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Twelve TnA insertions of ColEl deoxyribonucleic acid have been isolated and
mapped by electron microscopic studies of heteroduplex molecules. Insertions
only blocking the production of active colicin clustered in one region of the map,

whereas insertions only blocking the expression of deoxyribonucleic acid nicking
activity associated with the plasmid "relaxation complex" clustered in another
region of the map. The location of one insertion that blocks both the expression
of colicin immunity and the production of active colicin suggests that the
expression of both characteristics are coordinately controlled.

Plasmid-mediated drug resistance to ampicil-
lin has been shown to be associated with a
translocatable sequence of deoxyribonucleic
acid (DNA; TnA) which is approximately 3.2 x
106 daltons in size (9, 11). So et al. (25) have
recently isolated colicin El plasmid DNAs
(ColEl) carrying the TnA insertion. The loca-
tion of those insertions in ColEl DNA and their
effect on colicin production was demonstrated
by them (25). In this paper the results of the
study of 12 independently isolated TnA inser-
tions of ColEl DNA are reported. Map locations
of the insertions were established by heterodu-
plex mapping. The effects of the various inser-
tions on the expression of (i) colicin production,
(ii) colicin immunity, and (iii) the "relaxation"
of ColEl DNA was also examined. The implica-
tions of the locations of the various insertions
on alterations in the expression of these charac-
teristics is discussed.

MATERIALS AND METHODS
Bacterial strains. All strains are derivatives of

Escherichia coli K-12: C600 (thr- leu- thy-); B1; and
C600(ColE1), a colicinogenic derivative. J5(Rldrd-
19), obtained from S. Falkow, carries the 6.3 x 107-
dalton Rl-drd-19 plasmid, which codes for resist-
ance to ampicillin (Ap), chloramphenicol (Cm),
streptomycin, sulfonamide, and kanamycin. C600-
(ColEl, Rldrd-19) was constructed by transforming
C600(ColE1) with Rldrd-19 DNA. Plasmid pMB9,
constructed in the laboratory of H. Boyer, was ob-
tained from D. Botstein. The pMB9 plasmid con-
tains approximately 40% of the ColEl plasmid (un-
published data and personal communication of H.
Boyer) to which has been fused a fragment carrying
the tetracycline resistance gene originally carried
by the plasmid pSC101 (6).

Media. Cells were grown in M9 medium. M9 me-
dium contains Na2HPO4 (6.0 g), KH2PO4 (3.0 g),

NaCl (0.5 g), NH4Cl (1.0 g), MgSO4.7H20 (0.25 g),
glucose or glucerol (0.2%), and vitamin B1 (1 ,g/ml)
in a final volume of 1 liter. Amino acids and thymine
were added as needed.

Isolation of ColEl-Apr plasmids. The method
used was identical to that described by So et al. and
Hefron et al. (10, 11, 25). C600 (ColEl) was trans-
formed with purified Rldrd-19 plasmid according to
the procedure of Cohen et al. (7), and a ColE1-Apr
Cmr clone was isolated (in this cell the 3.2 x 10_-
dalton TnA fragment will translocate to some ColEl
molecules). A mixture of [3H]thymidine-labeled and
cold plasmid DNA from a culture derived from one
colony was purified as previously described (10, 25)
and layered on top of a 16-ml, 5 to 20% neutral
sucrose gradient and centrifuged in a Beckman
SW27 rotor for 8 h at 15°C at 27,000 rpm (95,000 x g).
Fractions (0.4 ml) were collected. The location of the
3H-labeled ColEl DNA band was determined, and
the appropriate gradient fractions containing DNA
sedimenting faster than ColEl DNA (ColE1-TnA
DNA being 7.4 x 106 daltons) were pooled and dia-
lyzed against TEN buffer [20 mM tris(hydroxy-
methyl)aminomethane(Tris), 20 mM NaCl, and 1
mM disodium ethylenediaminetetraacetic acid (pH
8.0)] and used to transform CaCl2-treated C600 cells
to Apr (7) (see Fig. 1). These transformants were
further studied.

Tests of the transformants for production of active
colicin and colicin immunity were performed as pre-
viously described (14).

Agarose gel electrophoresis of DNA isolated from
transformants was done in 1.0% agarose prepared in
0.04 M Tris (pH 7.8), 5 mM sodium acetate, and 1
mM disodium ethylenediaminetetraacetic acid. The
pH adjustment is with glacial acetic acid (17).

