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The Action of Colicin E2 on Supercoiled X DNA. I. 
Experiments in Vivo? 

Linda S. Saxe 

ABSTRACT: A X D N A  supercoil system has been developed 
to study the effects of colicin E2 on D N A  in vivo. Colicin 
E2, a protein antibiotic synthesized by strains of coliform 
bacteria that carry the Col E2  plasmid, has as its most con- 
spicuous effect damage to the D N A  of sensitive strains. 
Colicin E2 attacks the supercoiled molecules formed by la- 
beled X D N A  in superinfected cells as well as  it attacks the 
bacterial DNA.  The rate and extent of acid solubilization of 
the X supercoils and of host bacterial D N A  induced by E 2  
treatment a re  nearly identical. Treatment of superinfected 
cells with colicin E2 results in the progressive conversion of 
X D N A  supercoils to open circles and/or linear full length 
molecules, and subsequently to fragments less than full X in 
size. The first endonucleolytic reactions are  single-strand 

T r e a t m e n t  of sensitive bacteria with colicin E2 has as  its 
most conspicuous effect damage to the bacterial D N A  lead- 
ing to acid solubilization, as shown by Nomura (1963) and 
others. In 1970 Obinata and Mizuno, using neutral and al- 
kaline sucrose density gradients, demonstrated the occur- 
rence of double-strand breaks in the bacterial D N A  7 min 
after E2  addition a t  37O. Ringrose (1970), in a n  analysis of 
bacterial D N A  from E2-treated Escherichia coli cells, de- 
tected single-strand nicks as  early as 2 min after E 2  treat- 
ment and double-strand breaks a t  5 or 7 min, depending on 
the E2 concentration. Acid-soluble counts were detected 
about 10 min after E2  addition. Ringrose proposed three 
stages in E2 action: stage I, corresponding to single-strand 
breakage; stage 11, with double-strand breakage; and stage 
111, acid solubilization. 

Almendinger and Hager (1972, 1973) have presented 
findings that appear to implicate endonuclease I in the E2- 
initiated reaction series. They found (1973) that colicin E2 
plus endonuclease I, but not either by itself, causes degrada- 
tion of D N A  in E.  coli spheroplasts. Yet, recent findings of 
RNase  activity initiated by colicin E3 in vitro (Boon, 1971, 
1972; Bowman et al., 1971) raise the possibility that E2  
may possess a nuclease activity. 

The  present work employed a new system that appeared 
potentially promising both for studies in vivo and in vitro: 
the action of colicin E2 on X D N A  supercoils which a re  
formed upon superinfection of an immune X lysogen with a 
coimmune X phage and persist undamaged for a reasonable 
length of time. This paper presents results on the effects of 
colicin E2 on h supercoils in vivo. The accompanying report 
(Saxe, 1975) contains evidence suggestive of an in vitro en- 
donucleolytic action of this colicin on the D N A  supercoils. 
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and/or double-strand breaks. The rate of supercoil break- 
down as  well as  the final percent supercoils remaining un- 
converted, the size of the final X fragments, and the extent 
of solubilization are  dependent on the multiplicity of colicin 
used. Addition of trypsin to €2-treated superinfected cells 
results in a cessation of further breakdown of the X mole- 
cules, presumably as a result of digestion of accessible coli- 
cin molecules. Energy is essential for an early event in coli- 
cin E2 action. The host enzymes, endonuclease I and Rec 
BC, may be instrumental in the nucleolytic process caused 
by colicin E2: endonuclease I in a reaction preceding cell 
killing and Rec BC in a secondary degradation of the bacte- 
rial DNA.  

Experimental Procedure 
Bacterial Strains. The bacterial strains used are listed in 

Table I. 
Bacteriophage Strains. The following bacteriophage 

strains were obtained from E. Signer's collection: A, XC1857, 

X C I X S ~ S ~ ,  k 6 0 ,  XCI,  XVW, h n d - 8 3 1 ,  Xlmm434, and X1mrn21.  
