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ABSTRACT The structures of molecules of colicin El
plasmid DNA that were in the process of being replicated
in vitro were examined electron microscopically. Circular
molecules containing a loop of approximately 7% of the
length of the molecules were the major class of replicat-
ing molecules. The location of the loop was determined
by treating the molecules with restriction endonuclease
EcoRl, which introduced one unique double-strand break
in the colicin El plasmid DNA molecule. The loops had a
specific location with two branch points at approximately
17 and 24% of the molecular length from the endonuclease-
sensitive site. Molecules with a larger loop were observed
with a preparation labeled with 5-bromodeoxyuridine and
enriched for these molecules. One of the branch points
in these molecules was located at approximately 17% of the
molecular length from the endonuclease-sensitive site in-
dependent of the size of the loops. These results indicate
that the origin of replication of the plasmid DNA is located
within the small loop and the replication proceeds unidi-
rectionally. The molecules that had completed a round of
replication had the monomeric twisted circular structure.

A soluble system that is capable of replicating colicin El
plasmid (Col El) DNA was described in a previous paper (1).
In this system, the closed-circular Col El DNA molecules in
cell extracts prepared from Escherichia coli carrying Col El
can initiate semiconservative replication. The major products
of Col El DNA synthesis are completely replicated molecules
and a class of replicative intermediates carrying DNA frag-
ments with an average length of approximately 7% of Col
El DNA (1). The molecules carrying small DNA fragments
are selectively synthesized in the presence ol" 10% (v/v)
glycerol and 2mM spermidine (2).
The structures of early replicative intermediates, as well as

the molecules replicated more extensively, were examined
electron microscopically. A necessary internal marker for
locating the replication loop in each molecule is provided by
treatment of the DNA with restriction endonuclease EcoRl
(3), which was found to introduce one unique double-strand
break in the Col El DNA molecule. The endonuclease has
been used to show bidirectional replication from a fixed origin
in simian virus 40 DNA (4).

MATERIALS AND METHODS

Mlaterials. Most of the materials used have been described
in the previous papers (1, 2). Restriction endonuclease EcoRl

was supplied by Drs. D. Nathans and T. J. Kelley, Jr. Cyto-
chrome c was obtained from Calbiochem.

Preparation of Replicative Intermediates and Completely
Replicated Molecules. Cell extracts prepared by lysis of E. coli
YS10 (Col El) (1) were incubated for 60 min in the standard
reaction mixture with [a-32P]dTTP in the presence or absence
of 10% (v/v) glycerol and 2 mM spermidine (2). DNA was
extracted and purified by CsCl density gradient centrifugation.
The DNA, which formed a single band, was dialyzed against
0.1 M Tris * HCl (pH 8.0)-l mM EDTA. With these prepara-
tions, structures of early replicative intermediates were ex-
amined.
To study structures of DNA molecules that had replicated

more extensively or completed a round of replication, a DNA
preparation that was labeled with 5-bromodeoxyuridine
(BrdU) was fractionated by CsCl density gradient centrifuga-
tion. The fractions halfway between light DNA and the half-
heavy DNA (fractions 26-28 of Fig. 5a, ref. 2) were used after
dialysis for examination of molecules replicated to variable
extents; the fraction containing half-heavy DNA (fraction 24
of Fig. 5a, ref. 2) was used for examination of completely
replicated molecules.

Enzyme Treatments. Closed-circular Col El DNA molecules
were converted to open circular structures by treatment with
pancreatic DNase I. The reaction mixture (20 ul) contained
approximately 20 ng of DNA, 100 pg of DNase I, 0.1 M
Tris*HCl (pH 8.0), 5 mM MgCl2, and 0.5 mM EDTA. The
mixture was incubated at 300 for 10 min before addition of
0.2 M EDTA to 10 mMI to terminate the reaction.

Circular Col El DNA molecules were converted to linear
structures by treatment with restriction endonuclease EcoRl.
The reaction mixture (20 Ml) contained approximately 20 ng of
DNA, an appropriate amount of endonuclease EcoRl, 50
mM Tris HCl (pH 7.5), 50 mM NaCl, and 6 mM MgCl2.
One microliter of an enzyme solution was added to the reaction
mixture, which was incubated at 370 for 60 min before addi-
tion of 0.2 M EDTA to 10 mM. The concentration of enzyme
that was sufficient to introduce a double-strand break in more
than 95% of the molecules had been previously determined by
measuring the rate of conversion of 32P-labeled closed-circular
Col El DNA to linear molecules.