Tests of the presence of "relaxation complexes"
of ColEl-Apr. C600 cells carrying ColEl-Apr plas-
mids were grown to 4 x 108 cells/ml in M9-glycerol
medium with 5 ,g of thymine per ml and
[3H]thymidine (5 uCi/jtg of thymine). The cultures
were lysed using the "cleared lysis procedure" (4)
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TnA INSERTIONS IN COLE1 PLASMIDS 483

with Triton X-100. The radioactive plasmid DNA
was then divided into two parts, either untreated or

sequentially treated at 37°C for 10 min with predi-
gested Pronase (250 ug/ml) and 1% sodium dodecyl
sulfate (SDS). The DNA was layered onto a 15 to
50% sucrose gradient in TES buffer (0.05 M Tris [pH
8.0], 0.05 M NaCl, and 0.005 M ethylenediaminetet-
raacetic acid) and centrifuged in a Spinco SW50.1
rotor for 3 h at 15°C at 45,000 rpm (189,000 x g). 32p_
labeled ColE1-Apr DNA was used as a sedimenta-
tion marker to define the position of covalently
closed circular (CCC) and open circular (OC) DNA.
The convertibility of CCC ColE1-Apr DNA to OC
DNA by the Pronase-SDS treatment was taken as

the criterion for the existence of a functional relaxa-
tion complex (3, 4).

Heteroduplex mapping of TnA insertions. The
preparation of DNA, its denaturation, renaturation
in formamide, and final preparation for electronmi-
croscopic measurements are exactly as previously
described (13). The relative location of TnA inser-
tions was determined by cleaving all DNAs with
EcoRI restriction endonuclease (16) as previously
described and preparing linear heteroduplex mole-
cules containing one strand of ColEl-Apr DNA no. 5-
42, in which the TnA insertion was shown to be
about 88% of the total distance from one end of the
EcoRI-cleaved DNA molecule (Table 1) and one
strand of another ColE1-Apr DNA. The location of
TnA insertions relative to the 5-42 TnA insertion
were therefore obtained. Heteroduplexes between a

ColE1-Apr DNA and ColEl DNA were also formed

to verify the location of an insertion when heterodu-
plexing conditions led to the interaction between the
TnA sequences in the heteroduplex molecules. The
absolute location of the TnA insertions was deter-
mined by locating the site of one of the TnA inser-
tion in ColE1-Apr DNA (no. 6-30) that was 26% of
the total ColEl distance from the EcoRI-sensitive
site in a heteroduplex with the plasmid pMB9 which
contains less than half of the ColEl DNA molecule
(12, 18; H. Boyer, personal communication). As that
half of the ColEl contains the unique replication
origin of the plasmid (18), a relationship between all
TnA insertions to a specific end of an EcoRI-cleaved
molecule could be defined.

RESULTS
Isolation of ColE1-Apr plasmids. C600 thy-

cells were transformed with extrachromosomal
DNA isolated from cells carrying both ColEl
and Rldrd-19 DNA as described in Materials
and Methods (Fig. 1). Seventy Apr transform-
ants were selected purified and tested for coli-
cin production and colicin immunity (14). All
colicin-producing (Col+) transformants were
colicin immune (Imm+). Seven transformants
that did not produce active colicin (Col-) were
Imm+, and two transformants that were Col-
failed to produce active colicin and were also
nonimmune (Imm-). The test for colicin immu-
nity was a plus-muinus test, and no attempt was

TABLE 1. Location of TnA insertions in ColEl-Apr plasmids as determined by electron microscopic
measurements of heteroduplex DNAs a

No. of molecules Distance of a loop from left end Distance of a loop from
measured (%) right end (%)

5-42 + El 30 88.1 11.9 ± 2.0
6-30 + 5-42 33 25.8 ± 2.4 11.2 ± 1.8
6-30 + El 32 26.4 ± 3.9
6-30 + PMB9 14 26.3 ± 7.2
6-32 + 5-42 23 29.3 ± 3.1 11.7 ± 1.8
5-36 + 5-42 12 29.4 ± 3.7 14.1 ± 2.4
7-12 + 5-42 16 31.4 ± 3.6 12.2 ± 3.2
2-14 + 5-42 32 40.0 ± 3.9 12.7 ± 2.1
0-1 + 5-42 26 44.2 ± 4.2 11.9 ± 2.0
0-1 + E1 32 45.2 ±3.8
3-12 + 5-42 15 53.7 ± 5.1 13.6 ± 3.7
3-12 + El 38 54.0 + 5.7
3-1 + 5-42 17 72.4 ± 6.6 13.1 ± 2.9
3-1 + E1 31 73.6 6.7
7-6 + 5-42 20 79.6 ± 4.0 12.1 ± 3.2
2-35 + 5-42 18 87.1 ± 5.4 12.9 ± 2.9
2-35 + El 27 86.6 ± 2.7
6-12 + 5-42 29 100 ± 5.6%

