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Summary. A small ColEl derivative, pAO2, which
replicates like the original ColEl and confers immu-
nity to colicin E1 on its host cell has been constructed
from a quarter region of ColEl DNA (Oka, 1978).
The entire nucleotide sequence of pAO2 (1,613 base
pairs) was determined based on its fine cleavage map.
The sequence of a similar plasmid, pAO3, carrying
additional 70 base pairs was also deduced.

The sequence in the region covering the replication
initiation site on these plasmids was consistent with
those reported for ColEl by Tomizawa et al. (1977)
and by Bastia (1977). DNA sequences indispensable
for autonomous replication were examined by con-
structing plasmids from various restriction fragments
of pAO2 DNA. As a result, a region of 436 base
pairs was found to contain sufficient information to
permit replication. The occurrence of initiation and
termination codons and of the ribosome-binding se-
quence on pAO2 DNA suggests that a polypeptide
chain consisting of 113 amino acid residues may be
encoded by the region in which the colicin El immu-
nity gene has been mapped.

Introduction

The colicin E1 plasmid (ColE1l) is a closed circular
DNA molecule with a molecular weight of 4.2 mega-
daltons that determines the production of an induc-
ible antibiotic protein, colicin El, in bacteria and
confers immunity to colicin E1 upon its host (Bazaral
and Helinski, 1970). Since the ColE1 DNA replication
continues in the presence of chloramphenicol till more
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Abbreviations.  ColEl, colicin El  plasmid; Tris, tris-
(hydroxymethyl)aminomethane; EDTA, ethylenediaminetetra-
acetate; ANTP, deoxyribonucleoside triphosphates ; ATP, adenosine
5’-triphosphate.

than 1,000 copies per cell accumulate (Clewell, 1972),
ColE1 and its derivatives have been used as a molecu-
lar vehicle for cloning DNA (Hershfield et al., 1974;
Itakura et al., 1977). The cleavage maps of ColEl
and its deletion derivatives have been constructed
with several restriction endonucleases (Oka and Taka-
nami, 1976; Tomizawa et al., 1977; Oka, 1978), and
some genetic markers have been localized on the map
by analysis of transposon-insertion mutants (So et al.,
1975; Dougan and Sherratt, 1977; Inselburg, 1977a)
and of deletion mutants (Inselburg, 1977b; Oka,
1977). Because of its small size and relaxed mode
of replication, the mechanism involved in the ColEl
DNA replication has extensively been studied (Baza-
ral and Helinski, 1970; Sakakibara and Tomizawa,
1974; Oka and Inselburg, 1975; Tomizawa et al.,
1975). The nucleotide sequence in the region covering
the initiation site of replication has also been deter-
mined (Tomizawa et al.,, 1977; Bastia, 1977). Never-
theless, the DNA region essential for the replication
of ColE1 DNA is not yet defined. Nor is the structure
of any other genes elucidated at the nucleotide se-
quence level.

We previously demonstrated that the fragment de-
rived from 0.75 to 1.00 map unit! of ColEl DNA
can replicate as a plasmid after in vitro circularization
(Oka, 1978). This plasmid,pAO2 (Fig. 1), still confers
immunity to colicin E1 on the host cell, indicating
that genes responsible for replication (ori%) and coli-
cin E1 immunity (imm) are contained within the re-
gion covered by pAO2.1n this paper, the entire nucleo-

! Map unit is the fractional length from the 5 end of the H-

strand (Tomizawa, 1975) generated by cleavage of ColEl DNA
by EcoRI, and therefore, the EcoRI site is at 0.00 (1.00) map
unit
> oriwas defined as the smallest DNA region capable of replicat-
ing autonomously. It may contain not only the DNA region re-
quired for the replication initiation but also that for the replication
termination
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Fig. 1. Deletion map of small ColE1 derivatives. Heavy lines show
DNA regions carried by each deletion mutant. pAO100, pAO7 and
pAOS carry non-ColE1 DNA in addition to the indicated regions
(see text and Table 1). ColEl DNA replication initiates at ini
and proceeds counterclockwise (Tomizawa et al., 1977). Haell
cleavage sites and resulting fragments A to F (Oka and Takanami,
1976) are indicated as reference in addition to map unit

tide sequence of pAO2 DNA was determined based
on its fine cleavage map previously constructed (Oka,
1978). pAO3 (Fig. 1) which is similar to pAO2 but
carries additional 70 base pairs derived from 0.00
to 0.01 map unit of ColE1 was also sequenced. The
loci of ori and imm were assigned on the sequence,
based on analyses of DNA regions indispensable for
autonomous replication and of initiation and termina-
tion codons.

