation sinse despite tho ayperent sinilerity Setwess the sbeve
results on Hg-Cazso"_ o;ntrinzgation and the results of Yamagishi

( 1970 ) the degree of fragment heterogeneity was comparatively high
for a fragnent molecular weight of approx. 10', Yamagishi found
that sbove a molecular weight of 4 x 10', fragments containing the
extreme base composition of 39% GC were not detectable, but below

7 daltons they were, However reduction of fragment size to
2x 1(76 daltons was necessary for maximum raléuo of 39 GC fragments,

2 x 10

The molecular weight of the DNA fragments isolated from cells after
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30 min incubation with colicin E, was confimed as being approx.

107 from the B values, This would suggest that colicin E, induced
DNA degradation relessed 39% GC fragments from the chromosome more
readily than sonic disintegration ami therefore inwolved an endo-
nuclease with a certain degree of specificity. In other words the
AT rich fragments do not arise becsuse of a cytosine-guanine specific
endo and exonuclesse system depriving 50% GC fragments of cytosine
and guanine but probably because the induced nuclease fragments the
chremoseme in such a wey as to release pieces of DNA that are already
hetrogenooup-. A cytosine specific nuclease would therefore operate
by selecting whole genes ( Szybalski et al., 1966 ) which were hetero=
geneous with respect to each ethe;'. If it were umd that each
fragment were homogeneous,removal of the whole cytosine rich cluster
( approx. 100 nucleotide pairs ) by a hypothetical nuclease would not
produce the drop in % GC content cbserved above,

The involvement of a cytosine specific nuclease would
explain why Th DNA present in colicin treated cells of E. coli is
relatively resistent to degradetion ( Nomurs,1963 ) since here the
cytosine is substituted by hydroxymethyle-cytosine and these clusters
oc@ with lower frequency in T, than in E, coli ( Szybalski et al.,
1966; Taylor gt al., 1967 ). However there is an objection to this
comparism»botnm phage and colicin induced breskdown of DNA in that
eolicin action is independent of protein synthesis whereas phage
induced host degradation is inhibited by chloremphenicol ( Ch, 4 and
Nemure gt al,, 1962 ). However although T‘; induced DNA degradation
is dependent on phage specific protein synthesis, it does not
necessarily follow that the nucleases used are ooded for by the phage
‘gencme, It is possible that a phage coded protein is needed to

activate a cellular miclease,




F1G. 5 xvi

DNases of Ecoli

ENDONUCLEASE SUBSTRATE  ATTACK

I native DNA

—

% I

or alkylated DNA

-
UVdamaged DNA E} _’%

w IO ‘foreign’ DNA E%_’EJ _’H
| ] H

* IV

| single strands i
of native DNA 1

% T, CYTOSINE  host DNA with £ E]-
DNase C rich clusters Eir_-Eﬂ
EXONUCLEASE .
I denatured DNA E . :
(single stranded)
H native replicating E
DNA —_—

ONLY native DNA

1

i

nucleotudes

native rephcatmg
DNA

l

I
large oligo — H
Ei i

COMMENT

1 inhib.by tRNA.
2 outside membrane
3 not necess.in DNA syn,

specific for'DS. DNA
REPAIR

used in RESTRICTION
needs ATP & SAM

‘used in RECOMBINATION

(with endo II ?)
large MWt fragments

106-107 Mwt fragments

3—5

1 3—5

2 assoc. with DNA polym.

3 stim by 4dNTPs
REPLICATION

NOT SS.DNA

NOT native or denat.
DNA

5—3'
associated with
DNA polym & exoIL

Yo NUCLEASES IN COLICIN ATTACK ?

120

Colicin By ‘has no endo or exonucleclytic activity in

vitro ( Ch, 3 ) and before discussing mechanisms whereby colicin

E, initiates the degredation of E, cold DNA, it is worthwhile con-
sidering which of the DNases so far characterised may be involved
( see Fig, 5 xviand Richardson, 1969 ). Endonuclease I was
originally an attrective cendidate for the initial stages of DNA
degradstion since it is located in the region of the bacterial
membrane ( see Ch, 2 and Cordonnier and Bernardi, 1965 ) end is in-
hibited by tRNA ( Lehman et al., 1962 ). But because (1) there was
no detectable degradation of RNA during the first hour of colicin
induced DNA degradation ( Ch, 2 ), (2) the DNA in an endomuclease I
deficient mutant was degraded as efficiently after colicin attack as
the wild type ( Ch. 2 and Obinata and Mizuno, 197C ) and (3) endo-
nuclease I was specifically involved in a single hit cleavage of the
DNA duplex ( Studier, 1965; Melgar end Goldthwait, 1968 ), it is

unlikely that coliein E2 acts by removing tiNA and activating this

enzyme,

Endonuclease II ( Hurwitz et al,, 1967 ) produces single
strand scissions in netive DNA and is not inhibited by tRNA, Together
with endonuclease IV ( Fig, 5 xvi) it appears to be involved in re-
combination of T, DNA ( Sadowski et al., 1968 ) and although it is
synthesised on T, infection after host DNA degradation a similar
activity fw.s been found in non=-infected E, coli ( Friedberg and
Goldthwait, 1968 ). This observation, together with the finding
that certain UV sensitive end recambination deficient mutants of
L, coli are resistant to colicin E, ( Ch. 2 and Threlfall and Holland,
1968 ) gives support to the hypothesis that mdongleaso II or a

similar enzyme may be involved in stage I of wlicin initiated break-
down of E, coli DNA, Fnzymes falling into this catagory have been
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isolated from E, coli and M, lysodiekticus and have been implicated
in the specific endonucleolytic degradation of UV damaged DNA

: ( Tekagi et al., 1968 ) and mitomyein C crosslinked DNA ( Venitt,
1968 ).