Media. Tryptone broth consists of 1% tryptone and 

0.25% NaCl. It was supplemented with yeast extract 
(0.01%), maltose (0.2%), and B1 (1 pg/ml) (= medium X 
YMBl) .  LB broth contains 1% tryptone, 0.5% yeast extract, 
and 1% NaC1, p H  adjusted to  7.0. Add agar (1.5%) for LB 
agar. Soft top agar consists of 0.8% nutrient broth, 0.5% 
NaC1, and 0.65% agar. Medium 1 X 63, used to prepare ra- 
dioactive phage, contains per 1 I.: 5.3 g of KH2P04, 1.1 g of 
K * H P 0 4 , 2  g of (NH4)2S04, and 3.0 ml of 1 M K O H .  Glu- 
cose (0.3%), casamino acids (0.3%), M g S 0 4  M ) ,  and 
B I  (1 pg/ml) were added. 

Chemicals. Sodium dodecyl sulfate (SDS,] 95%) was re- 
crystallized one time from 100% ethanol. CsCl (99.95% pu- 
rity) was purchased from VarLacOid Chemical Co. 2,4- 
Dinitrophenol (2,4-Dnp) was recrystallized two times from 
ethanol. Lysozyme (salt free, two times crystallized) and 
trypsin (two times crystallized, washed free of salt) were 
obtained from Worthington Biochemical Corp. The source 
of bovine serum albumin (crystallized, BSA) was Miles 
Laboratories, Inc. Pronase (Calbiochem, Grade B) was pre- 
treated as  described by Young and Sinsheimer (1967). 

Assay of Colicin E2. Colicin E2 activity was assayed ei- 
ther ( 1 )  by spot assay yielding arbitrary units (AU)  or ( 2 )  
from bacterial survival assay yielding killing units ( K U )  
(Fields and Luria, 1969). The killing multiplicity m was 
calculated from the equation m = -In(S/So) where S/So is 
~~~ 

' Abbreviations used are: SDS,  sodium dodecyl sulfate; 2,4-Dnp, 
2,4-dinitrophenol; BSA, bovine serum albumin; CCCP. carbonyl cya- 
nide m-chlorophenylhydrazone; AU, arbitrary units; K U ,  killing units. 
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Table I :  Bacterial Strains. 
~~ 

E coli K12 
Strain Properties Source 

3000 HfrH 
MRW25 Endo I -  (end A) from 3000 
AB 1 15  7 pro-leu-thr-arghis-lac-gal-. 

xyi-ara-m tl-tlii'strrT6r 
JC5519 Rec B21 Rec C22  from AB1 
QR47a B,-suII+rec+ L-V 
QR48 Rec A from QR47a 
QW 7 Endo I- (1 1 OO)sul<gal-rect 
QWg Rec A,, from QW7 
QW 9 Rec B,, f rom QW7 

h15177 gal-strrT,'(hCI,,,S.)hrthS- 
Snlmoriella tvuhimuriurn CYS 36 (Col E2), 

WD5 028 gd, ,,'-str' T,' T,'(hCI 857S 

M. Wright 
M. Wright 
S. E. Luria 

157 A. J .  Clark 
E. R. Signer 
E. R. Signer 
E. R. Signer 
E. R. Signer 
E. R. Signer 
E. R. Signer 
E. R. Signer 
S. E. Luria 

the survival ratio of sensitive bacteria. All colicin dilutions 
were carried out in 0.85% saline containing 2 mg/ml of 
BSA. 

Preparation of Colicin E2. The in vivo studies were car- 
ried out using crude E2 prepared from strain Salmonella 
typhimurium cys 36 (Col E2)2 by the method of Nomura 
(1964). 

Solubilization of Labeled Bacterial DNA. Overnight 
cultures in X Y M B ,  medium were diluted 1 : l O O  into fresh 
medium and grown a t  34' to a Klett value of 10. [2- 
t4C]Thymidine (0.5 pCi/ml) and deoxyadenosine (250 
pg/ml) were added and the culture incubated to a Klett 
value of 40. The cells were then chilled, collected on filters, 
washed with medium, resuspended in medium containing 
200 pg/ml of thymidine, shaken 20 min a t  34', and chilled 
on ice. Colicin dilutions and cells were prewarmed separate- 
ly and mixed in equal proportions. Samples were removed 
a t  I O  min for viable counts and at  various times for assay of 
acid-soluble counts. The values were normalized to the per- 
cent counts available for solubilization (the total number of 
acid-precipitable counts): (% soluble - % background)/ 
(100% - % background). Acid-soluble radioactivity was de- 
termined according to Howard-Flanders and Theriot 
( 1  966). Samples (0.4 ml) of CIjCCOOH supernatants were 
added to 10 ml of Triton X I  OO-toluene-2,5-diphenyloxa- 
zole- 1,4-bis[2-( 5-phenyloxazolyl)]benzene containing 0.8 
ml of HlO.  Radioactivity was counted in a Beckman scintil- 
lation counter. Radioactive compounds were obtained from 
New England Nuclear Corp. 