Electron Microscopic Observation. The basic protein film
technique (5) and its modification with formamide (6, 7) were

used. The solution of DNA in 2 'M ammonium acetate, 0.1
M Tris- HCl (pH 8.5), 10 mM EDTA, and 40 ,ug/ml of cyto-
chrome c was spread over the surface of 10 mM TriseHCl
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FIG. 1. Electron micrographs of Col El DNA molecules treated with enzymes. Col El DNA from a chioramphenicol-treated culture of
E. coli A745(Col El) (1) was treated with restriction endonuclease EcoRl (a) or DNase I (b). The scale represents 0.5 jim.

(pH 8.5) and 1 mM EDTA. Samples were picked up on copper
grids coated with nitrocellulose film. In the formamide tech-
nique, the solution of DNA in 0.1 M Tris HCl (pH 8.5), 10
mM EDTA, 50% (v/v) formamide, and 40 ;ug/ml of cyto-
chrome c was spread over the surface of the solution of 10
mM Trise HCl (pH 8.5), 1 mM EDTA, and 17% (v/v) form-
amide. With the exception of Fig. 9, the formamide technique
was used throughout. The' samples stained with uranyl
acetate and shadowed with platinum-palladium were observed
with a Hitachi HU12 or Philips 200 electron microscope.
Length of the molecules was measured on 10- to 20-fold en-
larged images. Circular single- and double-stranded DNAs of
phage 4X174 were added to the DNA samples as the internal
references. The length measurements were further calibrated
with a carbon grating replica.

RESULTS

A Single Cleavage of Col El DNA by Restriction Endo-
nuclease EcoRi. Considering the number of nucleotides con-
stituting the specific base sequence of the endonuclease-sensi-
tive site (8, 9) and the actual frequency of occurrence of the
sensitive sites in various DNA species (8), it would be reason-
able to expect that few, if any, sensitive sites would exist in a
Col El DNA molecule. By treatment with the enzyme, 32p_
labeled, closed-circular Col El DNA molecules were converted
to molecules with a sedimentation rate indistinguishable from
that of linear molecules of a unit length in sucrose gradient
centrifugation (data not shown). Electron micrographs of
molecules treated with either restriction endonuclease EcoRl

or DNase I are presented in Fig. 1. The mean length of 50
linear molecules produced by treatment with restriction endo-
nuclease EcoRl was 2.01 i 0.10 1im, and the mean contour
length of 50 open-circular molecules formed by treatment with
DNase I was 2.04 + 0.07 Jim. Less than 2% of endonuclease
EcoRl-treated molecules were distinctly shorter than the
mean length and excluded in the sampling. Otherwise, the
molecules for the length measurement were selected randomly.
The result indicates that endonuclease EcoRl introduces one
or multiple cleavages in a Col El DNA molecule within a very
short segment. The multiple cleavages are unlikely in view of
the specificity of the sensitive site.

Structure of Early Replicative Intermediates. When a DNA
sample obtained from a reaction mixture incubated in the
presence of glycerol and spermidine was examined, most Col
El DNA molecules showed twisted circular structures. Among
them molecules with a small loop were observed. These mole-
cules were converted to open-circular structures to facilitate
examination of the loops. Approximately 30% of the molecules
in the sample contain a small loop. The loops were hetero-
geneous with respect to size and strandedness. Electron micro-
graphs of loops of different types are presented in Fig. 2.
Among 121 molecules with a loop that were randomly selected,
67 loops had two double-stranded branches and 40 loops had
one each of single- and double-stranded branches. Identifica-
tion of the strandedness of the branches of the rest of the
molecules was ambiguous. Most double-stranded branches
were double-stranded from one end to the other, but some had
thin regions at one or both ends.

Al

FIG. 2. Electron micrographs of representatives of small loops. A DNA sample from a standard reaction mixture that had been incu-
bated for 60 min in the presence of glycerol and spermidine was examined after treatment with D)Nase I. The symbol, s or d, shows a

single- or doulble-stranded region, respectively. The scale represents 0}.1,4m.
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FIG. 3. Histogram showing distribution of the fractional
length of loops carried by 121 molecules in a sample described in
the legend to Fig. 2. For a loop with two double-stranded
branches, the mean length of these branches is taken as the length
of the loop. For a loop with one each of single- and double-
stranded branches, the length of the double-stranded branch is
used as the length of the loop. The total length of a molecule is the
sum of the length of a loop and that of the unreplicated region.
The mean total length of these molecules was 2.12 4 0.14 Mm.