Endonuclease IV specifically attacks single stranded DN
and is believed to fragment double stranded DNA after endonuclease

IT has cleaved single strands of the native DNA and these single strand
snips have been opened up by a limited exonuclease, thus revealing

localised regiocns of single stranded DNA in the duplex molecule
( Sedowski et al.,, 1968 ). The fragments produced are large and
6 daltons ) for

have been reported as 102* nucleotide pairs long ( 6,10
lambdaphage ( Hurwitz et al., 1967 ). However as mentioned earlier
a cytosine specific nuclease is also possible in the initial stages,

f Other possibilities are the restriction enzymes that ensble
bacterial cells of one strain to destroy DNA synthesised in foreign
strains, In this context coliein Ep may act by making native DNA
appear foreign to its own cellular restriction mechanisms., Endo-
nuclease III is a well characterised example and functions in the

| restriction of lambdaphage ( Meselson and Yuan, 1968 ), This enzyme
is known to initiate single strand breaks and to be dependent on ATP,
Mg'" end Seadenosyl methionine, It is well established that colicin
p ]il2 induoed. DNA degradation is inhibited by metabolic inhibitors such

» as dinitrophenol ( Ch, 4 ) and eolicin K ( Nomura, 1963 ). However
exonucleases II and VI are activated by all four deoxynucleoside
triphosphates ( Richardson et al., 1964; Klett et al., 1968 ). An
interesting experiment would be to investigate the effect of coliein

E2 on the Cairns mutant or DNA polymerase mutants that were defective

in nuclease activity ( Kornberg, 1969 and personal cammunication 1970 :
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The results with phleomycin and mitemyecin ( Ch, L ) suggest that
exonucleases I, II and VI are not involved in colicin induced DNA

breakdown but this is entirely circumstantial,

The exonuclease involved in stage III could resemble
exonuclease IV ( Jorgensen ard Koomer, 1966 ) which is known to
degrade cold acid~insoluble oligonucleotides rapidly to monomucleo-
tides whilst being relatively inactive on native or denatured DNA,

The work of Obinata and Misuno ( 1970 ) has shown that
there is no activation of known deoxyribonucleases or change in sub=-
cellular locations of these enzymes during colicin Ey induced DNA
degradation, There was even no significant increase in endonuclease
activity in crude extracts of colicin E, treated L. ecoli 1100 ( i.e.
endomclease I deficient ). Colicin E, must therefore either alter
the state of DNA, so that it is rendered susceptible to a potentially
active nuclease system, or interfere with the delicately balanced
cellular control mechanisms, s¢ that nucleases normally active in
E,_coli, but only used under strict control in replication ( exo-

nucleases IT and IV ), recombination ( endonucleases II and IV ),

| repair ( endonuclease II and an exonuclease ) and restriction ( endo-

nuclease III ), see Fig., 5 xvii, become uncontrolled and rapidly destroy
the bacterial chromosome,

'i‘he results described with isopyenic centrifugation suggest
that DNA was not denatured or damaged in a way similar to that caused
by UV irrediation, The specific binding of DNA to membrane was
therefore investigated in Ch, 6 as a further clue to the mode of

action of colicin E, regerding an alteration in the state of DNA,

o
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Effect of colicin E,~F9 en the association of DNA and the bacterial i !
nembrans | |
i
DRODUCTION I
f |
In 1963 Jacob, Brenner and Cuzin postulated a functional I
association of the bacteriel chromosome with the cytoplasmic mem= )
brane and this has now been substantiated in E, coli and Bacillus I
subtilis ( Genesan and Lederberg, 1965; Jacob, et al., 1966; Smith |
and Hanawalt, 1967; Tremblay et al., 1969; Knippersand Stratling, ’1
1970, It therefore seemed logical to investigate the effect of | J'{“
colicin E, on the association of its biochemical target ( DMA ) with / J}J
the cytoplasmic membrane, It could be hypothesised that colicin i
induced DNA degradation ocourred as a result of an alteration in )
DNA/membrane association, |
L
The methods employed for investigating DNA/membreane com= H/“ W
Plexes have largely involved the separation of membrane attached DNA J\ I
from bulk DNA by sucrose density-gredient centrifugation. The LJ, I
‘membrane associated DNA sediments faster and is collected either in H |
the fom of a pellet at the bottam of the centrifuge tube ( Ganesan ‘_f JM
end Lederberg, 1965 ) or on a 60% ( w/v ) sucrose ( Snith and Hanawalt, ‘U“ If
1967 ) or CsCl ( Knippers snd Stratling, 1970 ) cushion which |
selectively collects menbrane fractions at the interface between the W‘ |
cushion and the less dense linesr gradient, but allows whole cells, 1”,5 i
spheroplasts and large cell fragnents to sedinent through ami pellet }W !
at the bottom of the tube. Using these methods Canesan and I
Lederberg ( 1965 ) and Smith snd Hengwalt ( 1967 ) isolated cell i
membrane fractions associated with portions of DNA rich in newly !’
synthesised regions of the molecule il
|
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= The experiments described in this chapter examine the

effect of colicin E, on the association of pulse and uniformly

labelled DNA with cell membrane fractions using the two methods

i described above,

METHODS 6

(a) Lebelling of cell DNA and treatment with colicin E,-F9 i

The DNA of exponentially growing cultures of &, coll ROW i
was unifornly labelled with ( methyle>H ) thymine st 5e10 }Ci/ml |
( speeific activity 1 Ci/mol ) or ( 2-%C ) thymidine at 0,1 pCi/ml
( specific activity 5.6 mCi/mmol ) as described previously, For
pulse lsbelling of DNA, ( methyl="H ) thymine at 10=20 pCi/nl i
( specific activity 13,75 Ci/mmol ) was used, In some experiments I
double lsbelling techniques were used by first uniformly labelling I
cell DNA with ( 2-19C ) thymidine for 3=4 generations until the cell

density was 3 x 10° becteria per ml. The ( C ) labelled bacteria |||
were harvested by centrifugetion, washed and incubated with fresh “ “‘
medium ao_ntairﬂ.ng 200 ng deoxyadenosine per ml but no thymidine for | ":“j‘r
10-15 min, The cells were then pulsed for 30-100 sec with the high lﬂ
 specific activity ( methyl="H ) thymine. After labelling, the
culture was diluted tenfold with fresh medium conteining 100 pg un- | ’