Materials and Methods

Escherichia coli Strains and Plasmids

An E. coli K-~12 strain C600 (thr leu thi tonA lac supE) was used
throughout all experiments unless otherwise noted. GM31 (Ma-
rinus, 1973) and A19 (Gesteland, 1966) are dem (DNA cytosine
methylation) and rna (ribonuclease I) mutants, respectively, Their
plasmid-carrying derivatives were constructed by transformation.
Plasmids used were ColE1 derived from P678-54(ColE1) (Oka and
Inselburg, 1975) and its derivatives pA0O100, pAO2, pAO3, pAO43
and pAO48. pAO100 (Oka, 1978) has been constructed by circula-
rization of the mini-ColE1 segment produced by digestion of
pML21 (Hershfield et al., 1976) DNA with EcoRI and is composed
of the region from 0.51 to 1.00 map unit of ColE1 and a non-ColE1
DNA of about 300 base pairs. This is therefore identical with
pVH51 (Hershfield etal., 1976). pAO2 (Oka, 1978) has been
constructed from the largest Hphl-fragment of pAO100 which
covers the region from 0.75 to 1.00 map unit of ColE1 after circula-
rization by repair ligation (defined below). pAO3 was prepared
from the largest Hphl-fragment of ColEl by the same procedure.
This covered the region from 0.75 to 0.01 map unit of ColEl
across the 0.00 (1.00) map unit site and thus contained the EcoRI
site (Fig. 1). In contrast, pAO2 does not carry the EcoRI site,
because an Hphl recognition sequence was present near the EcoRI
site-proximal end of the non-ColE1 DNA of pAO100 and the EcoRI
recognition sequence on pAO100 was disrupted by Hphl digestion.

A. Oka et al.: Nucleotide Sequence of Small ColE1

pAO43 and pAO48 are chimeric plasmids produced by transposition
of a kanamycin transposon Tn903 from R6-5 to pAO2. The Tn903
insertion sites in these plasmids are at 0.99 and 0.91 map unit
on the pAO2 DNA molecule, respectively (Oka etal., 1978). pYT10
(Yasuda and Hirota, 1977) is a composite plasmid of pVHS51 and
an EcoRI-fragment of 4.5 megadaltons (Amp-fragment) carrying
bla (ampicillin resistance). This Amp-fragment cannot replicate
by itself.

Enzymes

The source and method for preparation of restriction endonucleases
Alul, EcoR1, Haell, Haelll, Hapll, Hgal, Hhal, Hinfl and Hphl
were described previously (Takanami, 1973; Oka, 1978). Bpal and
Bpall were isolated from Bordetella parapertussis by the method
essentially identical with that for Hapll (Takanami, 1973). Avall
and FcoRII were purchased from Bethesda Research Lab. DNA
was digested in a reaction buffer containing 10mM Tris-HCI (pH
7.6){TmM MgCl,/7mM 2-mercaptoethanol. For digestion with
Avall, Bpal, Bpall and EcoR], 30 mM NacCl, 50 mM KCI, 50 mM
KCl and 150mM NaCl were added to the reaction buffer,
respectively. DNA polymerase, DNA ligase and polynucleotide
kinase were prepared from Al9 cells infected with T4 amN82
according to the methods reported by Lehman (1974), Weiss (1971)
and Richardson (1965), respectively.

Preparation of Plasmid DNA and Its Restriction Fragments

E. coli cells carrying a plasmid were grown to 3 x 10® cells per
ml in E-broth (10 g polypeptone/1 g yeast extract/10 g glucose/l g
NH.Cl/3g NaClj0.lg Na,S0,/0.08g MgCl,-6H,0/152¢
Na,HPO,. 12H,0/3 g KH,PO, in one liter), and chloramphenicol
(Sankyo) was added to 80 ug per ml. After incubation at 37°C for
15 h, cells were harvested and the fraction containing covalently
closed circular DNA molecules were prepared as described (Oka,
1978). Analysis of plasmid DNA was carried out with 1% agarose
(Dohjin) gel columns (0.6 cm by 12 cm) in a running buffer contain-
ing 40 mM Tris-acetic acid (pH 7.2)/20 mM sodium acetate/2 mM
EDTA (pH 7.2). DNA bands were visualized by staining with
ethidium bromide. For preparation of restriction fragments, plas-
mid DNA was digested with restriction endonucleases and resolved
by electrophoresis on 5% polyacrylamide gel columns with a run-
ning buffer composed of 90 mM Tris/90 mM boric acid/2.5 mM
EDTA-2Na, and DNA fragments were extracted from band regions
as described (Oka, 1978).