Preparation of X Phage and X DNA. 14C- and 3H-labeled 
phage were prepared from strain 545177 by heat induction 
of Xc1857~7 phage in medium 63 supplemented either with 
[3H]thymidine a t  2 pCi/pg of thymidine or with 
[I4C]thymine at  1 p C i / l 5  pg of thymidine. The phage were 
partially purified by one cycle of differential centrifugation. 

To  prepare X D N A ,  X phage were further purified by 
CsCl equilibrium centrifugation in the IEC A321 fixed 
angle rotor for 24 hr a t  25,000 rpm, 4'. and the D N A  was 
extracted three times with redistilled phenol. 

Superinfection of X Lysogens. Superinfection of X lyso- 
genic strains was carried out as described by Boyce and 
Tepper (1968) with several modifications. An overnight 
culture of strain WD5028 carrying the ind- prophage 
XCI857S7 was diluted 1:50 into 100 ml of fresh X YMBl and 
grown to a Klett value of 50 a t  32'. The culture was chilled: 
the cells were washed and resuspended a t  1 to 2 X 1 O9 cells/ 
ml in 10 m M  potassium phosphate adsorption buffer (pH 
7.0) containing 10 m M  M g S 0 4  and 100 pg/ml of thymi- 

dine. 3H-Labeled XCI were added at  a multiplicity of 5 to 
10. The cells were incubated 20 min a t  0' followed by I O  
min a t  32O, washed to remove nonadsorbed phage, resus- 
pended in growth medium (120 ml) supplemented with 100 
pg/ml of cold thymidine, and shaken 60 min a t  34' to allow 
supercoils to form. Two 2-ml aliquots were removed. One 
served as untreated control; the other received colicin E2 a t  
a low multiplicity (1X) for survival assay. E2  at  the appro- 
priate concentration (5 to lox) was then added to the cul- 
ture; 10- or I5-mI samples containing 2 to 4 x io9 ceIIs/mI 
were taken and placed on ice a t  various time intervals. 
K C N  was added to 10 m M  and the samples were lysed as 
described below. Four-tenths milliliter samples were taken 
at  intervals for determination of acid-soluble counts. Sam- 
ples were also removed a t  15 min for assay of viable cells. 

Lysis of Superinfected Cells and Sucrose Gradient Anal- 
ysis. The lysis procedure followed derives from the methods 
of Bode and Kaiser (1965) and Young and Sinsheimer 
(1967). Before sucrose gradient centrifugation the lysates 
were diluted to a sucrose concentration of 5% with I O  m M  
Tris (pH 8.0)-1 m M  EDTA, and sheared four times with a 
1 -ml glass blowout pipet. 

The gradient analysis procedure used is that of Botstein 
(1968). Gradient size was 12 ml. Neutral gradients for 
analysis of X supercoils were centrifuged 2.5 hr and alkaline 
ones (pH 12.1) 2 hr a t  38,000 rpm, 1S0, in an IEC SB283 
rotor. Gradients for study of linear X D N A  were centri- 
fuged 4 hr. Fractions of about 0.3 ml were collected by 
pumping from the bottom through a micropipet inserted 
into the gradient. Eight-tenths milliliter of HzO and 10 ml 
of Triton X100-toluene-2,5-diphenyloxazole-l,4-bis[2-(5- 
phenyloxazolyl)] benzene were added to each fraction and 
the fractions were assayed for radioactivity in a Beckman 
scintillation counter. The data  were corrected for back- 
ground and I4C and 3H spillover by IBM 360/65 computer 
analysis. 

Results 
(a) Acid Solubilization of Bacterial D N A  in Lysogenic 

and Nonlysogenic Strains and the Effects of Colicin E2 on 
Growth of Phage X. Several workers have observed acid 
solubilization of the bacterial D N A  after treatment with 
colicin E2 (Nomura, 1963; Reynolds and Reeves, 1969; 
Holland and Holland, 1970). In  the present experiments, 
cells prelabeled by growth in medium supplemented with 
[14C]thymidine and deoxyadenosine were treated with E2 
a t  various multiplicities; samples were taken for assay of 
viable cells and for determination of acid-soluble counts as 
described under Experimental Procedure. A consistent in- 
crease in acid-soluble counts was detected by I O  rnin after 
E2 addition, the rate and extent of solubilization being de- 
pendent on the E2 multiplicity. At high multiplicities 60 to 
80% of the counts had been rendered soluble by 60 min (see 
Figure 5a). 