|

|

labelled thymine per ml and 10 ng colicin E, per ml so that the cell
density was 3 x 107 bacteria per ml, Under these conditions incor-

poration of high specific activity label into DNA continued for 1-2
min at a reduced rate in the control after dilution whereas the

colicin incubated cells ceesed incorperating label at a reduced rate ;
epprox, 30 sec after dilution ( see Britten et al., 1964 ). 10 ml | +
~ aliquots were taken at intervals and diluted with an equal volumes |

of ice-cold NET buffer containing 10 mM KCN ( NET-CN ). The cells
were washed, resuspended in 1 ml NET=-CN containing 30% ( w/v ) sucrose
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and 1 mg lysozyme per ml and incubated for 15-30 min at 37° in
order to form spheroplasts, Occasionally cells that had been
incubated with colicin E, for longer than 30 min needed up to lh
lysozyme treatment for complete conversion to spheroplasts., The
spheroplast suspensions were lysed by dialysis at 4° ( Hanawalt and
Ray, 1964 ) against successive chenges of (i) NET/10 buffer pH 8.0
for the sucrose cushion method of Smith and Hanawalt ( 1967 ) or
(1i) DK buffer pH 7,0 ( 10 mM tris-HC1l; 10 mM magnesium acetate;
100 mi KC1 ) for the "M band" method of Tremblay et al., ( 1969 ).

The cell lysates were treated with pronase and/or sheared
as required ( see text ), Further dialysis against NET/1C buffer
after treatment as described by Smith and Hanswalt ( 1967 ) was found
to be unnecessary and aggregation of the DNA at higher salt concen=
trations ( i.e, NET buffer ) was minimal ( see Studier, 1965 ).

Pronase ( Calbiochem B grade ) was prepared at 4 mg/ml
in NET/10 buffer and used at 100 pg/ml at 37° for 15 min, Mild

- shearing of the cell lysate was achieved by vortex mixing in a 15 ml

centrifuge tube on a Whirlimixer ( Fison's, Loughborough UK, ) for

30 sec.

The sucrose gradients were made up on NET/10 buffer and
consisted of either 22 ml or 4,0 ml 5-20% ( w/v ) linear sucrose
density-gradient on top of a 5 ml or 0,8 ml 62% ( w/v ) sucrose
"eushion", 1.0 ml or 0,2 ml treated cell-lysate was layered on
to the eppropriate gradient and centrifuged in a SW-25 or SWe50
rotor on a Spinco L2-HV ultracentrifuge at 5-10° ( see text ).

The tube contents were fractionated and the cold-acid precipitable

radicactivity in the samples determined,
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TABLE 6 4

Cell incubation Iysate treatment

- None

- Pronase

+ "

- Pronase+0, 1% SDS
+ ]

- Pronase+0,5% SDS
- Shear (vortex)

+ "

- Pronase and shear
+ ]

- Shesr and pronase
+ n

- control cells

Factionat (5 2y labelled D.

% radicactivity associated
with membrane fraction

Uniform Pulse
label label
80-100 100
4,0=50 100
41 2
16 77
6 | 22
0 1
10 89
18 78
6 10
5 6
10 53
6 15

+ cells incubated with colicin E2 for lh,

127

(e) Fractionation of DNA/memb ca 8 us e "M " method
After dialysis against TMK buffer, the lysate was treated
with pronase ( in TMK buffer ) as described above and a 0,2 ml sample
layered on to 0,1 ml 0,3% ( w/v ) sarkosyl detergent ( sodium
lauroyl sarcosinate NL ) on top of a 4.8 ml 15«40% ( w/v ) linear
sucrose density-gradient ( prepared in TMK buffer ), The lysate
was gently stirred in with the detergent (final concentration 0,1%
(wiv) ) and crystals were seen to form, Occasionally preformed
Mg=sarkogyl crystals were used and the results were unchanged,
After formation of the lMg-sarkosyl membrane complex, the gradients
were centrifuged for 30 min at 20° in a SW50 rotor at 20,000 rev/min,
Centrifugation was almost to equilibrium since the bouyant density
of the crystal complexes ( corresponded to about 30% ( w/v ) sucrose,
After deceleration, there was a thin white band half way down the
tube. The gradients were fractionated into 30-31 x 8 drop samples
using a peristaltic pump ( 80 ml/h ) attached to a needle which
pierced the bottam of the tube. This was necessary because of the
viscosity of the M band and recovery of cold acid-insoluble radioe-

activity was only 40-50% of the layered lysate. However the amount

of cells per gradient ( 60-100 pg dry weight ) was considersbly less
than that used by Tremblay et al., ( 1969 ).

Before studying the effect of colicin E2 on the association

of DNA and the bacterial manbra.ne, various control systems were in-
vestigated to determine the pretreatment of cell lysates needed to
ocbtain a satisfactory distribution between the DNA/membrane fractions

and the unassociated cell DNA,

= =
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FIG. 6 i Fffect of colicin E2 on the fractionation of uniformly

labelled DNA after pronase treatment of the cell lysate.

(3H) thymine labelled cells were incubated with colicin E2
for O h g—n and 1 h B——f and the spheroplasts lysed by the
dialysis method. The lysates were treated with pronase ( except a
control sample ©—@ ) and centrifuged through neutral sucrosc
gradieﬁfé(containing sucrose cushions = iudicated by the dashed
line above) in a SW50 rotor for 2h at 40,000 rev/min and 5°.

