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ABSTRACT  The replication terminus of the plasmid R6K has
been cloned into the single-stranded DNA phage vector M13mp5
and also into the plasmid vectors pBR313 and pBR322. By using
single-stranded DNA templates prepared from the recombinant
DNA clones, the sequence of 215 base pairs of DNA containing
the replication terminus has been determined. The DNA sequence
of the region of the terminus does not contain any 2-fold rotational
symmetry. Therefore, folding of the DNA at the region of the ter-
minus is unlikely to be a cause for replication termination. Inter-
action of a host-specified protein(s) with the sequence of the rep-
lication terminus is probably the basis of the mechanism of
replication termination.

In spite of extensive work, the molecular mechanism of ter-
mination of DNA replication still remains unclear. In efforts to
elucidate the mechanism of termination of replication, analysis
of the DNA sequences involved in replication termination and
identification of proteins that interact with the replication ter-
minus are of utmost importance.

The drug-resistance factor R6K which carries genes for am-
picillin and streptomycin resistance (1) is a model system for this
study because its replication is asymmetrically bidirectional.
The asymmetry in the bidirectional replication is manifested in
the confluence of the two moving forks of the replicating chro-
mosome at a point that is not located at 180° from the replication
origins (2, 3). The asymmetrically bidirectional replication
strongly suggested the existence of a genetically determined
terminus of replication.

In this paper we report the cloning of the replication terminus
into the vector M13mpb, its precise localization in-a 215-base-
pair DNA fragment, and analysis of its nucleotide sequence.
The nucleotide sequence of the replication terminus suggests
a mechanism of termination that probably involves interaction
of the terminus sequence of the plasmid with one or more pro-
teins specified by the host genome.

MATERIAL AND METHODS

Bacterial, Plasmid, and phage Strains. The bacterial strain
JC411 thy~ was obtained from D. Helinski and the strain 71-18,
from J. Messing (4). The plasmid vectors pBR313 and pBR322
(5) were obtained from H. Boyer through R. Curtiss III. The
single-stranded DNA phage vector M13mp5, which contains
a single HindIII site was a gift from ]J. Messing.

Chemicals, Enzymes, and Labeled Precursors. dNTPs

Sl%ma dideoxynucleotide triphosphates (P-L Biochemicals),
P]dATP (100-300 Ci/mmol; 1 Ci = 3.7 X 10'° becquerels;
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ICN), 5-bromo-4-chloroindolyl B-galactoside (Sigma) and iso-
propyl B-thiogalactoside; (Sigma) were obtained as indicated.

The restriction enzymes HindIII (6), Hpa Il (7), Alu1(8), Hinf
(9), Hae III and Hae 1I (10), and Hha (11) were purified ac-
cording to published procedures. DNA polymerase I holoen-
zyme and the Klenow fragment of Escherichia coli were pur-
chased from Boehringer Mannheim. Exonuclease III and
BamHI were purchased from New England BioLabs. T4 ligase
was purified-as described by Weiss (12).

Molecular Cloning. These experiments were conducted un-
der the P1 level of containment. The fragment H, which con-
tains the replication terminus was cloned into double-stranded
M13mp5 DNA as described by Messing (4). The recombinant
phage is called M13mp5H,.

Preparation of DNA for Sequence Determination by the
Exonuclease Method. Supercoiled RNA-free plasmid DNA was
prepared by two cycles of dye/CsCl gradient centrifugation.
The DNA was extracted with isopropanol, dialyzed, phenol ex-
tracted, and centrifuged in a 15-50% sucrose gradient as de-
scribed (13). Supercoiled plasmid DNA (5 ug) was digested with
BamH to completion in a total volume of 20 ul. Then, 3 ul of
10-fold concentrated exonuclease buffer (10 mM MgCl,/100
mM dithiothreitol/700 mM Tris, pH 7.5) was added followed
by 5 units of exonuclease III, and the mixture was digested in
sealed capillaries for 204 hr at 37°C (14). The digestions were
terminated by heating to 68°C for 10 min. Digestion with T7
exonuclease was performed similarly except that 10 units of the
exonuclease was used for 2 hr in a total reaction volume of 40
ul.