I t  is known that acid solubilization of D N A  by E2 is 
markedly reduced in cells carrying a X prophage (Nose and 
Mizuno, 1971; Hull and Reeves, 1971). The effects of E2 
on a pair of isogenic bacterial strains, one nonlysogen and 
the other lysogenic for X ind-, were tested. The inhibition of 
D N A  breakdown is evident only a t  the high E2 multiplicit) 
and at  late times (Saxe, 1974). To  determine which X genes 
are  involved, the effect of several mutant prophages was 
tested. The results indicate that the reduction in solubiliza- 
tion is due to the product of the rex gene of the X prophage 
(Saxe, 1974). 

2052 B I O C H E M I S T R Y ,  V O L .  1 4 ,  K O .  1 0 ,  1 9 7 5  



C O L I C I N  E 2  A C T I O N  O N  D N A  S U P E R C O I L S  I N  V I V O  

Endo et al. (1963) reported that colicin E 2  induces the 
development of X from its prophage. In the present experi- 
ments, E2  a t  multiplicities lower than 2 induced the full de- 
velopment of X from lysogenic cells. At  higher multiplici- 
ties, the yield of phage was reduced. At  a multiplicity of 6, a 
burst size of about 1 was obtained. Addition of E2  a t  ratios 
of 1 (multiplicity = 0.7), 2, 4, 8, and 64 after heat induction 
of a heat-inducible XcIs57 lysogen reduced the burst size to 
55, 29, 12, <0.1, and <0.01%. The interference with X 
growth may be due to attack on X DNA, as demonstrated in 
later sections of this paper, to damage to the cellular syn- 
thetic machinery, or to a combination of both. 

(b) Action of E2 on X DNA Supercoils in Vivo. X-Lyso- 
genic bacteria in which a superinfecting X phage generated 
supercoiled circles of labeled D N A  were used to  study the 
stages of E2  action. The  procedure utilized for the X super- 
infection experiments follows that described in the Experi- 
mental Procedure. 

I I I I I I I 

It was necessary to check whether X D N A  molecules 
were subiect to E2-induced acid solubilization. and. if so. 40 80 

whether ;he rate and extent of solubilization were the same 
as  for the bacterial D N A .  T o  do this, cells were prelabeled 
by growth in medium containing [14c]thymidine and deox- 
yadenosine, superinfected with 3H-labeled and treated 
with E2 a t  various concentrations. Samples were taken for 
assay of survivors and acid-soluble counts. As illustrated in 

MINS. AFTER COLICIN Ep ADDITION 

FIGURE 1: Acid solubilization of the bacterial and superinfecting X 
DNA. A lysogenic strain (WD5028) was superinfected with X labeled 
with [3H]thymidine as described in Experimental Procedures except 
that the cells were prelabeled by growth in medium supplemented with 
0.05 wci/ml of [l4C]thymidine and 250 w g / m l  of deoxyadenosine. E2 
a t  I - ,  4-, and 16-fold concentrations was added to aliquots of cells. 

Figure 1, the rate and extent of acid solubilization were 
nearly the same for the superinfecting X and endogenous 
bacterial D N A ,  indicating that the two DNAs were very 
likely subject to  the same sets of reactions. The final extent 
of solubilization was less than 50%, as  already noted above 
for the bacterial D N A  in X lysogenic cells. The relative ex- 
tents of total breakdown of X and bacterial D N A  are differ- 
ent. For example, approximately 30% breakdown of five su- 
percoil X D N A  molecules per cell and 30% breakdown of 
the bacterial D N A  is a significant difference in terms of 
mass. One possible explanation is that colicin E2 attacks 
specific sites in the DNA,  e.g., regions of local denatura- 
tion, and that these occur with equal frequency in the two 
DNAs.  Possible competition between these two substrates 
must be considered in some of these experiments. 

The sucrose. gradient analysis to be described next was 
based on the known properties of X D N A  molecules. A sin- 
gle-strand scission converts a supercoil to an open circular 
molecule, which sediments less rapidly; double-strand scis- 
sions convert circles to linear molecules. These species may 
be resolved by sucrose density gradients. 