A histogram of the distribution of the fractional length of
the loops in 121 randomly selected molecules is presented in
Fig. 3. The mean length of 114 loops that were shorter than
10% of the total length was 6.6 4+ 1.7% (0.14 ± 0.04 M&m).
While the lengths of the loops were relatively uniform, they
were distinctly heterogeneous.

In a sample of DNA obtained from the reaction mixture
incubated without glycerol or spermidine, several percent of

FIG. 4. Electron micrographs of Col El DNA molecules with
a small loop after treatment with restriction endonuclease EcoRl.
The same' DNA sample described in the legend to Fig. 2 was
treated with endonuclease EcoRl instead of DNase I. The scale
represents 0.5,um.

the molecules contained loops. Among 34 molecules examined,
16 had two double-stranded branches and 10 had one single-
and one double-stranded branch. Identification of stranded-
ness of 8 loops was ambiguous. The mean length of the loops
was 7.4 4 1.0% (0.15 i 0.02 Mm).

In a DNA sample that was prepared from an unincubated
cell extract and treated with DNase I, most molecules had
the open-circular structure and no molecules with a loop or a
branch were found among more than 1000 molecules in the
micrographs.

Location of Small Loops in Early Replicative Intermediates.
When a DNA sample from a reaction mixture incubated in the
presence of glycerol and spermidine was examined after treat-
ment with restriction endonuclease EcoRl, linear molecules
with a loop were observed. Electron micrographs of some of
these molecules are presented in Fig. 4. Forty molecules were
randomly selected and the lengths of the loops and the two
linear unreplicated regions were measured. Fig. 5 shows the
line diagram of these molecules normalized to a scale of 100
units and aligned on the assumption that the shorter unrepli-
cated regions are derived from a common region of the mole-
cule. The external end of a shorter unreplicated region will be
referred to as the left end of the molecule. The left branch
points of the loops were located at 16.8 ± 1.7% (0.35 i 0.04
Mm) of the total length from the left end of the molecule. The
position of the right branch points of the loops varied more
widely, giving a value of 24.8 ± 3.2% (0.51 i 0.07 Mum).
The mean length and its standard deviation for shorter un-
replicated regions adjacent to loops with a single-stranded
branch and those for the regions adjacent to loops with only
double-stranded branches were not significantly different.
A DNA sample from a reaction mixture incubated in the

absence of glycerol or spermidine was similarly treated with

0 40 60
LOCATION OF LOOP
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FIG. 5. Line diagram showing the location of small loops
(thick lines) in the molecules treated with endonuclease EcoRl.
The molecules observed in the sample described in the legend
to Fig. 4 were examined. The principle of alignment of the
molecules is described in the text. The mean total length of these
molecules was 2.06 i 0.10 Am.
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FIG. 6. Electron micrographs of DNase I-treated molecules that had replicated extensively. The scale represents 0.5 Mm.

restriction endonuclease EcoRl and examined. The left and
the right branch points in 34 molecules with a loop were lo-
cated at 16.6 4 2.7% (0.35 ± 0.06 Am) and 24.1 i 3.0%
(0.50 + 0.06 Am), respectively.

Structures of More Extensively Replicated Molecules. When
an in vitro BrdU-labeled preparation in which replicating
molecules were enriched was examined, circular molecules
containing a loop with structures similar to those described
for replicating Col El DNA in vivo (10-12) were observed.
The preparation was treated with DNase I or endonuclease
EcoRl for further examination. Among 120 enzyme-treated
replicating molecules, 40 had loops shorter than 10% of the
total length. They are the class of molecules described before.
The rest of the molecules had a loop of various sizes. Only two
longer loops had a single-stranded branch in contrast to the
shorter loops of which more than 30% had a single-stranded
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branch. Electron micrographs of extensively replicated mole-
cules treated with DNase I are presented in Fig. 6.

Molecules with branches were searched for with the DNA
sample treated with endonuclease EcoRl. While about 100
linear molecules with loops were obserived, no molecules in
which the cleavage site had been replicated were detected.
Electron micrographs of replicating molecules treated with
EcoRi are presented in Fig. 7. With replicating molecules
treated with the endonuclease, the lengths of the branches of
the loops as well as those of unreplicated regions of the mole-
cules were measured. The length of the shorter unreplicated
region was 16.5 4 1.8% (0.34 i 0.04 Am) of the total length
independent of the extent of replication (Fig. 8). This result
indicates that extensive replication proceeds only to the right
of the loops.