a The left end of the EcoRI-cleaved ColEl DNA molecule is arbitrarily designated to be that end nearest
the ColEl replication origin. All distances are given as percentages of the total length of the linear ColEl
DNA in the heteroduplex. The distance ofinsertion 5-42 from the left end when calculated from all molecules
in which it is found is 87.5 ± 2.5%. The measurements in the column "distance of a loop from left end" is the
distance of the insertion loop that is not the 5-42 loop from the left end with the exception of the first entry.
The measurement in the column "distance of a loop from right end" represents the distance of the 5-42
insertion from the right end. The difference between the percentages in both columns represents the
distance between the two insertions in the same heteroduplex.
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made to distinguish degrees of immunity. All
Col- Imm- cells and 40 Col+ Imm+ cells were
grown to 5 x 108 cells/ml in M9-glucose me-
dium, incubated in the presence of 180 ug ofCm
per ml overnight (4), lysed by the cleared lysis
procedure, phenol extracted, and screened for

fraction number
FIG. 1. Sucrose density gradient of a mixture of

3H-labeled and cold DNA from C600 (ColEl, Rldrd-
19). The DNA was centrifuged in an SW27 rotor for
8 h at 15°C at 27,000 rpm (95,000 x g). Fractions
were pooled, dialyzed, and used to transform C600
cells to Apr. Symbols: 3H-labeled DNA e K, Apr
transformants (x---x). The principal peak of 3IH-
labeled DNA (fraction no. 23) represents CCC ColEl
DNA. The transformations were carried out as de-
scribed in Materials and Methods.

the presence of extrachromosonal DNA by ex-
amining the lysates by electrophoresis of DNA
in 1% agarose gels containing 0.5 ,ug of ethi-
dium bromide per ml. The mobility of the ex-
trachromosonal DNA from 12 transformants
which were further studied are shown in Fig. 2.
Eleven of the plasmid DNAs were the same
size, and one was slightly smaller than the
others. All were larger than ColEl DNA (Fig.
2). The size of the 11 DNAs of the same size was
determined by electron microscopic measure-
ments to be 3.90 ± 0.20 ,um in length. This
confirmed the reported size ofthe TnA insertion
fragment, usually being 3.2 x 106 daltons (9,
25), as the size of ColEl DNA which is 4.2 x 106
daltons and measures 2.17 ± 0.15 ,um under the
same conditions.
Mapping of the TnA insertions in ColEl-Apr

plasmids. As EcoRI restriction endonuclease
cleaves both ColEl and ColEl-Apr DNA at
the same single site, the mapping of the TnA
insertions was initiated by preparing heterodu-
plexes between EcoRI-cleaved ColEl and var-
ious ColEl-Apr DNAs. The heteroduplex of
ColEl-Apr DNA no. 5-42 and ColEl DNA con-
tained an insertion loop at approximately 88%
of the distance from one end of the EcoRI-
cleaved DNA. (Fig. 3L). All other ColEl-
Apr DNAs were subsequently heteroduplexed
with the 5-42 DNA to provide an internal

a bc d ef g hi i k I rn

FIG. 2. Electrophoresis of extrachromosomal DNA obtained from cleared lysates of C600 (ColEl-Apr)
transformants. A 25-,u portion of phenol-extracted cleared lysates of ColE1-Apr-transformed cells were
electrophoresed in 1% agarose gels containing 0.5 pg of ethidium bromide per ml. The DNAs from left to
right are (a) 7-12, (b) 7-6, (c) 6-32, (d) 6-30, (e) 3-12, (t) ColEl CCC DNA, (g) 5-42, (h) 6-12, (i) 5-36, (j) 3-1,
(k) 2-35, (1) 2-14, and (m) 0-1. A small amount ofColE1 DNA was added to each sample to insure the parallel
migration of each sample. That band is just visible at the ColEl CCC DNA position.
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marker within the heteroduplexes to determine
the relative positions of the other TnA inser-
tions. Electron micrographs of various hetero-
duplexes are shown in Fig. 3. In several in-
stances the heteroduplexes formed between
5-42 DNA and other ColE1-Apr DNAs exhibited
interaction between the TnA elements on both
strands (Fig. 3-G, I, M). In such instances the
location of the TnA insertions could be deter-
mined from the lengths of the linear double-
stranded DNA joining the double-stranded TnA
loop. These results were confirmed by prepar-
ing a heteroduplex between the particular
ColE1-Apr and ColEl DNA (See Fig. 3F and H).
Figure 3F represents a heteroduplex between
one strand of 3-12 DNA and three strands of
ColEl DNA, giving a cruciate structure with
four ends and a loop at the intersection of the
cross. If one arbitrarily placed the 5-42 TnA
insertion near the right end of an EcoRI-
cleaved ColEl molecule, then the locations of
the various insertion relative to it are shown in
Table 1.
The absolute location of insertions is based