Figure 2 presents the results of an experiment in which 
the conversion of X D N A  supercoils after treatment of su- 
perinfected bacteria with colicin E2 was examined. Colicin 
E2 was used a t  a killing multiplicity of about 20, so that  the 
survival ratio was approximately 0.001%. At  various times 
after E2  treatment, samples were extracted and analyzed on 
both neutral and alkaline sucrose gradients. In comparing 
the 0-min and 4-min diagrams one observes a slight in- 
crease in the slowly sedimenting peak in the neutral and al- 
kaline gradients. By 6 min the supercoil peak is decreased 
and linear species are  present in neutral gradients, indicat- 
ing the occurrence of two-strand breaks. At  10 and 20 min, 
a s  incubation continues, the supercoil peak is reduced; lin- 
ear  species and fragments shorter than full X length in size 
a re  seen in both neutral and alkaline gradients. The obser- 
vations in the gradients of Figure 2 are  compatible with a 
series of events including initial single- and/or double- 
strand breaks in the X molecules, leading to progressive 

Samples were taken for assay of survivors a t  16 min and at  various 
time intervals for determination of acid-soluble counts. 3H and I4C 
counts were corrected for background and 3H and I4C spillover. The 
bacterial survival was 43, 7.6, and 0.01% at the three colicin concentra- 
tions (l:4:16). 

changes from supercoils to  circles and/or linear molecules 
and fragmented linear molecules. Measurements of acid- 
soluble label (which were included in every gradient experi- 
ment) confirmed that acid solubilization follows closely in 
time the appearance of the first molecular damages re- 
vealed by the gradients. 

The time course of X breakdown was followed in other 
experiments with altogether similar results. Figure 3 pre- 
sents data  from the experiment of Figure 2 and from anoth- 
er experiment in which colicin was used a t  a lower concen- 
tration. Samples were analyzed on neutral sucrose gradients 
and the percent supercoils remaining (counts under the su- 
percoil peak relative to total counts recovered) were 
graphed against time. The  course of supercoil loss (Figure 
3a) is dependent on E2 multiplicity. At  high E2 concentra- 
tions the supercoils are  reduced to 10% or less by 20 min. At  
low E2 concentrations, 50 to 60% of the supercoils remain 
unaffected even when fewer than 1% of the cells remain via- 
ble. The percent acid-soluble counts (Figure 3b) and the 
size of the final X D N A  fragments a re  also related to the 
colicin multiplicity. At the lower colicin concentration the 
final fragments were linear and slightly shorter. In  a sepa- 
rate experiment a t  a multiplicity of 40 the X fragments were 
approximately 2 X lo6 daltons on neutral sucrose gradients, 
that is, about one-sixteenth the X D N A  size. 

(c) Trypsin Rescue of Cell Killing by E.? and Arrest of X 
DNA Supercoil Breakdown. Reynolds and Reeves ( 1  963, 
1969) first showed that treatment with trypsin within the 
first several minutes after addition of colicin E2 could re- 
verse the lethal effect of the colicin. In the present work 
with colicin E2 trypsin rescue was tested by plating cells on 
LB agar  containing trypsin a t  100 pg/ml (Wendt, 1970). In 
experiments of this kind (see Figure 6a) one observes, after 
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F I G U R E  2: Sucrose gradients of 3H-labeled DNA from superinfected cells treated with E2. Lysogenic bacteria superinfected with 3tl-labeled A 
were treated with E2 (multiplicity -20), lysed, and analyzed on neutral and alkaline sucrose gradients as described under Experimental Procedures: 
(a) DNA profiles in neutral sucrose; (b) DNA profiles in alkaline sucrose. The I4C reference marker DNA in part b (broken line) was extracted 
from phage purified by one cycle of differential centrifugation; the counts a t  the top of the gradient (higher number fractions) represent acid-solu- 
ble counts. 

a brief initial delay, an exponential loss of trypsin reversibil- 
ity a t  a rate dependent on the multiplicity of colicin. The 
early delay could be due to repair of damage that had only 
reached some initial stage-for example, only single-strand 
breaks such as are  found early (Ringrose, 1970). 