Single-Stranded M13 DNA. M13 phage from the superna-
tant of infected cultures were precipitated with 4% polyethyl-
ene glycol and purified in a CsCl gradient. Single-stranded
phage DNA was purified by phenol extraction as described by
Messing (4).

Digestion of Restriction Fragments with Exonuclease III.
Restriction fragments from approximately 300 ug of plasmid
DNA were extracted from the gels (15) and dissolved in 100 ul
of 0.01 M Tris/1 mM EDTA, pH 8.00. Aliquots (5 ul) of the
fragment solution were made to standard concentration exonu-
clease buffer (see above) and digested with 1 unit of exonu-
clease III for various periods of time, depending on the lengths
of each fragment (e.g., 50-100 nucleotides for 3-5 min at 37°C
or 200-300 nucleotides for 8-10 min at 37°C) in sealed capillary
tubes. The reactions were terminated by heating to 68°C for 10
min.

DNA Sequence Determination. Each set of reactions was
performed as described by Sanger et al. (16) with 5 ul of primer
restriction fragment and 1 ug of either exonuclease III or T7
exonuclease-treated template. In the case of M13 clones, 1 ug
of single-stranded DNA with 5 ul of primer was used. In those
cases in which it was not necessary to cleave off the primer, the
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‘F16. 1. Electron microscope analyses of replication intermediates
of recombinant DNA subclones containing various Alu I fragments
from the region of the replication terminus. The replication interme-
diates were linearized by digestion with EcoRI. The horizontal lines
represent the replication loops. ORI, origin of replication; ter or TER,
‘terminus of replication. (Top) Array of replication intermediates of the
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pll;n;)mer was also digested with exonuclease III as described
above.

Computer Analysis of the Sequence Data. The DNA se-
quence data were analyzed by using a slight modification of the
program published by ‘Staden (17, 18).

Electron Microscopy of Replication Intermediates. Cultures
of E. coli containing recombinant plasmid clones were grown
in minimal essential medium to a cell density of 2 X 10° ml.
Chloramphenicol was added to 170 ug/ml and the cultures
were aerited for 5 hr at 37°C. Replication was stopped by adding
10 mM KCN/10 mM Tris/1 mM EDTA, pH 8.00 and rapidly
cooling the culture to 0°C. The cultures were pelleted and the
plasmid DNA was.purified as described by Bastia (13). Repli-
cating intermediates were purified by ethidium bromide/CsCl
equilibrium centrifugations (2), linearized by digestion with
EcoRI in 66 mM Tris/6 mM 2-mercaptoethanol/10 mM MgCl,/

200 mM NaCl. The DNA samples were prepared for electron
microscopy as described by Bastia et al. (19).

RESULTS

Localization of the Replication Terminus. Experiments to
be reported elsewhere had localized the replication terminus
of R6K to a 2014-base-pair DNA fragment. The localization was
based on electron microscopy. of replication intermediates and
isolation of open circular replication intermediates of mini R6K
plasmids containing a discontinuity of both the plus and minus
strands of newly replicated DNA. Upon filling the gaps with
[@-32P}dNTPs and E. coli DNA polymerase I, restriction en-
zyme cleavage, gel electrophoresis, and autoradiography of the
gels revealed that the gap was located in a cluster of restriction
fragment in the region of the replication terminus.

We attempted to localize. the replication terminus more pre-
cisely within the 2014-base-pair fragment by subcloning various
subfragments of the region. The order of Alu I-generated
subfragments of the 2014-base-pair terminus region is shown
in Fig. 1 Top. The fragments (Alu673, Alu215, Alul70, etc.)
were cloned into-the Pou 11 site of the vector pBR322 by using
the blunt-end joining activity of T4 DNA ligase.