Ligation

Joining of restriction fragments generated by different restriction
endonucleases and circularization of a fragment carrying different
ragged ends were performed by the following procedure termed
repair ligation. The ragged ends of restriction fragments were
converted to blunt ends by 3'—35 exonucleolysis with T4 DNA
polymerase in the absence of ANTP, followed by 5 -3’ polymeriza-
tion with the same enzyme in the presence of four dNTP’s. The
resulting fragments were then joined by T4 DNA ligase, since
this enzyme can join DNA fragments with blunt ends as well
as those with matched cohesive ends (Sgaramella et al., 1970).
For preparation of fragments with blunt ends, about 10 pmol
of a restriction fragment carrying ragged ends was mixed with
10 pg of T4 DNA polymerase in 0.5 ml of a reaction buffer contain-
ing 7 mM MgCl,/100 mM KCl/7 mM dithiothreitol/50 mM Tris-
HCl (pH 8.0). After incubation at 12° C for 10 min, four dNTP’s
were added to 0.4 mM each and incubation was continued at 12° C
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Fig. 2. a Fine cleavage maps of pAO2 and labeled strands used for sequence analysis. The maps were oriented with respect to the
ligated point of pAQ2, and the 5’ end of the H-strand is assigned to the left end. Therefore, the left and right ends correspond
to 0.75 and 1.00 map unit of ColE1 DNA, respectively. The number in base pairs corresponds to nucleotide positions on the sequence
in Fig. 3. Cleavage sites by eleven restriction endonucleases are illustrated by vertical lines. Arrows indicate labeled strands aligned
in the 5 to 3’ direction. All the strands were obtained by secondary cleavage of labeled double-stranded DNA. Solid line in each
arrow denotes the region in which the sequence was deduced. b Codon analysis of the pAO3 sequence for protein synthesis. Initiation
and termination codons for protein synthesis were plotted on each of three plausible frames on the sequence. Long and short angled-lines
represent initiation codons ATG and GTG, respectively, and vertical lines represent termination codons TAG, TAA and TGA. ¢
Loci of ini, ori, imm, cea, two transcripts in vitro and Tn insertion on the pAO3 sequence. ini, initiation site of ColE1 DNA replication
(position 418). ori, DNA regions essential for autonomous replication of ColEl. Since ini is presumably indispensable for the ori
function, and no plasmid has been constructed with A/ul-A and Haell-B of pAO2 (see Table 1), the left end of ori is assumed to
be ended within positions 403-418 and the right end of ori within positions 603-838, respectively. These regions were indicated by
shading. imm, the gene conferring colicin El immunity. cea, the structural gene for colicin El protein. RNA-I (positions 863-972)
and RNA-II, in vitro transcript from pAO2 and ColEl DNA (Morita and Oka, 1979). Open arrows represent the direction of
transcription. Vertical arrows, Tn insertion sites in pAO43, pAO48 (Oka etal., 1978), and pK'Y2289 (Maeda etal., 1978; Takeya etal., 1978)
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for 60 min. The reaction was terminated by treatment with 80%
phenol and DNA fragment was isolated by passage through a
Sephadex G100 column (0.6 cm by 20 cm).

The following conditions were used for the construction of
the ori-containing recombinants since the formation of linear or
circular products of ligation is a function of the concentration
of DNA fragments (Dugaiczyk et al., 1975). A restriction fragment
containing ori (about 5 pmol) and Amp-fragment purified from
pYT10 (about 0.5 pmol), both of which carried blunt ends, were
mixed in 0.1 ml of a ligation buffer (7 mM MgCl,/0.1 mM ATP/
10 mM dithiothreitol/67 mM Tris-HCl; pH 7.6) containing 2 units
of ligase, and incubation was carried out at 12° C for 3 h (Ist
reaction). The reaction mixture was then diluted ten-folds by the
ligation buffer containing 15 units of ligase per ml, and incubation
was continued at 12° C for additional 12 h (2nd reaction). When
an ori-containing fragment was circularized by itself, the conditions
used for the 2nd reaction were applied. The reaction mixture was
deproteinized by shaking with 80% phenol and ligation products
were isolated by passage through a Sephadex G100 column (0.6 cm
by 20cm), which has been equilibrated with 1 mM Tris-HCl
(pH 7.5). Sephadex used was sterilized in advance by immersing
in 0.1 N NaOH for 1 h.