Plate and Luria (1972) have defined for colicin K two 
stages in the action of colicins. In stage I a cell is still 
subject to trypsin rescue and physiological damage has not 
occurred. The transition from stage I to stage 11, resulting 
in cell damage and absence of rescuability by trypsin, oc- 

curs with a constant probability per killing of colicin. The  
present results indicate that for E2 the transition starts with 
a few minutes delay and then proceeds exponentially as  
with other colicins. 

Since trypsin can prevent the transition of colicin E2 to 
the damage-producing stage, it was important to examine 
the effects of trypsin on cells in which X molecules were al- 
ready being damaged by the action of E2. In Ringrose's 
(1970) experiments, if colicin E2 was followed by trypsin 
within 2 min after E2 addition, the molecular weight of the 
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FIGURE 3: Loss of A supercoils in E2-treated cells. Strain WD5028 su- 
perinfected with 3H-labeled A as described in Experimental Procedures 
was treated with E2 a t  low and high multiplicity in two separate exper- 
iments. Samples were taken a t  various intervals for gradient analysis in 
neutral sucrose gradients, for assay of acid-soluble counts, and a t  20 
min for viable counts. The percent supercoils remaining, obtained as 
the sum of the percent counts included under the supercoil peak nor- 
malized to the percent supercoils available for breakdown (percent su- 
percoils in  an untreated control), was calculated for each gradient sam- 
ple. The multiplicity was 3.7 in experiment 1 and 20 in experiment 2: 
(a) percent supercoils remaining; (b) acid solubilization of X DNA. 

single-stranded bacterial D N A  after a n  initial decrease re- 
gained its original untreated value, presumably due to re- 
pair by polynucleotide ligase. Added a t  later times, trypsin 
was without noticeable effect. 

In two experiments, with colicin E 2  a t  different ‘multi- 
plicities, trypsin was added a t  various times to E2-treated, 
A-superinfected cells and samples were taken a t  the time of 
trypsin addition and a t  various intervals afterwards for gra- 
dient analysis. Similar results were obtained for low and 
high E2 concentrations. As shown in Figure 4, a t  the low 
concentration of E2  the loss of X supercoils continued for a 
few minutes after addition of trypsin and then stopped. 
Acid solubilization (Figure 4b) continued a t  a decreased 
rate, presumably from breaks or gaps formed prior to  tryp- 
sin addition. Unexpectedly, the neutral gradients showed 
that not only the loss of supercoils but also the cleavage of 
the linear and the fragmentation of X pieces was halted. 
Continued fragmentation by bacterial enzymes of the linear 
X D N A  and pieces may have been expected. Thus it appears 
that the continued presence of externally- accessible colicin 
is required, not only for a primary introduction of breaks 
into D N A  molecules, but also for continued endonucleolytic 
cleavage of the DNA.  The implication of this finding will be 
commented upon in the Discussion section. 

N o  measurable increase of X supercoils was observed 
after addition of trypsin (see Figure 4a), in contrast to 
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FIGURE 4: Effect of trypsin on A DNA breakdown by E2. Lysogenic 
bacteria superinfected with A as described under Experimental Proce- 
dures were treated with E2 (multiplicity 6.7). Sixteen-milliliter control 
samples were chilled on ice at 10, 15, 20, 30, and 60 min. Trypsin (2 
mg/ml) was added to 30-1111 cells at 10, 15, 20, and 30 min and samples 
were taken and chilled after 30 and 60 min. Lysates from all samples, 
prepared as described in Experimental Procedures, were resuspended 
in 0.2 ml of 1 M sucrose. The lysates were analyzed on neutral sucrose 
gradients and the percent supercoils remaining was calculated for each 
sample: (a) percent supercoils remaining; (b) acid solubilization of A 
DNA. 

Ringrose’s (1970) finding of a restoration of bacterial 
DNA.  This is reasonable since the initial X molecules re- 
sulting from E2 attack may be linear molecules, or repair 
may be limited by the low amounts of available open circles 
not yet converted to linear forms. 