Structure of Molecules That Had, Completed a Round of
Replication. The BrdU-labeled DNA molecules at the half-
heavy peak showed the typical twisted structures when ex-
amined by electron microscopy (Fig.'9). The structure of the
molecules treated with DNase I was indistinguishable from
that of open-circular monomeric molecules. The result shows
that upon completion of replication most of the molecules
return to the monomeric twisted-circular structure from
which the Col El DNA molecules start to replicate (1).
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FIG. 7. Electron micrographs of molecules treated with

endonuclease EcoRl that had replicated to different extents.
The scale represents 0.5 Am.

FIG. 8. Relation between the length of shorter unreplicated
regions of replicating molecules treated with endonuclease EcoRl
and the extents of replication. The length of various regions of 96
endonuplease EcoRl-treated molecules that had replicated to
variable extents were measured. For the molecule showing the
most replication, the length of the longer unreplicated region is
arbitrarily plotted. The length of the shorter unreplicated region
was 9.1%. The mean length of the molecules was 2.08 i 0.13 um.

Proc. Nat. Acad. Sci. USA 71 (1974)
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FIG. 9. Electron micrograph of Col El DNA molecules that
had completed a round of replication. The scale represents 0.5

1Am.

DISCUSSION

Col El D)NA molecules observed with a DNA prel)aration
from an unincubated cell extract had circular structures with
neither loop nor branch, indicating infrequent presence of
replicating molecules in cells from which the extract was made
and/or inefficient extraction of replicating molecules during
preparation of the extract. Molecules with a loop were found
only in extracts incubated in the reaction mixtures. Incubation
in the presence of glycerol and spermidine, which is known to

stimulate the synthesis of early replicative intermediates (2),
stimulated the synthesis of molecules with a small loop. In
addition, the average length of the loops corresponded to
that of DNA fragments carried by the replicative intermedi-
ates (1, 2). These results indicate that small loops are formed,
in vitro, on circular molecules and that the molecules with a

small loop represent the early replicative intermediates that
were found by previous biochemical experiments (1, 2).
The study of the position of the loops in early replicative

intermediates treated with restriction endonuclease EcoRl
shows that the loops are located in a unique region of the
molecule. The value of coefficient of variation (standard de-
viation divided by mean) for the measured length of the
shorter unreplicated regions is significantly larger than the
value for linear whole molecules. This may be due to signifi-
cant errors arising in the assignment of the ends of molecules
or segments. The left branch points, therefore, appear to be
located at a physically fixed point in the molecule. The differ-
ence of the position of the right branch points results from
the variation of the length of shorter unreplicated regions
and the difference of the length of loops. Given that these
molecules are early replicative intermediates, the origin of
DNA replication must thus be within the loop in a fixed region
and no efficient secondary origin of replication can exist.
The presence of early replicative intermediates that are

different in size and in strandedness seems to show the pres-
ence of more than one slow step in early replication or one
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slow key reaction that affects various steps. The similarity
of constituents of early replicative intermediates formed in
the presence and in the absence of glycerol or spermidine sug-
gests the presence of a slow key reaction that is sensitive to
these chemicals. The fact that more extensively replicated
molecules did not accumulate in the reaction mixture indi-
cates that the further replication of early replicative inter-
mediates, once started, proceeds much faster than early repli-
cation.

Circular molecules that contained a larger loop were ob-
served with a preparation in which these molecules were en-
riched. Branches of these longer loops were almost always
dlouble-strallde(l in contrast to the high incidence of single-
stranded branches in smaller loops. In replication of mito-
chondrial DNA, small loops with a single-stranded branch (13)
continue to expand by displacement-synthesis (7).
The location of loops in the molecules replicated to variable

extents (Fig. 8) indicates that extensive replication l)roceecls,
without exception, to the right of the loops.
Complementary (lata on Col El DNA rel)licate(l in vivo are

l)reselite(l in the accompanying paper (14). The excelleiit
agreement between the origin and (lirection of replication of
Col El DNA in vitro and those in vivo provides additional
evidence that C(ol El DNA replicates in vitro as it does in vivo.
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