Cultures of the subclones were grown separately, and rep-
lication intermediates from each subclone were purified by
equilibrium centrifugation in dye/CsCl gradients, linearized by
digestion with EcoRI, and prepared for electron microscopy.
A random sample of replication intermediates was photo-
-graphed, traced, and plotted in increasing order of replication.
Arrays of replication intermediates of three representative sub-
clones are shown in Fig. 1. The horizontal lines represent the

replication loops. The replication intermediates of both Alu673
and Alu467 show unidirectional replication from the.fixed rep-
lication origin, and there is no evidence of a pause of the moving
fork at any region along the length of the chromosome; the rep-
lication terminates at or near-the replication origin.

In contrast to Alu673 and Alu467, the replication interme-
diates of subclone Alu215 show a sharp arrest of the replication
fork at a point approximately 500 base pairs from the replication
-origin. The point of arrest of the replication forks corresponds

subclone Alu673. The location of the various Alu I fragments is shown
in the restriction map shown at the bottom of the figure. Note the uni-
" directional replication of the-.chromoesome of Alu673 with no apparent
pause of the replication fork at any region of the chromosome. (Middle)
Replication intermediates of Alu215. Note the sharp arrest of the mov-
ing fork at the TER sequence in 90% of the molecules examined. The
results demonstrate that fragment ‘Alu215 contains the replication
terminus. (Bottom) Replication intermediates of the subclone Alu467.
Like Alu673, Alu467 does not show arrest of the replication fork.
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Fic. 2. Diagram of the procedure used to generate single strands from the region of the replication terminus. Approximately 5 ug of pWL2 DNA
(the recombinant plasmid contains HindIII fragment 2 of R6K cloned into the single HindIll site of pBR313) was digested with 5 units of BamHI
for 1 hr at 37°C. The enzyme was inactivated by heating the reaction mixture to 68°C for 5 min. The linear double-stranded DNA thus generated
was digested either with 5 units of exonuclease III or 5 units of T7 gene 6 exonuclease for 2-6 hr in exonuclease buffer in sealed 20 ul glass mi-
cropipettes. The exonuclease was inactivated by boiling the sealed micropipette in a water bath for 1 min. Then, 1 ug of exonuclease-treated DNA
was mixed with 3 ul of primer DNA fragment (which was sometimes pretreated with exonuclease III).

to the location of the 215-base-pair segment cloned at the Pou
II site of the vector.

The arrest of the replication fork at the terminus sequence
is transitory because the replication forks eventually traverse
the replication terminus and finish a round of replication at the
replication origin (Fig. 1 Middle).

This electron microscope analysis unambiguously localized
the replication terminus sequence in the 215-base-pair Alu I
fragment marked ter in Fig. 1 Top).

Strategies for DNA Sequence Analysis. We applied the
chain termination method (17) of DNA sequence analysis to the
2014-base-pair region of DNA about the replication terminus
of R6K. One essential prerequisite for this method is the avail-
ability of single-stranded DNA: templates. We obtained single-
stranded DNA templates by two procedures: (i) cloning and
replication terminus into M13mp5, the single-stranded DNA
phage vector (4), and (ii) digestion of linear pWL2 (a recombi-
nant clone containing the replication terminus of R6K cloned
into the HindIII site of the plasmid pBR313) DNA with either
exonuclease III (6) or the gene 6-specified exonuclease of phage
T7 (12).

Curiously, cloning into the M13mp5 vector always yielded
the insertion of the replication terminus into the vector DNA
in only one orientation. Therefore, only one of the two strands
of the replication terminus region could be obtained by this
procedure. Barnes (20) has described the use of M13 clones for
analysis of nucleotide sequence by the dideoxy method (17).
Although the M13 terminus clones yielded minicircles of var-
ious sizes, sequence analysis demonstrated that the deletions
were always outside the region of the replication terminus.