Transformation

Bacteria were made competent for transformation as follows
(Lederberg and Cohen, 1974). Recipient cells grown to 2x 108
cells per ml in L-broth (10 g polypeptone/3 g yeast extract/Sg
NaCl/1 g glucose in one liter; pH 7.3) were washed once with
cold 0.1 M MgCl,, suspended in 0.1 M CaCl, and held at 0°C
for 20 min. Cells were collected by centrifugation and resuspended
in cold 0.1 M CaCl, of one-twentieth of the original culture volume
(competent cells).

For transformation, 0.1 ml of plasmid DNA in 1 mM Tris-HCl
(pH 7.5) was added to 0.2 ml of the competent cells in an ice
bath. After holding at 0° C for 30 min, the mixture was subjected
to a heat pulse at 42° C for 2 min and then chilled. Before spreading
on selective agar plates, 5 ml of L-broth was added and incubation
was carried out with aeration at 37° C for 1 h to allow phenotypic
expression. Drug resistance was assayed on L-agar containing 20 pg
of ampicillin (Takeda) per ml. Cells immune to colicin EI were
selected on a lawn of C600(ColEl) cells which had been grown
overnight and killed with chloroform vapor.

Nucleotide-Sequence Determination

The 5 ends of restriction fragments were phosphorylated with
[v32P]ATP (about 4 Ci per pmol; New England Nuclear Co.) and
polynucleotide kinase. After separation of the two labeled ends
by secondary cleavage with a different restriction endonuclease,
the sequence of the 53?P-labeled DNA strand was determined
by the method of Maxam and Gilbert (1977).

A. Oka et al.: Nucleotide Sequence of Small ColE]

" Results and Discussion

The Nucleotide Sequences of pAO2and pAO3

The cleavage map of pAQO2 DNA with seven restric-
tion endonucleases, A/ul, Haell, Haelll, Hapll, Hgal,
Hhal and Hinfl, has previously been reported (Oka,
1978). In addition, the restriction sites of Avall, Bpal
and Bpall were determined by the procedure de-
scribed earlier (Oka and Takanami, 1976). The cleav-
age sites for EcoRII were identified by using pAO2
DNA prepared from a dem strain, GM31(pAQO2). The
cleavage sites with all these enzymes are summarized
in Fig. 2a. Based on this map, the sequences of
various restriction fragments were determined to con-
struct the entire nucleotide sequence of pAO2by the
method of Maxam and Gilbert (1977). DNA strands
analysed are indicated by arrows in Fig. 2a.

As shown in Fig. 1, pAO3 is composed of the
whole pAO2 DNA sequence and an additional 70
base pair segment derived from 0.00 to 0.01 map
unit of ColEl DNA. This was confirmed by restric-
tion analysis: pAO3 contained only two cleavage sites,
the EcoRI site at 0.00 map unit and an Al site,
in addition to those on pAO2. Thus the sequence
of pAO3 was examined by applying the cleavage map
of pAO2.

The sequence was verified by duplicate analyses
of the same fragment or by analysis of overlapped
fragments until unambiguous results were obtained.
The nucleotide sequences of pAO2 (1,613 base pairs)
and pAO3 (1,683 base pairs) thus deduced are shown
in Fig. 3. Nucleotides were numbered in the 5 to
3" direction of the H-strand (Tomizawa, 1975) from
the ligated point of pAQO2. The nucleotide sequence
in positions 1480-1683 was also confirmed by analysis
of the original ColE1 DNA. The sequence surround-
ing the replication initiation site (ini)(position 418;
see below) was consistent with that reported for
ColE1 by Tomizawa et al. (1977) (positions 244-606)
except for the nucleotide in position 248, and that
by Bastia (1977)(positions 198-473) except for the
nucleotides in positions 243, 364 and 386. Since the
nucleotides in position 243 and 386 are located within
the EcoRII recognition site and their methylated cyto-

Fig. 3. Nucleotide sequence of pAO2 and pAO3. pAO2 and pAO3 were composed of 1,613 and 1,683 base pairs, respectively. The
nucleotides are contiguous in positions 1 and 1,613 in pAO2, and in positions 1 and 1,683 in pAO3. The sequence was shown in
the same orientation as in Fig. 2. The upper and lower sequences are H- and L-strands, respectively. The recognition sites of twelve
restriction endonucleases, expressed by nucleotide number at the 5" end on the H-strand, are as follows: Bpal (GTALAC), 140, Avall
(GGLCQ), 1077, 1498; Haell (RGCGCY), 243, 602; Hgal (GACGC, GCGTC), 75, 460; Bpall (CGCG), 74, 987, 1038, 1134; EcoRIL
(CCLGG), 240, 385, 506, 519; Haelll (GGCC), 358, 401, 837, 1250; Hinfl (GANTC), 269, 310, 344, 729; Hhal GCGC), 73, 103,
244, 536, 603, 703, 879, 988; Al (AGCT), 10, 29, 54, 525, 615, 661, 920, 1217, 1393, 1665; Hapll (CCGG), 15, 49, 195, 360, 565,