on the observation that the ColEl replication
initiation site is approximately 20% of the total
molecular distance from one end of an EcoRI-
cleaved ColEl molecule (16, 21, 27). (We will
arbitrarily call that near end, the left end.) We
have shown that the mini ColEl DNA in plas-
mid pML21, which contains about 50% of the
ColEl plasmid, contains the replication origin
and so would carry the left half of the ColEl
DNA (18). The plasmid pMB9, which replicates
as ColEl, was constructed from the mini ColEl
plasmid and so also contains the left half of the
ColEl DNA molecule. It has one EcoRI-sensi-
tive site which is the same as that in ColEl
DNA. The EcoRI-cleaved ColE1-Apr plasmids
5-42 and 6-30 which have TnA insertions at 88
and 26%, respectively, of the total distance
from the same end of the molecule (Table 1)
were heteroduplexed with EcoRI-treated pMB9
DNA to determine which insertion resides
within the ColEl segment carried by pMB9. No
heteroduplexes with an insertion loop was
noted between 5-42 and pMB9 DNAs, whereas
heteroduplexes with an insertion loop were
noted between 6-30 and pMB9 DNA (Fig. 4;
Table 1). This result provides an absolute ori-
entation for the insertion map shown in Fig. 5.
Two additional points of interest are determin-
able from the heteroduplex structures. The het-
eroduplex between 5-42 and 5-36 DNA suggests
that the portion of the 5-36 DNA that is deleted
resides in the TnA insertion as the linear du-
plex DNA is equal to that of ColEl DNA. The
heteroduplex structure generated between 5-42

and 2-35 DNAs suggests that they are inserted
in opposite orientations.
The ability of plasmids carrying TnA inser-

tions to produce active colicin and express im-
munity to colicin was tested as previously de-
scribed (14). The distribution of Col+ and Col-
plasmids are shown in Fig. 5. The result sug-
gests that genetic information affecting the
expression of active colicin resides in the right
quarter of the map. A ColEl Col- insertion
mutant previously isolated in this laboratory
(15) was found to be located very near the
EcoRI-sensitive site of ColEl. A heteroduplex
between the mutant and ColEl DNA is shown
in Fig. 6. That result further substantiates the
observation that that region of the ColEl map
is involved in colicin expression. Although
these results are similar to those of So et al. (25)
who found that that insertion in the same re-
gion caused a Col- phenotype, they also found
that insertions located between 40 and 65% of
the total distance from the left end of the map
shown in Fig. 5 also were Col-. We found three
insertions located between 40 and 53% of the
distance from the left end ofthe ColEl map that
give a Col+ phenotype. As one possible explana-
tion of this discrepancy was that our strains
might be carrying a Col+ plasmid as well as the
Col- plasmid with the observed insertion, DNA
was isolated and used to transform C600 cells to
Apr. Each of 20 of the new Apr transformants
prepared from 2-14, 0-1, and 3-12 DNAs were
tested and found to be Col+. Three of each were
tested, and all had aquired a plasmid identical
in size to the original plasmid. This result ap-
pears to rule out this trival explanation for
the observed difference. Further explanations
of the discrepancy between these results and
those of So et al. (25) will be discussed later.
A Col- Imm-- plasmid, 6-32, with an insertion

located at 29 + 3% from the left end of the map,
was found. The implication ofthe finding ofthis
insertion of ColEl DNA on gene organization
will be discussed later.