The tube contents were fractionated and the cold-acid precipitable

radioactivity determined. Approx, twice the amount of lysate from

the colicin treated cells as the control lysates was used .
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If the cell lysate was centrifuged directly af'ter
dialysis, prelabelled bulk DNA was found in nonspecific aggregates
with other cell fractions. DNA was distributed throughout the
sucrose cushion region and tailed away into the linear gradient
without the appearance of any distinct peeks ( Fig, 6 1 ). Pronase
pretreatment however separated the two types of DNA so that about
40=~50% ( Teble 6 i ) appeared as a distinct peak at the sucrose
cushion interface, Fig, 6 i, This membrane associated DNA was sus~
ceptible to detergent treatment, so that 0,1% SDS released approx,
60% of the membrane bound DNA whilst 0,5% SDS caused total release
( Fig. 6 i1 ), Pulse labelled DNA sedimented entirely with the
membrane fractions after pronase treatment and was more resistant to
release by 0,1% SDS ( Teble 6 i ), Shearing alone reduced the
membrane associated bulk labelled DNA to approx. 10% ( Table 6 i )
and increased the molecular inhamogeneity of the unassociated DNA
with a consequent increase in peak width ( Fig, 6 v ). Pulse
labelled DNA was relatively unaffected in its association with mem=
brane by shearing but longer vortex treatment ( i.e. greater than 2
min ) reduced this to approx. 30%,

The result of combining the two treatments depended on the
order in which they were given ( Table 6 1 ). If pronase was added
before shearing the association of pulse lasbelled DNA with membrane
was considerably labilised, so thet only 10% remained, after shearing,
at the cushion interface. Bulk labelled DNA at the interface was
reduced to 6%  Fronase digestion after al;waring the lysate had
virtually the same effect as shearing alone, except that pulse

labelled DNA sssociated with membrane was reduced by approx. 40%
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Effect of 0-1% SDS on ‘membrane’ DNA | e £1ret syt vt fon « b ettt ot ettt |

E2 involved pronase treatment of the dialysed cell lymate, Bulk
62°, SuCrose 5-20%, sucrose gradient ‘ labelled DNA however showed virtually no difference frem the control (il 1
' ‘ ' | on incubation of cells with colicin for up to 90 min ( Fig, 6 1 ), Il -
18 This negative result eliminated the possibility that bulk labelled
DNA would become di#aociated fram the membrane because of a reduction

in moleculer size under these conditions, since after 30 min incu= e 3

i
Ol

bation with colicin E, the DNA fragment size after lysis was con- i

sidersbly reduced ( Fig. 5 viii ), Vortex mixing must therefore I
I

cause a reduction in membrane associated DNA by shearing the DNA off W ‘

N

-

*H (cts/min) x10°3

the membrane rather than just fragmenting the DNA molecules.

w

If however the dialysed lysate from colicin treated cells
was subjected to mild detergent treatment ( O.1% SDS ) after pronase ‘\‘“
digestion the amount of uniformly labelled DNA rannining attached to I I
membrane was reduced compared with the control ( Fig, 6 ii ), This |

»

labilisation only occurred after approx. 20 min incubation of cells Il ug” i‘
Ik
with colicin B, and the small percentage of total DNA left associated Il

with the membrane remained constent ( 5-8% ) after 30 nin incubation |
- with coliein, It was also cbserved that under the experimental I

Fraction No ' = conditions used, the 0,1% SDS-resistant DNA/membrane complexes I “\ij

| I

o Control-SDS sedimented more slowly afier incubation of cells with colicin, in- | hg‘:i‘

e Control+SDS ) - [

o +colicin+SDS (20min) dicating a reduction of membrane fragment size ( Fig. 6 ii ).

' i

FIG. 6 ii : I

e (3n) thymine labelled cells were incubated with colicin The observations that cells did not readily form sphero- ‘;\”“h

E2 for Omin @~@ and 20min g-O and the spheroplasts lysed by the |l

. dialysis method., The lysates were treated with pronase followed by plasts after incubation with colicin Ey and that the spheroplasts ‘\‘”;‘L
i | 0.1% SDS ( except a control sample which was only treated with pronase) | H‘
b andﬁccntrifuged for 4h in a SW25 rotor at 25,000 rev/min and 10°. once formed were more osmotically steble compared with control sphero= “H“H"
i The percentage of the total cold-acid precipitable radioactivity found I
!] at the cushion interface is indicated under the appropriate peak. plasts ( Ch. 5 and Nose gt al., 1970 ) led to an additional inves~ IJ,
i) | lculated f the equation of Nomura et al.(1962), ' i
B hE B walnes were paioiiates dow B = — =" tigation into the effect of detergent lysis methods on DNA fraction= | |
u.-‘. | . : . \“ ‘i‘
| action. Cells incubated with colicin E, were lysed using the method | :

described in Ch, 5, except that after EDTA-lysozyme treatment, the “‘ ;
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FIG, 6 iii

Effect ot mild detergent lysis on the fractionation of

| uniformly labelled DNA from cells treated with colicin E2.

| (3H) thymine labelled cells were treated with Mw

colicin E2 for Omin & A ; 30min @—8 ; and 60 min 00
and lysed as described in METHODS 5 except that after TDTA- . A i
iﬂ lysozyme treatment the 'cells' were'titrated' with SDS to effect ' ﬁﬂ;
lysiS'L_final concn. 0.,05-0.1% (w/v) SDS ) and pronase was . ‘
il |

omitted. The lysate was centrifuged for 16h in a SwW25 rotor

i at 25,000 rev/min., Only about half the control radioactivity

i is shown.




1% |

(I : | l
L I & iv cells were titrated with SDS, and pronase was not included. I
M’ ' Effect of colicin V2 on the fractionation of pulse labelled The lysates were analysed by the sucrose cushion method of centrie i‘\i}
it " : “‘ii
.‘y“ DNA after pronase treatment of the cell lysate. fugation and the distribution of uniformly labelled DNA is shown in
] y_w‘ ‘ N :h

I L | 65°% sucrose shelf Fig. 6 iii, The control DNA formed a sharply defined peak at the
{ |

( membrane DNA) cushion interface after long centrifugation, However after 30 min ”\W
| incubation with colicin a second peak was cbserved which had a ‘H'
sedimentation value between 20 and 30S ( see Ch, 5 ). The percen-
tage DNA released fram membrane remained at approx, 50% but after |

| o 30sec puls e of 60 min incubation with colicin the DNA/membrane fragments sedimented

3H?thymine followed
by 3ng/ml colicin E9

——= 3=

slightly above the cushion ( Fig., 6 441 ), These observations con- ‘@
firmed the experiments described in Fig, 6 ii. ‘!