We obtained confirmatory sequence data by digesting the
plasmid pWL2 with BamHI (Fig. 2) and separately digesting

the linear double-stranded DNA with either exonuclease III or
the gene 6 exonuclease of T7 (21). The best results were ob-
tained by using single-stranded tails generated by T7 exonu-
clease as the template in the sequence reactions. The exonu-
clease IIl-generated templates sometimes yielded sequence
gels with extra bands, presumably because some commercial
samples of exonuclease III were contaminated with trace
amounts of endonuclease.

A representative autoradiogram of a DNA sequence gel is
shown in Fig. 3.

The sequence of the 2I5-base-pair region about the repli-
cation terminus is shown in Fig. 4. This region corresponds to
the terminus region contained in the subclone Alu215.

Two features of the 215-base-pair terminus sequence are
worth pointing out. The terminus region does not contain any
2-fold rotational symmetries. Therefore, the terminus is devoid
of potential secondary structure. The other feature of the ter-
minus sequence is the absence of a long open reading frame
consisting of an initiator AUG or GUG codon and a ribosome
binding site. For example, although AUG and GUG triplets are
present at positions 702, 707, 732, and 766 of the strand shown
in Fig. 4 and at positions 835, 823, 765, 753, and 734 in the
complementary strand, one encounters chain-terminating trip~
lets within 150 residues by reading from each of these initiating
triplets. Also, the initiating triplets are not preceded by poten-
tial ribosome binding sequence. Therefore, the 215-base-pair
terminus sequence is unlikely to code for a protein.

DISCUSSION

The results described in this paper shed light on a poorly under-
stood step of DNA replication—the termination of replication—
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Fic. 3. Representative autoradiograms of DNA sequence gels. The
template used in these two examples was single-stranded M13mp5H2
DNA.

by revealing the molecular anatomy of a sequence specific rep-
lication terminus.

The sequence-specific replication terminus of the plasmid
R6K was unambiguously localized, by subcloning and electron
microscopy, to the 215-base-pair Alu I fragment. Electron mi-
croscope analysis of recombinant DNA clones containing the
215-base-pair terminus sequence revealed that the terminus
functions by transiently arresting the progression.of a replica-
tion fork at or near the terminus sequence.

680 690 700
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We have considered three hypotheses to explain the molec-
ular mechanism of the termination of DNA replication.

(i) The terminus sequence sterically hinders the progression
of replication forks because of its potential secondary structure.

(i) The terminus sequence reversibly destabilizes one or
more components of the replisome.

(iif) The terminus sequence has specific affinity for a protein
which is normally not a constituent of the replisome and effects
termination by binding to the terminus sequence.

The sequence analysis reported in this paper shows that the
terminus does not contain any 2-fold rotational symmetry and
therefore localized folding of the DNA at the region of the ter-
}nir]:us is not a likely explanation for the arrest of the replication

ork.

Further work is necessary to determine whether protein-DNA
interaction causes termination of replication, to identify pro-
tein(s) having specific affinity for the terminus sequence, and
to determine whether the terminus-binding protein is a part of
the replisome.

The nucleotide sequence of the terminus reveals that the 215-
base-pair sequence does not contain a significant open reading
frame and therefore is unlikely to code for a protein. Further
evidence that the terminus does not have a trans-acting function
comes from in vitro DNA replication experiments (unpublished
data) demonstrating that cell extracts of E. coli strains which do
not harbor a resident terminus-sequence-containing .plasmid
are competent to effect termination of DNA replication in vitro
at the specific replication terminus.

Although attempts to find specific termini of replication in
simian virus 40 and A (early stage of replication) have been un-
successful (22, 23), the chromosome of E. coli has been un-
ambiguously shown to contain a specific replication terminus
located between the rac and man loci, in a genetically silent
region (24, 25).
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