(d) Inhibition of Degradation of X DNA Supercoils by 
Energy Inhibitors. Energy inhibitors are  known to block 
bacterial killing and D N A  acid solubilization by colicin E2 
(Reynolds and Reeves, 1963, 1969). To  test whether they 
would block the damage to the X DNA, A-superinfected ly- 
sogenic cells were pretreated for 15 min with the inhibitors 
potassium cyanide (KCN),  2,4-dinitrophenol (2,4-Dnp), 
carbonyl cyanide rn-chlorophenylhydrazone (CCCP),  or 
with colicin K (the gift of H. Unsold), which is known to 
act a t  the level of energy metabolism (Fields and Luria, 
1969). E2 was then added and samples were taken for gra- 
dient analysis a t  7 min, when supercoils have started to de- 
crease in the controls. In all cases no breakdown of super- 
coils occurred; killing and acid solubilization were also pre- 
vented. When K C N  was added to an E2-treated culture 7 
min after the colicin and samples were analyzed a t  10 and 
6 0  min after addition of E2, there was no further break- 
down of supercoils, of linear molecules, or of fragments or 
any further killing or acid solubilization. These results indi- 
cate that energy is required for the first step in E2-initiated 
attack as  well as  for the later steps. 
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F I G U R E  5: Acid solubilization of DNA in recombination-deficient 
mutant strains bq colicin E2. (a) Rec+ (AB1157) and Rec BC 
(AB1 I57 RecBC). Procedure as in Experimental Procedures. E2 con- 
centrations differed by a factor of I O .  For each concentration, the two 
strains \+ere treated in parallel. The final bacterial survival was 4.9 and 
0.0005% for Rec+ and 0.8 and 0.001% for Rec BC at  the two colicin 
concentrations. (b) Endo I- (QW7), Endo I- Rec A (QWS), and Endo 
I -  Rec B (QW9).  Procedure as in Experimental Procedures. The bac- 
terial survival was 8.8% for Endo I-, 0.8% for Endo I- Rec A, and 
0.6% for Endo I-  Rec B. 

(e) The Effects of Certain Bacterial Mutations on E2- 
Initiated Cell Killing, Acid Solubilization of the Bacterial 
DNA,  and Breakdown of X DNA Supercoils. The effects of 
colicin E2 on various mutants with defects in D N A  metabo- 
lism were tested in an attempt to establish a role of bacteri- 
al enzymes in E2 action. Parent and mutant strains were 
tested in parallel for cell killing by E2, trypsin rescue, and 
acid solubilization of the DNA.  The mutants included Rec 
A,  Rec BC, Endo I-, Endo I- Rec B, and Endo I- Rec A. 
The  Endo I- strain, MRW25,  has been shown to have less 
than 1% residual Endo I activity (Wright, 1971). Only the 
rnost marked effects will be mentioned. 

The Rec A and Rec BC strains were somewhat more sen- 
sitive to E2 killing than the parental strains. Since, however, 
Rec BC and Rec A cells formed filaments and since ap- 
proximately 50% of the cells yielded no colonies, the viable 
counts data  may be inaccurate. 

Acid solubilization was depressed in the Rec BC strain 
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F I G b R E  6: Trypsin rescue of E2-treated cells of HfrH (Endo+) and 
MRW25 (Endo I-). Overnight cultures of strains HfrH and MRW25 
in X YMBl medium were diluted 1:lOO into fresh medium, incubated 
at  34' to a Klett value of 40, and then placed on ice. Colicin E2 was di- 
luted gently in cold 0.85% saline containing BSA at  2 mg/ml, the final 
dilution being in X YMBI medium. Various colicin dilutions and cell 
suspensions were prewarmed separately 3 min at  34' and 0.5 ml of col- 
icin was added to 0.5 ml of cells. The mixtures were diluted 1 : l O O  a t  5 
min to arrest further colicin adsorption. Aliquots were taken at  5-min 
intervals up to 20 min, diluted in cold X broth, and plated by spreading 
on LB agar with or without trypsin (100 pg/ml). Parent and mutant 
strains were treated in parallel and plated on LB agar with or without 
trypsin. The calculated multiplicities were 2.9 at onefold E2 concentra- 
tion, 3.9 a t  twofold, and 6.5 at  fourfold for Endo+ and 7.6, 5.5, and 3.5 
for Endo I - .  (a)  Endo+; (b) Endo I-. 

(which lacks endo- and exonucleolytic DNase activities and 
ATPase activity; Goldmark and Linn, 1972), starting from 
early times and a t  both low and high colicin multiplicities 
(Figure 5a). Solubilization was only slightly enhanced in 
the Rec A mutant a t  a low colicin multiplicity. Marked de- 
pression of the rate and extent of solubilization occurred in 
the Endo I- Rec B strain, while solubilization in the Endo 
I- Rec A strain a t  a low colicin multiplicity was slightly en- 
hanced compared to the Endo I- strain (Figure 5b). 