= ==

i ‘
I "
| L%, | ® So far the experiments with colicin E, were carried out i
| 1S e e Sty Yk 3y b i Wiy 0 |

| | E 4 ) possible to study the effects of colicin E, on the newly synthesised }!r
il region of the bacterial chromosome. There are advantages in that it {

can be assumed that this region of the DNA will be more specifically

T T T

|
associated with the membrane, The results obtained using pulse / ‘
labelled bacteria and the dialysis method of lysis were quite different

U O,
1 ’-1 ﬂ: II:" N from those with steady state label ( Fig. 6 iv and Teble 6 1 ). M
‘T'lr : If after colicin incubation and cell lysis, pronase was added, it was .}’i ,
i ! found that the attachment of pulse labelled DNA to the membrene was (f‘
:‘ | labilised, Similar to the 0.1% SDS effect for uniformly labelled M,F

i DNA, this labilisa.tion effect was not observed until approx. 20 min Hg‘

after addition of colicin E2 to the pulse labelled cells, when a It

broadening of the DNA peak at the cushion interface occurred. {[ |

|

1

M ] 1 § Hi‘}
I 0 10 20 30 Eventually a distinct second peek was observed above the cushion |
g _ | I
:% i FRACTION NO. ' after longer colicin incubation times ( Fig, 6 iv ), but this peak “w“’ﬁj}
i L I
I; aL| . H‘!U
“ ' 5-20°%, Sucrose gradlent sedimented slightly faster than unassociated DNA from uniformly E :
’:ﬁ (3}1) thymine pulsed cells were incubated with colicin E2 for labelled cells under similar conditions. ‘“‘\W
i the times indicated and the spheroplasts lysed by the dialysis ‘ ‘hh
hid) | method . The lysates were treated with pronase and centrifuged |
| on tue above gradient for 2hina SW50 rotor at 40,000 rev/min, I
” ‘ ( Only one third of the radioactivity from the O & 10min cells _ H‘J
7"'1; : is shown.) , : I
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FIG, 6 vi

Lifects of pronase and shearing on the percentage of pulse

and uniformly labelled DNA associated with the membrane fraction

of colicin E2 treated cells.

The percentage pulse or uniformly labelled DNA sedimenting
at the sucrose cushion interface as described in FIGS, 6 i-v was
determined after cells had been incubated with colicin w2 ( 3.103
 ‘J moleculg§ per bacterium ) for the times indicated and the

il lysates subjected to pronase or vortex treatment.

e e m‘u_'wi,ﬁ
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The decrease in percentege pulse labelled DNA associated
with nembrane on treatment of cells with coliein E2 is shown in
Fig. 6 vi(a), A residual 20-30% of the pulse labelled DNA remained
atteched to the membrane after colicin attack but again this dissoc-
iation of DNA fraom membrene appeared to be a secondary effect of

colicin E, sction, ( see discussion ),

If shearing of the lysetes from colicin treated bacteria
was substituted for pronase treatment, pulse labelled DNA remained
associated with membrane ( Table 6 1 ), however the percentage bulk
lebelled DNA associated with membrane after shearing increased with
coliecin E2 incubation suggesting a partial protection of membrane
associated DNA against colicin E, induced exonuclease attack,

( Figs, 6 v and 6 vi(b); Table 6 1 ), If however pronase digestion
was included in the lysate treatment after shearing then there wes

a slight decrease in membrane associated DNA after colicin attack

( Teble 6 1 ). This was probably the result of newly synthesised
DNA being more readily detached from the membrane as a result of
colicin attack owing to pronase labilisetion of the attachment peint.

- It therefore sppeered that newly synthesised DNA was specifically

attached to a part of the membrane instead of non-specifically
associated with the total membrane fraction and was partially pro-
tected against colicin induced degradation to cold-acid soluble
fragments, « This hypothesis was tested more fully in section (e).

Fronase digestion before vortex shearing resulted in
almost total depletion of bulk and pulse labelled DNA from the

membrane fraction and colicin had no detectable effect on this

( Table 6 1 ).
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FIG, 6 viti .
(b) Fractionation of DN b gcomplexes from cells incubat |

Effect of colicin F2 on the resolution of M band-DNA material
' with colicin E~F9 using the "M band" method i
~—15-40% sucrose gradient After investigating the effect of colicin E, on DNA/
membrane association using the sucrose cushion method of Smith |
- ‘Free'DNA end Henawalt ( 1967 ) it wes decided to use the method developed by E
| | Tremblay g‘_c__g..; ( 1969 ) which relies on separation of membrene
| y : asscciated DNA fram unassocisted DNA by hydrophobic interaction of
141 g-5arkosy @ membrane phospholipid with th \ |
DNA/membrcme : D € waxy magnesium sarkosyl crystals and ”‘H
\ - complex not faster sedimentation of membrane fragments compered with un-
121 - | 3 | associated DINA, |
~ ' i
‘_;' The sedimentation profiles of pronase treated dialysed ;
<\.‘o 10} lysates are shown in Fig, 6 vii, Recovery of cold=acid precipitable | ]
E \ redicectivity was low owing to the viscosity of the M bend and apparent |
c | | sticking to the tube walls, The bulk lsbelled DNA present in the M |
é 8 o ' band waes approx, 50% of the total DNA in the control., This was much w‘”
%’ A lower than that reported by Tremblay et al., ( 1969 ), probably due |
— br ) to the fact that the E, coli spheroplasts were osmotically lysed }J
A , before pipetting on to the gradient and hence the DNA was subjected ;y
Lt ’ %o a certain amount of shear, This distribution was obtained both
A e when the lysate was mixed with preformed Mg-sarkosyl crystels and when |
) % - : | mixed with free serkosyl detergent which then formed crystals due o |
2 [ o y ' ) the Mg""" in the lysate buffer. Iysis of spheroplasts directly on
, L ok the gradient ( without pronase ) using free sarkosyl detergent was
O 1 b O A zbo BbO unsatisfactory and produced sneared profiles, After colicin treat- |
o e | ment little change was observed during the first 5 min, The percen~ |
I Dro P number | tage of complexed DNA approximated to the comtrol values of Ly=56%, g
1 f Ao Control 0 After 10 min colicin treatment this percentage of complexed DNA began | ’
i . o +Colicin=10min ' E | to decrease snd by 20 min had dropped to a minimm of 6=10% |
“ | ° ’ COllCln - 20min 3 ! ' then remained co:tant with 1 o o ““‘
g Cells were uniformly labelled with (’H)thymine and incubated onger incubation times. These results I
o3 with colie ;:aii for omin A i;t:\oz;rolng;é)ar;xda:ijxigm\iriltf_g\ oy ~ may be related to those obtained by Nose et al,, ( 1970 ) where the ‘:
i on Lhe top of the above gradient. Centrifugation was for 30min at |
i 20,000 rev/min in a SW50 rotor. |
i