It has been shown that under appropriate
growth conditions a significant number of
ColEl DNA molecules carry a protein complex,
a relaxation complex, which will nick (relax)
the CCC ColEl DNA at a single specific site in
one strand when the complex is exposed to a
variety of protein denaturing or inactivating
treatments (3-5). As this site is near (26),
though not necessarily at the origin of replica-
tion initiation, it has been postulated that this
nicking activity is involved in some aspect of
replication (4). If any of the proteins that are
associated with the plasmid relaxation complex
and are necessary for its nicking activity are
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TnA INSERTIONS IN COLE1 PLASMIDS 487

sents the left side of the ColEl plasmid DNA. The rest of the ColEl DNA in the 6 30 molecule is the longer
single strand. The TnA insertion loop is 26.3 ±+ 7.2% of the total distance from the left end of the ColEl mole-
cule which comprises the 6-30 DNA. (See Table 1.)

coded for by ColEl, the presence of some or all
of the TnA insertions could affect their produc-
tion by either disrupting a structural gene se-
quence or inhibiting normal transcription of
the gene(s). In either case one might find plas-
mids prepared under conditions where a large
proportion should be relaxable that are not con-
verted from CCC to OC forms when they are
exposed to pronase or SDS, which normally
causes relaxation of the protein-complexed
ColEl DNA molecules. All the ColE1-Apr plas-
mids mapped in this paper were examined to
see if they retain the relaxation complex nick-
ing activity. The plasmid-containing cells were

labeled for three generations in M9-glycerol
medium containing [3H]thymidine (5 mCi/,ug of
thymidine). Growth in glycerol as opposed to
glucose medium increases the content ofrelaxa-
tion-complexed DNA (5). The DNA was iso-
lated by the cleared lysis procedure using Tri-
ton X-100 as the detergent, and the plasmid
DNA in the lysate was examined by sucrose
density-gradient centrifugation to determine if
nicking was induced by sequential 10-min
treatments at 37°C with 100 jig of Pronase per
ml and 1% SDS. Figure 7 shows sucrose den-
sity-gradient analyses of three treated ColEl-
Apr DNAs that showed little or no nicking

double-stranded loops. The location of the insertion was determined by the lengths of the linear double-
stranded DNA joining the forks and was confirmed by measuring heteroduplexes formed with ColEl DNA
[(F) and (H)]. In (F) a single 3-12 DNA strand has interacted in an excess ofColEl DNA so the heteroduplex
interaction involves three ColEl and one 3-12 -single strands. Note one loop attached to the "X"-shaped
structure at the crossing point in which the arms on the same side of the cross are the same length, and the
sum of one long and one short arm is equal to ColEl DNA. In (H) the single TnA loop is that of 3-1 DNA
which interacted with th'e 5-42 TnA loop in the heteroduplex shown in (I). In the heteroduplex molecules in
(M) the molecular structure obtained involves an insertion much nearer the EcoRI site than 5-42. The absence
ofa second tail suggests that it is very close to the EcoRI site as does the measurement of the linear portion of
the heteroduplex which is equal to the ColEl DNA length.

VOL. 129, 1977
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FIG. 6. Electron micrographs of heteroduplexes between the Col- plasmid ColEl 4A carrying a small
insertion and ColEl DNA. Note the small loop at one end ofthe heteroduplex. The insertion size was reported
to be about l0 of the length of ColEl DNA (15)

(Fig. 7A and B) and a degree of nicking compa-

rable to that of ColEl DNA (Fig. 7C) after iso-
lation under identical conditions. The 32p_
labeled sedimentation marker DNA was 6-30
ColE1-Apr DNA labeled during extended repli-
cation in Cm, a condition in which like ColEl
DNA nonrelaxable CCC DNA accumulated in
the cell. The nonrelaxed, untreated DNAs from
the cleared lysates sedimented, as previously
reported (4), as a single band with a sedimenta-
tion coefficient that is greater than CCC DNA.
In the case of ColEl-AprDNA it is about 40S

(data not shown). The percentage of OC DNA
found after treatment is shown in Table 2. The
results indicate that insertions clustering be-
tween 30 and 50% of the total molecular dis-
tance from the left end of the map (Fig. 5) have
a markedly reduced sensitivity to being nicked,
suggesting that the expression of a ColEl prod-
uct that is necessary for relaxation is affected
by the insertions in that region.

In studying the plasmids carrying the inser-
tions described here, no unusual instability as

expressed in segregation was noted. The yields

Col.