No significant difference in acid solubilization between 
the parent and the Endo I- mutant strains was detected, as  
also reported by Buxton and Holland (1974). The Endo I- 
strain exhibited a somewhat greater trypsin rescue, an indi- 
cation that the trypsin-irreversible step may be delayed in 
this strain (Figure 6). 

The effects of the Rec BC and Endo I- mutations on col- 
icin E2 induced breakdown of X supercoils in superinfected 
bacteria were then examined. A small amount of colicin E2 
sufficient to produce a measurable effect on the parent 
strain was utilized. The pattern of disappearance of super- 
coils in the pair of strains Rec+ and Rec BC was similar. 
With the Endo I- strain the loss of supercoils was delayed 
by a few minutes, suggesting that Endo I may be involved in 
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an early step of E2 action, although the mutation in the 
Endo I gene evidently does not cause failure to respond to 
the colicin. This finding, as well as the more persistent res- 
cuability by trypsin mentioned above, supports the idea that 
the product of the Endo I gene plays some role in the early 
steps of colicin E2 action, as suggested by Almendinger and 
Hager (1972, 1973). 

Discussion 
The present report provides additional information about 

the in vivo action of colicin E2 on DNA.  
The picture derived from the in vivo experiments with X 

D N A  circles does not strictly fit Ringrose’s description of 
colicin E2 action on bacterial DNA.  Some delay was ob- 
served before the X supercoils were affected. A possible 
source of disparity is that  Ringrose’s experiments on bacte- 
rial D N A  were carried out in minimal M9A medium a t  
37”, whereas the X experiments were done in tryptone broth 
a t  34O. It was not possible to ascertain in these experiments 
whether single-strand breaks precede double breaks, as re- 
ported by Ringrose. 

T h e  finding that X D N A  supercoils are subject to colicin 
E2 attack extends Ringrose’s findings to include two con- 
clusions: (1) DNA synthesis is not required for colicin at- 
tack since X supercoils are nonreplicating; (2) a membrane 
association of the D N A  substrate is not needed since X 
D N A  supercoils exist free in the cytoplasm (Sakakibara 
and Tomizawa, 1971). The data  of Sakakibara and Tomi- 
zawa (1971), however, do not exclude the possibility that 
the association of X supercoils to the D N A  membrane may 
be labile and not easily detected. Ringrose (1970) suggested 
that the attack sites on bacterial D N A  may be specific on 
the basis of the density heterogeneity of the final fragments. 
The sites could represent similar sequences in the X and 
bacterial DNAs. Experiments on bacteria carrying smaller 
plasmids should be helpful in approaching this problem. 

In contrast to the all-or-none killing action of a single 
colicin molecule, the process of supercoil loss is related to 
colicin multiplicity. This suggests that  the active agent in- 
volved in the conversion is either unstable or is tied up in the 
course of the reaction. The fact that  a certain percentage of 
supercoils remains undamaged could also be explained if 
these were less accessible to nuclease attack. Higher multi- 
plicities of colicin could increase the likelihood that these 
species would be attacked. 

An intriguing finding is the ability of trypsin to arrest the 
breakdown of D N A  supercoils in colicin-treated cells. Ap- 
parently the endonucleolytic agent(s), either the colicin it- 
self or one or more bacterial enzymes, must stop acting on 
D N A  when trypsin-accessible colicin is removed. Trypsin 
may remove partially penetrated. E2 molecules or E2 mole- 
cules that direct some bacterial endonuclease reversibly in- 
ward toward the cytoplasm. 

How do these results fit Almendinger and Hager’s (1972, 
1973) interpretation of E2 action, namely, that  i t  causes ac- 
cess of endonuclease I to intracellular DNA,  either by caus- 
ing its entry or by removing inhibitory R N A ?  In  favor of it 
there is the fact that an Endo I- strain, although fully sensi- 
tive to E2, shows a delayed start of supercoil degradation 
and a prolonged sensitivity to trypsin rescue. The strain 
used in  the present work has supposedly only 1 .O% the endo- 
nuclease activity of the wild type (Wright, 1971); yet even 
this small amount may be sufficient to mediate E2 action. 

E2 might also favor the access of other nucleases to DNA.  
The alternative hypothesis, that  E2 may itself be a nu- 

clease and act directly on DNA, is also in agreement with 
the findings presented here and is supported by the in vitro 
experiments reported in the accompanying paper. 
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