FIG. 6 viiti

Effect of NNA labelling time on the apparent colicin E2
induced DNA degradation,

°/, 3H acid sol. after 2h
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The perceuntage cold-acid precipitable radioactivity lost_after
~2h incubation of cells with coliéin F2 ( 3.103molecules pér
bacterium) is plotted against the length of the labelled region
in the DNA 1e. the duration of the labelling time expressed as
as a percentagce of the cell doubling time ( 40min ) . The
empirical points arecompared with the theoretical plot which

assumes a 10% protected region of the chromosome (see text ).
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irreversible change in the cell membrane induced by ecolicin E2
occurred after 5-10 min incubation, Interpretation of this

result however was not unambiguous ( see discussion ),

(e) Effect of ocolicin E,=F9 on newly synthesised DNA

Similar experiments to those described in section (a)
were perfomed with DNA that had been uniformly labelled with ( ‘¢ )
and pulsed with ( H ), It was shown that the ( JH ) labelled DNA
was more resistant than the ( Leg ) labelled DNA to degradation as
measured by a decrease in cold-acid precipitable radiocactivity,
( Teble 6 i1 ), The effect of increasing the duration of the
labelling period with ( methyl="H ) thymine on the apparemt pere
centage DNA degradation induced by colicin E, is shown in Fig, 6 viii,
It was shown that all pulse label did in fact go into DNA and it is
clear from these results that the exoruclease attack on the DNA frag=
ments produced in steges I and II of colicin E, attack ( Ch. 5 ) is
not randam since a random mechanism would predict that the apparent
degree of DNA degradation would be independent of the fraction of
DNA fregments labelled, These results also eliminate any mechanism

similer to that proposed by Farmer ( 1968 ) for actinomyein D

initiated degradation of DNA, where it wes found that as the length
of pulse time increased the degradation of radiocactive DNA into cold-
acid soluble material decreased,

The simplest interpretation of Fig, 6 viii was that the
most recently lebelled DNA, i.e., that attached more specifically to
the membrane, was resistant to coliein Ey induced exonuclease attack,
The increase in the percentage membrane bouzdeMaftcrshnaring

lysetes from uniformly labelled cells incubated with colicin E,

( Fig. 6 vi(b) ) is consistent with this interpretation,




Table 6 ii

Protection of newly synthesised DNA from coliecin I~::2 induced
degradation

Ratio of radicactivity ( (°H) pulse/

(“*c) uniform )
Duration of ( “H) label 30 sec 100 se¢ 5 min 20 min ¥
Contrel 0.13 047 1.52 0.53
+ Coliecin E2 incub, _
45 min 0.21 0.72 1,78 0.57
90 min 0,27 0,89 2,15 0,63

¥ Cells pulsed with lower sctivity (3H) thymine

TABLE 6 iii

Effect of FEA and emino-acid starvation on DNA-membrane association
% uniformly labelled DNA
associated with membrane (after
pronase treatment)

Control dip

0.5% PEA (90 min) ‘ 36

- amino-acids (90 min) L6
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If this is the explanation, then it should be possible
to caloulate the results that one would expect if (i) 10% of the
total cell DNA was specifically attached to the membrane at the
replication site; (ii) this region of DNA remained attached to the
menbrane after coliein induced fragmentation and was subjcted to
a gradual increase in probability of being degraded into acid
soluble material from total protection at the point of replicetion
to 60% degradation at the end of the membrene attached region,

i.e. the overall average degradation of this protected region would
therefore be 30%, and (iii) the rest of the cellular DNA which was
not protected by any specific menbrane association was degraded by
6054

Therefore if 20% of the cell DNA is labelled and assuming
one replication point, the first 10% will be degraded by 30% whilst
the last 10% will be degraded by 60%, This gives an overall
degradation of 45% The theoretical curve thus obtained ( Fig.

6 viii ) shows e basic similarity with the experimental points but
a true theoretical curve should take account of there probably being

- more than one replication point, Since the culture was not syn-
- chronous a fraction of the cells would divide during the pulse time

and hence some label would occur in parental DNA strands, However
this should not affect the above results since it is assumed from
Ch, 5 that parental and daughter DNA strands are degraded equally
once a particular fragment has been selected by the exonuclease.
Attempts at cell synchrony by amino acid starvation were unsuccess-
ful ( see lLark, 1966 ),

A simple test of the hypothesis would be to pulse a short
region of the bacterial DNA and chase this with unlabelled thymine

for varying times before incubation with coliecin, The hypothesis
 would predict that as the pulsed DNA moved out from the protected
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region it would became immediately degraded at the maximum rate

of 60%  However pulse/chase experiments with E. coli are notorious
11;1 that the internal nucleotide pool does not equilibrate rapidly
with exogenous precursor ( see Britten gt al., 1964 ). A further
complication was that the pulsod DNA would move out from one
protected region and into another if there were multiple replication
points per chramosome ( see BU incorporation results, Ch. 4 and
Care, 1970 ). This apparently simple experiment was therefore

unsuccessful,

DISCUSSION _
The evidence presented in previous chapters and by

Obinata and Mizuno ( 1970 ) suggests that colicin E, may work by
initiating an alteration in the state of DNA. As colicin E, is
known to bind specifically to or near to the bacterial inner membrane,
a possible point of attack eould be thesite(s) at which the DNA is
associated with the membrane,

The results from the experiments just described on the
isclation of membrane associated DNA are difficult to interpret
because of distinguishing between first the specific binding of DNA
to a small region of membrane at the replication point and the non=
-peciﬁev random association of DNA with membrane subfractions and
voticiei due to isolation techniques; and second the effect of
colicin specifically acting on the site of chramosome sttachment to
the membrane and the effect of DNA fragmentation on the spparent
- degree of DNA associated with membreane fractions.