Imm.
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FIG. 7. Sucrose density gradients of Pronase-
SDS-treated ColE1-Apr DNA. Cells were grown in
M9-glycerol medium in the presence of [3H]thymi-
dine and lysed by the cleared lysis method, and the

cleared lysates were either treated with Pronase and

SDS or untreated as described in Materials and

Methods. DNA samples (0.2 ml) were layered onto

sucrose density gradient (15 to 50% sucrose made in

TES buffer) and centrifuged for 3 h at 15°C at

189,000 x g in a Spinco SW50.1 rotor. 32P-labeled
ColE1-Apr no. 6-30 DNA was the sedimentation

marker and is primarily in the CCC form. The

treated DNAs shown are (A) 6-30, (B) 0-1, (C) 3-12,

and (D) ColE1. Untreated DNAs from the cleared

lysates of ColE1-Apr carrying cells were centrifuged

under identical conditions and sedimented as a sin-

gle peak (4) that had a sedimentation coefficient of

about 40S as compared with one of about 27S for the

CCC form after Pronase-SDS treatment (dxata not

shown). In (D) the difference in sedimentation prop-

erties of 32P-labeled 6-30 DNA and treated ColE1
DNA is shown. Symbols: 32P-labeled DNA (a---a);
3H1-labeled DNA (@ *). A 10,000-cpm portion of

3H-labeled DNA was applied to each gradient.

of DNA isolatable from identical Cm-treated
cultures carrying different plasmids have been
very similar, when lysis efficiency was consid-
ered. This was determined by the yields of
[3H]thymidine-labeled plasmid DNA isolatable
from those cultures and by examining the fluo-
rescence of DNA samples obtained from those
same cultures that were examined by agarose
gel electrophoresis. All plasmids continued to
replicate in the presence of 180 ,ug of Cm per
ml. Although more precise kinetic measure-
ments must be made to note differences in plas-
mid replication in the absence of Cm, it appears
that an absence of nicking activity normally
associated with relaxation-complexed DNA
probably does not greatly reduce the ability of
the plasmids to replicate.

DISCUSSION
TnA insertions of ColEl DNA have been iso-

lated and mapped by electron microscopic stud-
ies of heteroduplex molecules. Various inser-

TABLE 2. Percent conversion ofCCC ColEl-Apr
DNA to OC forms by Pronase-SDS treatmenta

% Conversion of CCC to
ColE1-Apr plasmid OC form by SDS-Pronase

treatment

6-30 ....................... 71
6-32 ....................... 34
5-36 ....................... 4
7-12.11
2-14 ....................... <1
0-1 ........................ <1
3-12 ....................... 11
3-1 ........................ 42
7-6 ........................ 59
2-35 ....................... 68
5-42 ....................... 44
6-12 ....................... 56
ColEl ..................... 60

a The percent conversion of 3H-labeled ColE1-Apr
DNA was obtained from cleared lysates of cells
grown in M-9-glycerol medium to OC forms by Pro-
nase-SDS treatment. All untreated ColE1-Apr
DNAs banded as a single peak with a sedimentation
coefficient of approximately 40S in identical sucrose
gradients, whereas untreated ColEl DNA banded as
a single peak with a sedimentation coefficient of
about 34S (results not shown) (4) (see Fig. 7). The
ordering of plasmids from top to bottom is the same
as the left to right sequence shown on the insertion
map shown in Fig. 5.

tions were shown to affect the production of
active colicin (7-6, 2-35, 5-42, and 6-12), of both
active colicin and colicin immunity (6-32), and
of the relaxability of molecules in the presence
of Pronase and SDS (5-36, 7-12, 2-14, 0-1, and 3-
12).
The Col- Imm+ plasmids reported here have

insertions clustering in the right 20% of the
insertion map (Fig. 5). Insertions having simi-
lar effects were reported by So et al. (25) to
cluster in that region and also in a second re-
gion between 40 and 65% of the total distance
from the left end of the map. Insertions 2-14, 0-
1, and 3-12 which fall in that second region
described here are Col+. Although it may be
argued that insertions 2-14 and 0-1, because of
the variation in measurements +4%, may be
located just beyond the edge of a cistron affect-
ing active colicin production, the Col+ activity
of the plasmid carrying insertion 3-12 can not
be explained in that way. S. Falkow (personal
communication) indicated that an explanation
of the discrepency may be that colicin produc-
tion in the particular bacterial strain carrying
the plasmids they studied may be low, thus
giving a negative result. Another potential ex-
planation, however, could involve a possible
effect of the orientation of the TnA insertion
sequences on cistrons located between 45 and
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65% on the map affecting colicin production. It
has been shown that insertions of IS sequences
can have polar effects (1, 8, 20, 23), and other
evidence suggests that depending on the ori-
entation of an IS II sequence the insertion may
play a role in the expression of a termination or
promoter action on adjacent cistrons (22). Al-
though such an affect has not been reported for
TnA sequences, such an effect remains a possi-
bility.
The insertion, 6-32, which was found to be

located 29 + 3% of the total length from the left
end of the map, caused a simultaneous loss of
active colicin production and colicin immunity,
whereas many insertions located to the imme-
diate right and only one insertion located to the
immediate left of it had no effect on these plas-
mid functions. Although it would not be unrea-
sonable to interpret this finding to indicate that
the cistrons for immunity and colicin activity
are transcribed together, such an interpreta-
tion would be better supported by demonstrat-
ing through finer mapping that the 6-32 inser-
tion really lies just to the left of the 6-30 inser-
tion (a point that measurement variation does
not rule out) or by demonstrating that the
TnA insertions such as the IS II insertions can
have polar effects in some and not other circum-
stances (22). It should be noted here that the
coordinate expression of a colicin structural
gene and immunity gene is suggested from re-
sults of studies of colicin E3 and its immunity
substance (19, 24). In vitro studies of their in-
teraction indicates that immunity substance in
stoichiometric amounts with respect to colicin
blocks the colicin activity. The coordinate
expression of both cistrons would protect a cell
from the effects of a low-level expression of the
plasmid genes. An operator proximal location
for the immunity cistron in such an operon
would seem to be functionally beneficial.
The insertions 5-24 and 2-35, which both

cause a Col- phenotype, are inserted in opposite
orientations at adjacent locations on the map. If
the orientation of the TnA insertion could influ-
ence the expression of a polar effect, then the
absence of an effect of either of these insertions
on the expression of colicin immunity might be
considered to indicate that they are both lo-
cated distal to an immunity cistron in an im-
munity-colicin operon that is being transcribed
from right to left through the Col- region.

Ultimately, these speculations regarding the
effects of insertions on ColEl gene expression,
and in particular insertion 6-32, will have to be
substantiated by studies of ColEl gene products
and a finer mapping of the 6-30 and 6-32 inser-
tion sites with respect to each other.

The finding that a cluster of insertions be-
tween the 30 and 50% region on the map (Fig.
5) affects the relaxability of ColEl DNA sug-
gests that some or all of the proteins associated
with the plasmid relaxation complex are coded
for by the plasmid.

Insofar as little or no relaxation of CCC DNA
was inducible in plasmids with the insertions
clustered between the 30 and 50% locations on
the map (Fig. 5) and insofar as those plasmids
replicate well enough to be maintained, it
would appear that any role which relaxation
nicking activity may have in replication is not
essential for the maintenance of the plasmid. In
vitro replication of ColEl DNA that does not
carry a relaxation complex was found to be as
efficient as replication of DNA carrying the
complex (unpublished data). If the relaxation
complex does have a role in ColEl replication,
it may be at a moderating or control level.

ACKNOWLEDGMENTS
I thank S. Falkow for sending me bacterial strains and

preprints ofwork done in his laboratory on the isolation and
characterization of TnA mutants and D. Botstein and N.
Kleckner for the pMB9 plasmid. I also thank P. Ware for
invaluable technical assistance in the course ofthis work.

This work was supported by grants 4 ROI-AI-08937-08
and 5KO4-AI 28818-03 from the National Institute of Al-
lergy and Infectious Diseases.

LITERATURE CITED

1. Adhya, S., M. Gottesman, and B. deCrombrugghe.
1974. Release of polarity in Escherichia coli by gene N
of phage X: termination and antitermination of tran-
scription. Proc. Natl. Acad. Sci. U.S.A. 711:2534-
2538.

2. CIewell, D. B. 1972. Nature of Col E, plasmid replica-
tion in Escherichia coli in the presence of chloram-
phenicol. J. Bacteriol. 110:667-673.

3. Clewell, D. B., and D. R. Helinski. 1969. Supercoiled
circular DNA-protein complex in Escherichia coli:
purification and induced conversion to an open circu-
lar DNA form. Proc. Natl. Acad. Sci. U.S.A. 62:1159-
1166.

4. Clewell, D. B., and D. R. Helinski. 1970. Properties of a
supercoiled deoxyribonucleic acid-protein relaxation
complex and strand specificity of the relaxation
event. Biochemistry 9:4428-4440.

5. Clewell, D. B., and D. R. Helinski. 1972. Effect of
growth conditions on the formation of the relaxation
complex of supercoiled ColEl deoxyribonucleic acid
and protein in Escherichia coli. J. Bacteriol.
110:1135-1146.

6. Cohen, S. N., A. C. Y. Chang, H. B. Boyer, and R. B.
Helling. 1973. Construction of biologically functional
plasmids in vitro. Proc. Natl. Acad. Sci. U.S.A.
70:3240-3244.

