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ABSTRACT The average size and base composition
of the covalently integrated RNA segment in supercoiled
ColE, DNA synthesized in Escherichia coli in the presence
of chloramphenicol (CM-ColE, DNA) have been deter-
mined by two independent methods. The two approaches
yielded similar results, indicating that the RNA segment
in CM-ColE, DNA contains GMP at the 5' end and com-
prises on the average 25 to 26 ribonucleotides with a base
composition of 10-11 G, 3 A, 56 C, and 6-7 U.

Evidence has been obtained for a direct role of RNA in the
initiation of replication of the DNA of the bacteriophages X
(1), M13 (2-4), 4OX174 (5), T4 (6, 7), and T7 (8), the Esche-
richia coli chromosome (9, 10), the plasmids ColE1 (11, 12),
F1 (13), and plasmid 15 (14) of E. coli, and a plasmid of
Salmonella pullorum (15). In the in vitro conversion of M13
and OX174 single-stranded phage DNA to the double-
stranded RFII form, it has been demonstrated that RNA
serves a primer role and is covalently joined to the newly
synthesized DNA strand (3, 16). A similar role for RNA in
the initiation of synthesis of covalently closed, circular ColE
DNA was proposed to explain the finding of a substantial
level of RNA-containing supercoiled ColE1 DNA molecules
in E. coli cells synthesizing this plasmid DNA in the presence
of chloramphenicol (17),. The majority of molecules possess
the RNA at a single site in one of the two complementary
DNA strands; the RNA occurs with equal probability in
either of the two complementary strands (17). The generation
of these alkali- and RNase-sensitive ColE1 molecules in the
presence of chloramphenicol (CM-ColE, DNA) depends
upon ColE1 DNA synthesis (17) and is prevented by rifam-
picin, an inhibitor of RNA polymerase (11, 12). It was pro-
posed that RNA serves normally as a primer for the initiation
of ColE, DNA synthesis and that inhibition of protein syn-
thesis by chloramphenicol interferes with the removal of the
priming RNA, resulting in its adventitious covalent integra-
tion into supercoiled DNA (17).

In this communication the average size and overall base
composition of the RNA in the CM-ColE, DNA molecules is
determined by analysis of the products of digestion of the
RNA segment and by analysis of the products of the repair
synthesis of the single-strand gap produced by RNase diges-
tion of the CM-ColEi DNA.

MATERIALS AND METHODS

Bacterial Strain and Growth Medium. The E. coli K-12
strain JC411 Thy-(ColE,) used in these experiments has been

described previously (18). The low-phosphate medium (19)
used to grow the bacteria contained 1.5 g of KCI, 5.0 g of
NaCl, 1.0 g of NH4Cl, 12.1 g of Tris (base), 246 mg of MgSO4,
27 mg of KH2PO4, 2 g of glucose, 2 ing of thymine, and 4 g of
phosphate-free bactopeptone per liter at pH 7.4.

Growth of Cells and Labeling of DNA. Cells were grown at
370 with aeration by shaking from a 2% inoculum of an over-
night culture in the same medium. For 82P-labeling of normal
supercoiled ColE, DNA, carrier-free H3,2PO4 was added to
400- to 600-ml cultures at levels of 25-40 uCi/ml at the time
of inoculation. Chloramphenicol-generated supercoiled ColE,
DNA was labeled by adding either H3,P04 (40-60 ;kCi/ml)
or ['H]thymine (3 pCi/ml) immediately upon, or 2-2.5 hr
after, addition of solid chloramphenicol at concentrations
between 150 and 300 Ag/ml to growing cultures at a cell
density of 3 X 10' cells per ml. Cells were harvested about
18 hr after the addition of chloramphenicol.

Purification of Supercoiled ColE, DNA. Cleared lysates
were prepared as previously described (20) and subjected to
ethidium bromide-cesium chloride buoyant density centrif-
ugation (21) to give a discrete band of supercoiled DNA
(22). Two or three successive bandings in dye-buoyant den-
sity gradients were necessary to remove virtually all of the
labeled RNA in the case of 32P-labeled cultures. