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Plasmids ColE2-CA42 (6.1 kilobases) and ColE2-P9 (6.8 kilobases) were found
to have homologous (4.3-kilobase) DNA segments which contain their colicin and
immunity genes. The relatedness of their immunity proteins was verified by
determining their amino acid compositions and N-terminal sequences. These
characteristics were compared with those of ColE3-CA38.

In a previous study, we identified a series of
ColE plasmids, including five ColE plasmids
other than ColE2-P9 (9). One of the plasmids,
ColE2-CA42, was noted to differ from ColE2-P9
and the other ColE2 plasmids in that it was
smaller in size and did not yield a 0.61-kilobase
(kb) DNA fragment after treatment with EcoRI.
In this communication, we describe compan-
sons of ColE2-P9 and ColE2-CA42 to determine
the relationships of their restriction maps, their
regions ofDNA homology, and the positions of
their colicin and immunity genes. We have also
compared their immunity proteins to determine
their degree of similarity to each other and to the
immunity protein of ColE3-CA38.

Structure of the CoIE2 plasmids. Restriction
maps ofColE2-P9 and ColE2-CA42 are shown in
Fig. 1A and B. ColE2-CA42 was found to be 6.1
kb in size, compared with 6.8 kb for ColE2-P9.
Though their restriction maps differ overall,
both plasmids have PvuI, PvuII, and BglII sites
(at their 0.0-, 0.23-, and 0.52-kb map positions in
Fig. 1A and B) such that the sizes of the inter-
vening plasmid segments are comparable be-
tween the two plasmids. The Bgll site at the
5.58-kb map position of ColE2-P9 and that at the
4.86-kb position of CoIE2-CA42 are also compa-
rably situated relative to the common PvuI,
PvuII, and BglII sites.
The phenotypic relatedness of ColE2-P9 and

ColE2-CA42 suggested that their four commonly
situated restriction sites could be due to homolo-
gy of their DNAs. To test this directly, both
plasmids were cleaved at their unique PvuI sites,
and the linear species was used for heteroduplex
mapping. Electron microscopic visualization of

t Issued as National Research Council of Canada publica-
tion no. 20722 and as Chemistry and Biology Research Insti-
tute publication no. 1325.

the hybridization products revealed a class of
molecules ofa heteroduplex type, consisting of a
bubble of nonhomologous single-stranded DNA
bounded by 1.7- and 2.6-kb double-stranded
DNA termini (Fig. 2A). Though a smaller bubble
was present in some of these DNA structures, it
was not observed consistently. It may be due to
a small inverted or partially homologous DNA
region.

Plasmids pBB9 and pBB10 were also used for
heteroduplex mapping. They were derived by
cloning the entire ColE2-P9 (for pBB9, Fig. 1C)
or ColE2-CA42 (for pBB10, Fig. 1D) plasmids
into the PvuI site of pBR322 (Table 1). In these
derivatives, the orientations of the ColE2-de-
rived DNAs relative to that from pBB322 are the
same, using the four common ColE2 restriction
sites described above for reference. PBB9 and
pBB10 have single Hindlll sites within their
pBR322 portions which were cleaved before
hybridization. The heteroduplex molecules con-
tained a bubble of pBB9/pBB10 nonhomologous
DNA with the same dimensions as were noted
for the CoIE2-P9/ColE2-CA42 heteroduplexes
(Fig. 2B). The lengths of the double-stranded
DNA arms of the pBB9/pBB1O heteroduplexes
allow an unambiguous positioning of the regions
of nonhomology on the restriction maps (Fig.
2C, Fig. 1). In ColE2-P9, the nonhomologous
DNA is in the 2.6- to 5.1-kb map region com-
pared with the 2.6- to 4.4-kb region for ColE2-
CA42.

Locations of the colicin and immunity genes.
ColE3-CA38 and ColE2-P9 are 80 to 90% ho-
mologous, and their restriction maps are very
similar (5, 10). Because the positions of the
colicin and immunity genes of ColE3-CA38 are
known (R. Watson and L. P. Visentin, submit-
ted for publication), the positions of these genes
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FIG. 1. Restriction maps and regions of nonhomology of ColE2-P9, ColE2-CA42, and ColE2-pBR322 hybrid
plasmids. (A) ColE2-P9 (10). (B) ColE2-CA42. (C) pBB9, a hybrid plasmid derived by ligating pBR322 (darker
portion) with ColE2-P9 through their unique PvuI sites. The tetracycline resistance gene of pBR322 is indicated.
The pBR322 portion is drawn in the opposite directional sense to that which is usually used (8). (D) pBB10, the
same as pBB9 except that ColE2-CA42 was used for the construction. For heteroduplex mapping, these plasmids
were cleaved at the PvuI or HindIll sites which are underlined. The regions of nonhomologous DNA are shown
as hatched segments of the circles.

for ColE2-P9 and ColE2-CA42 are readily in-
ferred by comparison (Fig. 3). The locations of
the E2 colicin and immunity genes have also
been tested by cloning portions of the ColE2
plasmids (Table 1; Fig. 3). For ColE2-P9, they
have been cloned on a 2.53-kb PvuII-HincII
segment (pBB62, Fig. 3) in agreement with their
positions as deduced by comparison with ColE3-
CA38. Similarly, the phenotypes of plasmids
pBB45 and pBB58 (Fig. 3) localize the ColE2-
CA42 colicin and immunity genes to the equiva-

lent region of that plasmid, though these deriva-
tives additionally include about 1.6 kb of DNA
adjacent to the presumed 5'-terminal end of the
colicin E2-CA42 gene. The E2-immunity genes
are at the 3' ends of the colicin genes (pBB46,
Fig. 3) such that they might be transcribed
together during induction. The E2-immunity
genes may contain the BglII sites in this region
of the E2 plasmids, since we have been unable to
derive a strain carrying either colicin E2 gene
with this site interrupted. The immunity pheno-

VOL. 153, 1983



1554 NOTES

C

Hi, icli II

Pvu, PvuI

1.10
.. K t

Col E2-CA42
_n Col E2-P9

* t E ~~~~2.6 -0. 3-
!1.7 0 2

.2.5 0.3

pBB9
pBB10

5.4 t0 4 1-.8 10.2 -- 3.3 3

HinAlIl

FIG. 2. Heteroduplexes of ColE2 plasmids and ColE2-pBR322 hybrid plasmids. (A) Heteroduplex between
the DNAs of ColE2-P9 and ColE2-CA42, showing the large substitution loop and the suspected small region of
nonhomologous or inverted DNA (arrow). The latter loop was seen only in some heteroduplexes. (B)
Heteroduplex between the DNAs ofpBB9 and pBB10; the small region of nonhomologous or inverted DNA was
not observed. (C) Interpretation of measurements of heteroduplex molecules of the above two types (14 and 30
molecules, respectively). The numerals shown are the molecular lengths in kikobases (kb), calculated from
the relationship 1.0 pm of DNA = 3.3 kb and using pBR322 (4.36 kb) as the standard. The two small arrows on
the shorter heteroduplex indicate the position of the small loop that was observed occasionally (1.0 kb from the
PvuI site on the short arm; loop size, 0.2 kb). Right to left in this diagram corresponds to the restriction maps of
the plasmids shown in Fig. 1 taken clockwise from their PvuI or Hindlll sites. The heteroduplex mapping
techniques used have been described elsewhere (3, 12).

type is not displayed by strains carrying the
cloned 1.74-kb BglII fragment of ColE2-P9
(pBB17, pBB18, Fig. 3).
Co of the CoIE2-P9 and ColE2-CA42

immunity proteins. It is of interest to determine
to what degree the immunity proteins of ColE2-
CA42 and ColE2-P9 have deviated in structure
while retaining the same functional specificity
and to compare them with the ColE3-CA38

immunity protein. Colicins E2-P9 and E2-CA42
were purified from mitomycin C-induced cul-
tures of WA802(pBB9) and WA802(pBB10), re-
spectively, as described by Herschman and He-
linski (4) through the DEAE-Sephadex
chromatography step. Fractions active against
WA802 were pooled, dialyzed against distilled
water, and freeze-dried. The protein was dis-
solved in 44% formic acid and applied to a
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Plasmid

TABLE 1. Plasmids useda
Description

ColE2-P9 ........ ...... CoIE2 plasmid native to Shigella sonnei p9 (10).
ColE2-CA42 ...... ...... ColE2 plasmid native to E. coli CA42 (9).
ColE3-CA38 ...... ...... CoIE3 plasmid native to E. coli CA38 (10).
pBR322 ......... ...... Cloning vehicle (1). Phen: Apr Ter. Size: 4.36 kb.
pACYC177 ....... ...... Cloning vehicle (2). Phen: Apr Kmr. Size: 4.0 kb.
pBB9 ................. ColE2-P9-pBR322 hybrid plasmid derived by ligation of PvuI-cleaved ColE2-

P9 into the PvuI site of pBR322 such that the ColE2-P9 PvuII site is proxi-
mal to the pBR322 PstI site (Fig. 1C). Phen: Tcr Col+ Imm+. Size: 11.2
kb.

pBB10 ................ ColE2-CA42-pBR322 hybrid plasmid analogous in derivation and structure to
pBB10 (Fig. 1D). Phen: Tcr Col+ Imm+. Size: 10.5 kb.

pBB51 .. The PvuII to EcoRI segment of ColE2-P9 spanning its map coordinates 0.23
to 3.47 kb*+clockwise (Fig. 1A) ligated into pBR322 such that it replaces
its EcoRl to PvuII segment which contains the tetracycline resistance
gene. Phen: Apr Col+ Imm+. Size: 5.5 kb.

pBB62 ................ The PvuII to HincIl segment of colE2-P9 spanning its map coordinates 0.23
to 2.77 kb clockwise (Fig. IA) replacing the segment of pBR322 from its
PvuII site, through the tetracycline resistance gene and EcoRI site, to the
HincII site within the ampicillin resistance gene. Derived from pBB51 by
removal of its 1.16-kb HinclI segment. Phen: Col+ Imm+. Size: 4.3 kb.

pBB17, 18 ............. The 1.74-kb Bglll segment of ColE2-P9 cloned into the BamHI site of
pBR322. In pBB17, the ColE2-P9 BgIII segment is orientated such that its
PvuI site is in the position farthest from the pBR322 EcoRI site. In pBB18,
that PvuI site is closer to the EcoRI site. Phen: Apr Col- Imm-. Size: 6.1

pBB58 ................

pBB45 ................

pBB46 ................

kb.
The PvuI to PstI segment of ColE2-CA42 spanning its 0.0- to 4.14-kb map

coordinates clockwise (Fig. 1B) cloned in the Apr gene of pBR322 such
that it replaces the small PvuI-PstI segment therein. Derived from pBB10
by removing its 2.1-kb PstI segment. Phen: Tcr Col+ Imm+. Size: 8.4 kb.

ColE2-CA42-pACYC177 hybrid plasmid derived by blunt-end ligation of
PvuII-cleaved ColE2-CA42 into the SmaI site of pCYC177. Phen: Apr
Col+ Imm+. Size: 10.1 kb.

The 2.22-kb ColE2-CA42 Hincll fragment ligated into the Hincll site of
pACYC177. Lacks one of the two expected HincIl sites, but no deletion of
DNA detectable. Phen: Kmr Col- Imm+. Size: 6.2 kb.

a Plasmids were constructed by ligation of mixtures of the ColE2 plasmid and cloning vehicle after cleavage
with the appropriate restriction endonucleases and were transformed into WA802 by using standard techniques
(1, 2, 9, 10). Transformants carrying the desired plasmids were selected by using the antibiotic resistance
imparted by the cloning vehicle, followed by testing for the absence of the antibiotic resistance expected to be
insertionally inactivated or removed, and then by testing for colicinogenic phenotypes. The transformant
carrying pBB62 was selected by using immunity to colicin E2 (9), followed by testing for the absence of
ampicillin resistance. Plasmids were then purified and characterized by analysis of their restriction endonuclease
cleavage fragments. Phen, Phenotype.

FIG. 3. Locations of the colicin and immunity genes of ColE3-CA38, ColE2-P9, and ColE2-CA42. The top
line is a linear restriction map of the 3.78-kb PvuI-EcoRI segment of ColE3-CA38 which contains its colicin and
immunity genes. A 0.3-kb portion of the map is omitted between the oblique lines to adjust its length to the
comparable ColE2-P9 and ColE2-CA42 map segments shown below it. The ColE3-CA38 and ColE2-P9 maps are
aligned through their common SmaI, HincII, and EcoRI sites; ColE2-P9 and ColE2-CA42 are aligned through
their common PvuI, PvuII, and BglII sites. The approximate position of the region of nonhomology between
ColE3-CA38 and ColE2-P9 is indicated, as is part of the region of nonhomology between ColE2-P9 and ColE2-
CA42. The ColE3-CA38 colicin and immunity genes were position as described elsewhere (Watson and Visentin,
submitted for publication). The equivalent genes of the ColE2 plasmids are shown in the comparable positions.
The position of the 5' end of the colicin E2-CA42 gene is speculative, since the molecular weight of this colicin is
not known. The ColE2 immunity genes could be positioned farther to the left, as indicated by the arrows, since
they are not within a region of DNA which is homologous to ColE3-Ca38 and thus their positions cannot be
compared directly with the immunity gene of ColE3-CA38. The portions of ColE2-P9 and ColE2-CA42 DNA
carried by some of the derived plasmids listed in Table 1 are shown. The short vertical lines mark ends of the
cloned DNA segments; the arrowheads indicate that the cloned DNA extends outside the plasmid region shown.
The phenotypes conferred by the plasmids carrying these segments are indicated at the left.
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TABLE 2. Amino acid compositions of the colicin E2-P9 and E2-CA42 immunity proteinsa
E2-P9 E2-CA42 E3-CA38

Ammio Proposed Proposed No. of
acid 24 h 72 h no. of 24 h 72 h no. of No.due

residues residues rsidues
Asp 10.8 11.1 11 9.8 9.6 10 18
Thr 3.2 3.3 3 3.8 3.4 4 2
Ser 4.6 4.0 5 4.0 3.4 5 6
Glu 14.5 14.8 15 13.6 13.6 14 8
Pro 3.2 3.3 3 3.6 3.1 3 3
Gly 6.1 6.3 6 7.0 6.9 7 7
Ala 6.9 7.1 7 5.8 6.0 6 1
Cysb 1.0 1 1.0 1 1
Val 4.1 4.5 5 3.5 3.9 5 6
Met 0.7 0.5 1 0.9 0.7 1 1
Ile 4.0 4.4 5 4.4 4.8 5 3
Leu 5.0 5.0 5 5.0 5.0 5 6
Tyr 2.1 1.8 2 2.0 1.9 2 4
Phe 3.5 3.3 3 4.1 4.1 4 8
His 1.7 1.8 2 1.8 2.0 2 1
Lys 7.1 7.4 7 7.3 7.4 7 5
Arg 5.7 5.9 6 5.2 5.0 5 1
TrpC 0.0 0 0.0 0 3

a The amino acid compositions of the CoIE2 immunity proteins determined after 24 and 72 h of HCI hydrolysis
were calculated relative to leucine (5 mol per mol of 8,800-molecular weight protein). The number of amino acid
residues proposed for each protein is given, as well as the known number of each residue for the immunity
protein of ColE3-CA38 (11). Amino acid compositions were determined by using a Durram D-500 amino acid
analyzer as described previously (7).

b Determined as cysteic acid after performic acid oxidation.
' After hydrolysis with methanesulfonic acid.
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4 8 12
E2-P9 Met-Glu-Leu-Lys- His-Ser -Ile -Ser-Asp-Tyr-Thr-Glu-
E2-CA42 Met-Glu-Leu-Lys-His -Ser -Ile -Ser-Asx-Tyr-Thr-Glx-
E3-CA38 (Met)-Gly-Leu-Lys-Leu-Asp-Leu-Thr- Trp -Phe-Asp-Lys-

16 20 24
E2-P9 Ala-Glu-Phe-Leu-Glu-Phe-Val-Lys-
E2-CA42 Ala-Glx-Phe-Leu-Glx-Phe-Val-Lys-Lys-Ile-Ala-Arg
E3-CA38 Ser-Thr-Glu-Asp-Phe-Lys-Gly-Glu-Glu-Tyr-Ser-Lys-

FIG. 4. N-terminal amino acid sequence of immunity proteins of ColE2-P9 and ColE2-CA42. The amino acid
sequences of the first 20 residues of the ColE2-P9 immunity protein and the first 24 residues of the ColE2-CA42
immunity protein are shown, beginning with their N-terminal methionines. The first 23 residues of the ColE3-
CA38 immunity protein are also shown for comparison. They are aligned such that the N-terminal glycine
corresponds to the second residues (Glu) of the E2-type immunity proteins. The Met residue in parentheses is
that coded for by an ATG initiation codon in the corresponding position of ColE3-CA38 DNA, though it is not
present in the protein (unpublished data). N-terminal sequence determination by automatic degradation with a
Beckman model 890C Protein Sequenator and identification of the thiazolinone or phenylthiohydantoin
derivatives have been described previously (7).

Sephacryl 200 column (1.5 by 150 cm) preequili-
brated with 44% formic acid and then was eluted
with this same solution. The immunity proteins
were identified among the fractions by sodium
dodecyl sulfate-polyacrylamide gel electropho-
resis (11). They were of molecular weight 8,800
to 9,000, compared with 8,200 for immunity
protein from WA802 (ColE3-CA38).
The amino acid compositions and N-terminal

amino acid sequences determined for the two
E2-immunity proteins are shown in Table 2 and
Fig. 4, along with corresponding data for the E3-
immunity protein. The E2-immunity proteins
have very similar amino acid compositions and
identical N-terminal sequences, with the possi-
ble exception of the glutamic acid/glutamine or
aspartic acid/asparagine residues not differenti-
ated for the ColE2-CA42 protein. The similarity
of these proteins may reflect a stringent amino
acid sequence requirement to provide comple-
mentarity to the colicin E2 molecule, or it may
be due to a more recent evolutionary separation
of the two E2 plasmids.

In contrast, the E2-immunity proteins are
very different in amino acid composition and
sequence from the immunity protein of ColE3-
CA38, as expected from their different immunity
types and their positions within portions of the
plasmids which are not homologous. The E3
protein lacks an N-terminal methionine residue,
even though the E3-immunity gene has an ATG
codon immediately preceding the DNA se-
quence coding for the amino acids shown in the
table (unpublished data). The only similarity of
the two immunity protein types is that the glu-
leu-lys sequence at residues 2 to 4 of the E2-
immunity proteins compares to the sequence of
the first three amino acids, gly-leu-lys, of the E3-
immunity protein. The glu/gly difference could
be due to a single base difference in the DNAs,
for example GAA/GGA.
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