712, 738, 782, 930; and EcoRI (GAATTC), 1611
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BACACATGCAGCTCCCOGAGACGRTCACAGCTTGTCTETGAGCGEATECCGEGAGCTGACARGCCCGTCAGBGCACETCAGCAGGTTTTAGCGEGTGTCE
CTGTETACGTCOACGECCTCTECCAGTGTCRARCAGACACTCACCTACGECCCTCEACTGTTCEEGCAGTCCCACECAGTCAT CCAABATCGCCCACAGT

200

GGGCGCAGC&CTGACCCAG%CACGTAGCGATAGCGGAGTéTATACTGGC%TAACCATGCéGCATCAGTG&GGATTGTATGAAAAGTACGCCATGCCGGGT
CCCGCGTCGGGACTGGEGTCAGTGCATCGCTATCGCCTCACATATGACCGAATTGGTACGCCGTAGTCACGCCTAACATACTTTTCATGCGGTACGGCCCA

300

GTGAAATGCCGCACAGATGCGTAAGEAGARAATGCACGTCCAGGCECTTTTCCGCTTCCTCGCTCACTGACTCGCTACGC TCAGTCTTCGACTACGCG
CACTTTACGECGTETCTACGCATTCCTCTTTTACE TECAGE TCCOCGANAAGGCGAAGGAGCCAGTGAC TEAGCEATGCGAGCCAGCAAGC TGACGCCGE

400

AGCGGTACTGACTCACACAAAAACGGTAACACAGTTATCCACAGAATCAGGGEATAAGGCCGGARAGAACATGTGAGCAAAAGACCAGGAACAGGAAGAA
TCGCCATCACTCAGTETGTTTTTECCATTGTGTCARTAGETGTCTTAGTCCCC TATTCCAECCTTTCTTRTACACTCETTTTCTEGTCCTTGTCCTTCTT

s00

GGCCACGTAéCAGGCGTTT%TCCATAGGC%CCGCCCCCC%GACGAGCATéACAAAAATAéACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAA
CCGGTGCATCGTCCGCAAAAAGGTATCCGAGGCGGGGEGACTGCTCATAGTETTTTTATCTGCGAGTTCAGTC TCCACCGCTTTGGGCTGTCCTGATATT

600

AGATACCAGéCGTTTCCCC&TGGAAGCTC&CTCGTGCGC%CTCCTGTTCCGACCCTGCCGCTTACCGGA%ACCTGTCCGCCTTTCTCCCTTCGGGAAGCG
TCTATGGTCCGCAAAGGGGGACCTTCGAGGGAGCACGCGAGAGGACAAGGC TGGGACGGCGAATGGCCTATGGACAGGCGGAAAGAGGGAAGCCCTTCGE

700

T6GCGCTTTCTCATAGCTCACGC TG TTGETATCTCAGTTCEGTETAGETCGTTCGCTCCAAGCTAGECTETRTECACGAACCCCCCGTTCAGCCCGACCG
ACCGCGARAGAGTATCGAGTGCGACAACCATAGABTCARGCCACATCCACCAAGCGAGGTTCEACCCEACACACETECTTGOGGEGCANGTCGEECTCEC

800

CTGCGCCTTATCCGGTARCTATCGTCTTEAGTCCAACCCEGTAAGGCACGCCTTARCGCCACTGECAGCAGCCACTGETAACCGEATTAGCAGAGCGATG
GACGCGGAATAGGCCATTGATAGCAGAACTCAGETTGGCCATTCCATCCEGAATTGCOGTCACCETCOTCOET GACCATTEACCTARTCETCTCACTAC

900

ATGGCACARACGETGCTACAGAGTTCTTGAAGTAGTGGCCERACTACGECTACAC TAGAAGGACAGTATTTEGTATCTGCRCTCTGLTRAAGCCAGTTAC
TACCETGTTTGCCACGATGTCTCAAGARCTTCATCACCGEEC TEATGCCCATG TGATCTTCCTOTCATARACCATAGACGCBAGACEAC TTCORTCAATG

1000

CTTCRGAMARAGAGTTGETAGCTCTTGATCCGECAARCARACCACLGTTEGTAGCGETCE TTTTTTTGTT TGCAAGCAGCAGATTACGCECAGAARAAAA
GAAGCCTTTTTC TCAACCATCGAGAACTAGGCCGTT TG TTTGE TRRCAACCATCECCACCAAARRACARACE T TCETCOTCTATACGCETCTTTTTTT

1100

GGATCTCAAGAAGATCCTTTAATCTTTTCTACTGAACCGCGATCCCCGTCAGTTTAGAAGAGGAGGATGATECGATGETCCCTCCCTRAACATCACGTAT
CCTAGAGTTCTTCTAGGAAAT TAGARAAGATGACTTEGCGC TAGEGECAGTCAAATCTTCTCCTCCTACCACECTAC CAGGGAGGEACT TETAGTGCATA

1200

ATAGTTAGCCTGACATCCAACARGGAGGTTTATCGCGAATATTCCCACARRAAATCTTTTCCTCATAACTCGATCCTTATAAAAT GAARAGAATATATGE
TATCAATCGGACTGTACGTTETTCCTCCARATAGCEC TTATARGGETG TTTTT TAGAAAAGGAGTATTCAGCTAGGAATATT TTACT TTTCTTATATACE

1300

CGAGGTTTAATTTATGAGCTTAAGATACTACATAAAAAATATTTTATTTéGCCTGTACTéCACACTTATATATATATACéTTATAACAAAAAACAGCGAA
GCTCCAAATTAAATACTCGAATTCTATGATGTATTTTTTATAAAATAAACCGGACATGACGTGTGAATATATATATATGGAATATTGTTTTTTGTCGCTT

1400

GGGTATTATTTCCTTGTGTCAGATAAGATGCTATATGCAATAGTGATARGCACTATTC TATGTCCATATTCARAATATGE TATTGAATACATAGCTTTTA
CCCATAATAAAGGAACACAGTC TATTCTACGATATACGTTATCACTATTCGTCATAAGATACAGGTATAAGTTT TATACGATAACTTATGTATCGAARAT

1500

ACTTCATABAGARAGATTTT TTCOARAGAAGAAARAACCTARATAACGCCCCCETAGCARRAT TARACC TATTTATGC TATATAATCTACTTTETTTGGT
TGAAGTATTTCTTTCTAAMARAGCTTTCTTCTTTTTTGCATTTATTCCGO0GGCATCATTTTAATTTGGATAAATACCATATAT TAGATCAAAC ARACLA

1600

CCTAGCAATCCCATTTGGATTGCTAGGAC%TTTTATATCAATAAAGAATAATTAAATCCéTAACACCTCATTTATAGTA%TAAGTTTAT+CTTATCAATA
GGATCGTTAGGGTAAACCTAACGATCCTGAAAAATATAGTTATTTCTTATTAATTTAGGGATTGTGGAGTAAATATCATAATTCAAATAAGAATAGTTAT

TAGGAGCATAGAATTCCTG%AACAATAGCAATACCCCAAATACCTAATG+AGTTCCAGCAAGCAAGCTAAAAAGTAAAG&AAC 3H
ATCCTCGTATCTTAAGGACATTGTTATCGTTATGGGGTTTATGGATTACATCAAGGTCGTTCGTTCGATTTTTCATTTCGTTG § L
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sine is not identified by the Maxam and Gilbert
method (Ohmori et al., 1978), our data in these posi-
tions obtained using the dem mutant would be correct.
The differences in other positions are not elucidated.

DNA Regions Indispensable
for Autonomous Replication (ori)

The initiation site of ColE1 DNA replication as the
transition point from RNA to DNA (ini) has been
determined by Tomizawa etal. (1977). The site is
position 418 on the sequence in Fig. 3. However,
DNA regions essential for autonomous replication
(ori) have not yet been determined. In order to ap-
proach to this question, we looked for the smallest
segment of ColEl DNA that can replicate autono-
mously. Ligation products of restriction fragments
derived from ColEl and pAO2 were prepared under
the conditions in which circular forms are predomi-
nantly produced. In addition, recombinants between
these fragments and the non-replicating Amp-frag-
ment which provides a selective marker were prepared
by repair ligation. The products were then used to
transform C600 cells, and each transformant colony
produced was inspected to carry an expected plasmid.
The restriction fragments wused and plasmids
constructed were listed in Table 1. Electrophoretic
patterns of these plasmids on agarose gel are
presented in Fig. 4. Among these plasmids, the one
containing the smallest ColEl segment was pAO7
which was constructed from Haelll-C (436 base pairs)
of pAO2 and Amp-fragment. Digestion of pAO7 DNA
by EcoRI yielded two fragments with sizes corre-
sponding to Haelll-C and Amp-fragment, as
expected* (Fig. 5¢). Plasmids containing dimer and
trimer of Haelll-C were also isolated (pAO7-2 and
pAO7-3, respectively) (Fig. 4g, h, Fig. 5d, e). Thus it
was concluded that the 436 base pair segment carried
the information enough for autonomous replication,
though pAO7 was not so stable as ColEl and pAO2
in a bacterial cell. This segment contains only 16
base pairs downstream, but 420 base pairs upstream,
from ini. So far we could not construct plasmids with
Alul-A and Haell-B of pAO2 which respectively: éon-
tain 108 and 184 base pairs upstream from ini (Ta-
ble 1). The result suggests that a relatively long se-
quence in the upstream region is involved in ori (see
the legend to Fig.2c). This view is consistent with
the result reported by Bolivar et al. (1977). They com-
pared the nucleotide sequences covering ini of
pBR345 and ColEl, which are considered to have

3 An EcoRI susceptible site should have been created at the
junction between a Haelll-fragment and a repaired EcoRI-frag-
ment

A. Oka et al.: Nucleotide Sequence of Small ColEl

Table 1. Construction of small ColE1 derivatives

Original restriction fragment Plasmid  (Selection®)

(Nucleotide position®)

Hphl-A*° of pAOI00 (1-1613) pAO2 (Imm™)

Hphl-A* of ColEl (1-1683) pAO3 (Imm™)

Hphl-A - Bpal-1* of ColE1 (142-1683) pAO6 (Imm™)

Bpall-A of pAO2 (76-988) pAOS8 (Amp")
and Amp-fragment*

Haelll-C? of pAO2 (403-838) PAO7 (Amp")
and Amp-fragment*

Haell-B* of pAQ2 (248-602) N.I¢ (Amp")
and Amp-fragment*

Alul-A of pAO2 (56-526) N.IL (Amp")

and Amp-fragment*

Nucleotide position corresponds to that of Fig. 3

Selection indicates selective marker used in transformation

A fragment carrying repaired blunt ends was indicated by
an asterisk

4 Though Hegelll-C of pAO2 migrates faster than HaellI-B of
pAO?2 on polyacrylamide gel electrophoresis (Oka, 1978), Haelll-C
was longer than Haelll-B by 23 base pairs

®  N.IL means that no plasmid has been isolated

b

been evolved from a common ancestor, and found
that the sequence was well conserved in the upstream
region, but not in the downstream region, of ini.

It has been shown that the ColE1 DNA replication
occurs in the absence of ColEl-encoded proteins
(Tomizawa etal., 1975; Donoghue and Sharp, 1978;
Kahn and Helinski, 1978). In accordance with this,
the Haelll-C sequence has no capacity coding for a
long polypeptide chain®, as judged from the occurrence
of initiation (ATG) and termination codons (TGA,
TAA, TAG) in all possible frames (Fig. 2b).

The Gene Conferring Colicin EI Immunity (imm)

The map position of imm has been allocated around
0.96 map unit of ColE1 DNA (Inselburg, 1977b; Oka,
1977). A more striking evidence on the location of
imm was provided by Maeda et al. (1978), who iso-
lated a Tn3-insertion derivative (pKY?2289) of ColEl
lacking the ability to produce colicin E1 immunity.
Its insertion site was located in positions 134413483
(Fig. 2¢) (Takeya et al., 1978). However, no informa-

4 Haelll-C can code for a polypeptide of 39 amino acid residues
(frame-1"). Besides, if GTG were taken as the initiation codon,
Hae-I11-C can code for several polypeptide chains which do not
exceed 52 amino acid residues. However, all these coding sequences
do not seem to be preceded by potential ribosome-binding se-

quences

5 The Tn insertion site was expressed by the nucleotide positions

of direct repeats generated by the insertion; Tn3 and Tn903 gener-
ate five and nine base pair repeats, respectively (Takeya et al.,
1978; Oka et al., 1978)
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Fig. 4. 1% agarose gel electrophoretic patterns of ColEl (a), pAO100 (b), pAO2 (c), pAO3 (d), pAO6 (e), pAO7 (f), pAO7T-2 (g), p/_§07-3
(h), pAOS (i) and pYT10 (§). The faster and slower bands shown by bars correspond to covalently closed circular and open circular
DNA molecules, respectively. The slowly moving components are bacterial DNA fragments
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Fig. 5. 5% polyacrylamide gel electophoretic patterns of a Haelll
digest of pAO2 (a), and EcoRI digests of pYT10 (b), pAO7 (c),
pAO7-2 (d) and pAO7-3 (e). Ap represents the Amp-fragment and
A, B and C represent Haelll-A, -B and -C of pAO2, respectively.
C’, 2C’ and 3C’ indicate fragments having the sizes of monomer,
dimer and trimer of Haelll-C of pAO2, respectively. These frag-
ments should carry ragged ends produced by EcoRI, compared
with Haelll-C having blunt ends. Digestion of the fragments 2C’
and 3C’ by Haelll yielded fragments with a size corresponding
to that of Haelll-C of pAO2 (data not shown)