The membrane association of pulse labelled DNA may be
teken as an approximate indicetion as to the specific attachment
and this was shown to be relatively resistant to pronase, shearing

and mild detergent treatment in E, coli ROW, However pronase treat-
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ment consideresbly labilised the apparent attachment of the pulse ’
labelled region to membrane when cell lysates were subsequently |
subjected to vortex treatment, The rapid decrease in membrane
association of pulse labelled DNA after 10 min incubation of cells j

with coliein E, ( Pig. 6 vi(a) ) shows a distinct resemblance to

the appearance of double strand snips in DNA described in Ch. 5
% ( Fige 5 viii ), Since there is probably only ome attachment site |

on the membrane associated with replication of the chromosame and

|

: the actual size of the residual DNA stub left after sonication is |

[ less then 1% of the total chromosome ( Dr, M, Daniels, 1970; | |
personal commmication ) the effect of colicin on membrene association
of pulse labelled DNA may result entirely from fragmentation of the
DNA, However the length of the pulsed region used in the above experi-
ments was in the order of 1% of the chramoseme as estimated from the |
pulse time expressed as a percentage of the cell doubling time. It
could therefore also be argued that incubstion of the cells with
colicin labilised the DNA/nembrane attachment point to pronase treate
ment in contrast to vortex treatment of the cell lysate before ‘ ’
incubation with pronase. The similarity in kinetics of double |
strand snipping and DNA/nembrane dissociation may be due to their
both being the result of an initial as yet unknown phencmenon res= L
ponsible for the initiation of colicin induced TNA degredation rather
then the latter being the result of the former, The results of
Nose et al., ( 1970 ) on the time oouz;se of bacterial spheroplast

membrane stabilisation by coliein E, would support this hypothesis.

DNA sgainst coliein induced exomucleolytic degradationimplies that o 3

The results on the apperent protection of newly synthesised  ng ’
| the chromosome remains attached to membrane after colicin attack une

like the proposed effect of phenethyl aleohel ( Ch, 4 and Treich and |
Konetska 1964 ).  Prelininary investigations with phensthylaloohol
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did not support the chromosome/membrane detachment theory however

( Table 6 4i1 ). This protection of DNA which is specifically

bound to the membrane is contrary to the results of Faxmer ( 1968 )
B with actinomyein D induced exonucleolytic degradation of the chramo-
? some daughter strands and Hanawalt and Ray ( 1964 ) who found that
newly -yntho-ﬁcd DNA was more susceptible to shear and denaturation,
No explanation is offered at this stage except to say that colicin
| E2 probably alters the state of DNA by labilising its specific
'! | attachment to membrane towards pronase but in addition the newly ’
synthesised DNA at this site is protected against coliecin induced
exonuclease, This alteration in the state of DNA mey be the result
of scme subtle membrane conformationsl change induced by coliein
( Chengeux and Thiery, 1967 ). This is particularly relevant to

e - |

; the results of Ch, 4 on phenethyl alcohol sensitization of cells to
coliein action, since this membrane-active antibacterial ageﬁt has
been suggested to interferewith the structural or initiator proteins
1 | at the replicon site ( lerk amnd Lerk, 1966 ).

The results with uniformly labelled DNA can be largely

 explained from the behaviour of pulse labelled DNA and the effect

of colicin E, on the membrane. Fronase treatment does not affect

the non-specific association of DNA fragments with membrane, but this
‘association is considerably labilised with respect to detergent

irrespective of pronase pretreatment ( Figs. 6 i, ii and 1ii ).

This reflects a change in the munbm consistent with the results

discussed above, It is interesting however to contrast this mem-

brene fragment labilising effect toward detergent with the stabilising

colicin effect on whole spheroplast membranes reported by Nose et al.,
(1970 ) and ( Ch, 5 ); and on whole cell membranes with respect fo

PEA ( Chy &4 ).

|
|
(
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The apparent relative inorease ﬁ:manbrmo bound bulk
labelled DNA after vortex treatment of the lysate from colicin
treated cells is consistent with thc‘ protection phenomenon of
newly synthesised DNA, Non-specific association of DNA with mem-
brane aftcr cell lysis appears to be very sensitive to shearing
and partially sensitive to pronase treatments, Membrane bound DNA
after vortex treatment therefore behaves like specifically bound
pulse labelled DNA and is protected againaf colicin induced
degradation, The relative incresse in membrane associated DNA
after incubation of cells with coliein is of course abolished if
pronase is addod to the lysate, since this causes release of the

protected regions,

The results of the sarkosyl eorystal experiments may be
interpreted as reflecting a decreased association of bulk labelled
DNA with membrane because of DNA fragmentation, The effect could
also be due to a colicin induced alteration in DNA/membrane attach=

_ ment or the fact that only growing membrane will complex with the

detergent crystals ( Tremblay et al., 1969 ), However the formation

of filementous cell forms with coliein I.?.2 would indicate that

cessation of membrane synthesis was not a rapid effect,
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AFTENDIX

Purified colicin E, preparations were investigated for
physical similarities to defective phage components by electron
microscopy ( see Bradley and Dewar, 1966 ). There were no
observable phage-like particles and a representative picture of
the amorphous appearance of colicin E, is shomn in the plate
below, Fhage BF23 is shown for comparison since this phage is
believed to use the same receptor sites as the E group colicins
( Fredericq, 1957 ). The negative staining end electron micro-
graphs were done by Dr, D, Ellar,

Eo




CONCLUSIONS

The results reported in this thesis show that the mode
of action of colicin E, cannct be explained by eny of the familiar
mechanisms of drect intersction reported far other antibiotics.