7. Cohen, S. N., A. C. Y. Chang, and Y. Hsu. 1972. Non-
chromosomal antibiotic resistance in bacteria: ge-
netic transformation of Escherichia coli by R-factor
DNA. Proc. Natl. Acad. Sci. U.S.A. 69:2110-2114.

8. Fiandt, M., W. Szybalski, and M. H. Malamy. 1972.
Polar mutations in lac, gal and phage X consist of a
few DNA sequences inserted with either orientation.
Mol. Gen. Genet. 119:223-231.

9. Hedges, R. W., and A. E. Jacob. 1974. Transposition of

J. BACTERIOL.



TnA INSERTIONS IN COLE1 PLASMIDS 491

ampicillin resistance from RP4 to other replicons.
Mol. Gen. Genet. 132:31-40.

10. Hefron, F., C. Rubens, and S. Falkow. 1975. The trans-
location of a plasmid DNA sequence which mediated
ampicillin resistance: molecular nature and specific-
ity of insertion. Proc. Natl. Acad. Sci. U.S.A.
72:3623-3627.

11. Hefron, F., R. Sublett, R. W. Hedges, A. E. Jacob, and
S. Falkow. 1975. Origin of the TEM beta-lactamase
gene found on plasmids. J. Bacteriol. 122:250-256.

12. Hershfield, V., H. B. Boyer, L. Chow, and D. R. Helin-
ski. 1976. Characterization of a mini-ColEl plasmid.
J. Bacteriol. 126:447-453.

13. Inselburg, J. 1973. Colicin factor DNA: a single nonho-
mologous region in Col E2-E3 heteroduplex mole-
cules. Nature (London) New Biol. 241:234-237.

14. Inselburg, J. 1974. Incompatibility exhibited by colicin
plasmids El, E2, and E3 inEscherichia coli. J. Bacte-
riol. 119:478-483.

15. Inselburg, J. 1974. Isolation and characterization of
mutants of colicin plasmids El and E2 after Mu bacte-
riophage infection. J. Bacteriol. 119:469-477.

16. Inselburg, J. 1974. Replication of colicin El plasmid
DNA in minicells from a unique replication initiation
site. Proc. Natl. Acad. Sci. U.S.A. 71:2256-2269.

17. Inselburg, J., and V. Johns. 1975. Mapping of colicin E2
and colicin E3 plasmid dioxyribonucleic acid EcoRl-
sensitive sites. J. Bacteriol. 121:381-389.

18. Inselburg, J., and A. Oka. 1975. Discontinuous replica-
tion of colistin El plasmid deoxyribonucleic acid. J.

Bacteriol. 123:739-742.
19. Jakes, K., N. D. Zinder, and T. Boon. 1974. Purification

and properties of colicin E3 immunity protein. J.
Biol. Chem. 249:438-444.

20. Jordon, E., H. Saedler, and P. Starlinger. 1968. 0° and
strong-polar mutations in the gal operon are inser-
tions. Mol. Gen. Genet. 102:353-364.

21. Lovett, M. A., L. Katz, and D. R. Helinski. 1974. Unidi-
rectional replication of plasmid Col El DNA. Nature
(London) 251:337-340.

22. Saedler, H. H., J. Reif, S. Hu, and N. Davidson. 1974. A
genetic element for turn-off and turn-on ofgene activ-
ity in E. coli. Mol. Gen. Genet. 132:265-289.

23. Shapiro, J. A. 1969. Mutations caused by the insertion
of genetic material into the galactose operon ofEsche-
richia coli. J. Mol. Biol. 40:93-105.

24. Sidikaro, J., and M. Nomura. 1974. E3 immunity sub-
stance: a protein from E3-colicinogenic cells that ac-
counts for their immunity to colicin E3. J. Biol.
Chem. 249:445-453.

25. So, M., R. Gill, and S. Falkow. 1975. The generation of
a Col E1-Apr cloning vehicle which allows detection of
inserted DNA. Mol. Gen. Genet. 142:239-249.

26. Sugino, Y., J. Tomizawa, and T. Kakefuda. 1975. Loca-
tion of non-DNA components of closed circular colicin
El plasmid DNA. Nature (London) 253:652-654.

27. Tomizawa, J., Y. Sakakibara, and T. Kakefuda. 1974.
Replication of colicin El plasmid DNA in cell ex-
tracts. Origin and direction of replication. Proc. Natl.
Acad. Sci. U.S.A. 71:2260-2264.

VOL. 129, 1977