tion is available as to the size of the imm gene product.
We have found that the insertion of Tn903 into either
positions 1023-1031 (pAO48) or positions 1537-1545
(pAO43) on the pAO2 sequence did not afect the
level of colicin E1 immunity (Fig. 2¢) (Oka et al.,
1978). It is therefore likely that imm is flanked by
these two insertion sites.

From the occurrence of initiation and termination

codons in all the possible frames within the region
between the two Tn903 insertion sites, the sequences
of positions 1214-1552 (frame-3), 1328-1552 (frame-
3) and 1475-1552 (frame-3) in the left to right direc-
tion and those of positions 1166-1032 (frame-1"),
1407-1309 (frame-2’) and 1392-1309 (frame-2’) in the
opposite direction can code for polypeptide chains
of 113, 75, 26, 45, 33 and 28 amino acid residues,
respectively (Fig. 2b). Among these possible coding
sequences, two which occurred in positions 1214-1552
(frame-3) and in positions 1166-1032 (frame-1") are
accompanied by a potential ribosome-binding se-
quence (GAGGT in positions 1202-1206 and
TAAGGA in positions 1179-1174, respectively)
(Steitz and Jakes, 1975). Since the latter sequence
does not cross the Tn3 insertion site in pK Y2289,
the former sequence which can code for a polypeptide
of 113 amino acid residues appears to be imm. This
was further supported by analysis of transcriptional
units on pAO2 DNA (Morita and Oka, 1979). In
an in vitro transcriptional system, two unique sizes
of RNA (RNA-I of 110 bases and RNA-II of about
360 bases) were synthesized from the L-strand of
pAO2 as indicated in Fig. 2c. RNA-II appears to be
just long enough to cover the above candidate se-
quence for imm (positions 1214-1552). If this assign-
ment is correct, the carboxyl-terminal portion of the
imm product may not be important for its function,
because the Tn903 insertion in pAO43 showing Imm *
phenotype occurred at positions 1537-1545; accord-
ing to our sequence data on pAQ43 (Oka et al., 1978),
two amino acid residues present at the carboxyl-ter-
minus of the imm product should be replaced by nine
amino acid residues coded by the Tn903 sequence.
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The Structural Gene for Colicin E1 Protein (cea)

It is known that when a foreign DNA fragment is
inserted at the position of the EcoRI site on ColEl
DNA, the resulting plasmid loses the ability to pro-
duce colicin E1 (Hershfield et al., 1974). Therefore,
it is likely that the cleavage with EcoRI occurs either
In cea or in the regulatory region for the expression
of cea. Genetic analysis of mutants lacking an ability
to produce colicin E1 has suggested that cea is located
between 0.25 map unit and the vicinity of the EcoRI
site (So et al., 1975; Inselburg, 19774, 1977b; Dougan
and Sherratt, 1977). Furthermore, Yang and Zubay
(1978) have provided evidence suggesting that the
EcoRI site is located within the carboxyl-terminal re-
gion of the cea gene. If cea indeed crosses the EcoRI
site, no termination codons in the right to left direc-
tion should occur on the right side of the EcoRI
site of the pAO3 sequence shown in Fig. 2b. Only
frame-2 satisfies such a condition and a termination
codon TAA appears at positions 1554-1552. It is of
interest to note that after a short gap, cea is followed
by a sequence CAATCCAAAT (positions 1522-1513)
homologous to the rho-dependent termination site
found in the supF gene (CAATCAAAT) (Kipper
etal.,, 1978) and Ari1 (CAATCAATT) (Rosenberg
et al., 1978).

Since pAO2 and pAO3 replicate in cells like the
original ColE], it is easy to prepare thesec DNA mole-
cules in a large scale. The determination of the entire
nucleotide sequence and assignment of the DNA re-
gion essential for autonomous replication now makes
it possible to use these plasmids for various purposes;
e.g., construction of new vectors, supply of accurate
DNA size markers, determination of recognition se-
quence of new restriction endonucleases and analysis
of insertion specificity of translocatable DNA ele-
ments.
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