Coliein Ea kills sensitive strains of E, coll b& a single hit
process; ( one hit corresponding to approx, 100 colicin molecules
per bacterium ), whilst apparently remaining near the cell surface.
It induces a three stage degradation of the bacterial chromosame,
the lethal event being the endorucleolytic cleavage of both DNA
strands ( Ch, 5 ). The initial single strand scissions are
repairable on removal of colicin activity from the cell surface

by trypsin digestion.

The initiation of nuclease attack on the chromoscme by
coliein E2 must be the result of a more primary biochemical inter-
action, since colicin E, possesses no nuclease activity in vitro.
The primary biochemical action of coliein E, could involve (1) an
activation or decontrol of a specific endo- exo-nuclease system or
(41) a chenge in state of the DNA so that the chromosome is rendered

. susceptible to already active nucleases.

The first possibility is in keeping with the membrane | 1
transmission system ( Holland 1967.a ) which proposes that coliein
interferes with the delicately-balanced cellular control mechanisms
ot the membrane level, so that micleases nommslly present in Es coli |||
but only used under strict contrel in replication, reccmbination,
repair and restriction became uncontrolled, ( analogous to cencer in
animal cells ) end repidly destroy the bacterial chromoseme, Direct
activation of nucleases was not observed by Obinata and Mizuno

( 1970 ) but a decontrol process is still very much a possibility.




The second possibility can encompass a variety of
interactions of DNA with coliein E, so as to alienate the chromo-
some from its vital nuclease systems or it could involve certain
colicin initiated changes in environment of DNA so that macro=-
molecules such as membrane and protein normally necessary for the
correct mmtiming of the chromoscme are altered in their
relationship with DNA, The results reported in Chs., 3 and 5 show
that DNA is not denatured by colicin E2 in vitro or vivo although
direct interaction of colicin with DNA is suggested in Ch, 3, but
only under non-physiological ionic conditions., These results
together with the trypsin reversal effect studied in Ch. 5 suggest
that colicin does not penetrate the cytoplasmic membrane, A
colicin induced alteration in the specific attackment of DNA to
membrane could initiate nuclease attack but the results reported
in Ch, 6 suggest that this is probatly only = secondary effect.

The effects of other chemical agents on colicin E2 induced

exonucleolytic degradation indicate that no new mucleases are syn-
thiuiud in response to colicin attack but that the muclease system
involved is inhibited by intercalating drugs. The effects of
phenethyl alcohol and novobiocin are interesting in that they both
interfer with membrancs and DNA metabolism and hence in some way
stimulate coliecin induced DNA degradation,

The primery effect of colicin E, appears to be on the
membrane and probably invelves very subtle changes that will only
be satisfactorily investigated using more sophisticated techniques
such as electron spin resonence ( Calvin et al., 1969 ) and the
development 61’ an in vitro membrane fraction gystem in which the

effects of colicins may be more specifically localised and observed.

In connection with this last possibility interesting effects have




been observed by Freer et al., ( 1968 ) and Dr. D. Ellar ( 1969;
personal communication ) on the physical appearance of membrane
preparations after treatment with certain toxins and membrane

active agents, The recent work of Bhattacharyya et 8l., ( 1970 )
on isolated membrane vesicles and colicins also presents interesting
possibilities, |

A complete explanation of the mechanism of colicin action
mey have to wait for an advance in basic methodology amnd the mole-
cular biology of membranes end their associated mysteriocus "control
eirecuits®, The difficulties hampering research into animal cell
differentiation and cancer may be related to those limiting a more
fundemental investigation of colicin action. In both cases research
is at present limited primerily to an investigation of effects rather

than causes.
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SUMMARY

The protein antibiotiec colicin EZ-P9 was isolated after
mitomyein C induction from a colicinogenic strain of Escherichia
coli K12 and purified using ion exchenge chrematography on DEAE and
CM sephadex followed by hydroxylapatite. It was characterised using
polyserylamide-gel electrophoresis, sedimentation analysis, G200
sephadex and ORD, Its primary biochemical effect was induction of
DNA degredation in a sensitive strein of E, ool K12, This
degradation was inhibited by dinitrophenol, bromourscil and certain
intercalating drugs but stimulated by nowobioein and phenethyl
alecohol, Chloramphenicol, mitomyein and phleomycin had little
effect. Cell mescromolecular synthesis was only affected at high

colicin E2 concentrations.

Colicin E, induced exomucleolytic degredation of DNA was

2
detected after a lag of 10-15 min, Single strand scissions were
formed in DNA within the first few mimutes incubation of bacteria
with colicin, followed by double strand breaks af'ter about 7 min,

The single strand lesions were repairable on removal of colicin fram
the cell surface with trypsin prior to the appearence of double strand
bresks in the DNA., The production of double strand lesions was the
irreversible lethal event in colicin E, initiated cell death. After
30 min incubation of cells with coliein, endoruclease activity ceased

and the DNA fragaemt size had been reduced to 10°-107

daltons,
Using caesium chloride and sulphate isopycnic centrifugation the DNA

during this time was shown not to be denatured although density

inhomogeneity of the fragmeﬁta was implied from the peak skewness.




Newly nynthgnisod DNA was less sensitive to coliein
induced exonucleclytic degradation but its association with the
membrane fraction was labilised on incubetion of cells with
coliein, Uniformly lsbelled DNA was more readily relessed from
the membrane after coliein attack if the cell lysate was treated
with mild detergent, but this was a secondary effect of coliein

action,

In vitro studies have shown that colicin E2 has no exo=-
or endonucleolytic aﬁtiviticl, however it does bind to native DNA
Vin low ionic strength buffers as shown by complex binding to nitro=
cellulose filters, DNA melting curves and ORD measurements, Colicin
E, also lowered the DNA melting temperature under certain coenditions,
whilst its own thermal denaturation was prevented by DNA.  ORD
measurements and isopycnic centrifugation 'indicatcd thst coliecin 32
does not denature DNA in vitro, Studies with in vitro coliein

treated DNA as a substrate for INase and RNA polymerase have shown

e slight stimulation and inhibition respectively.




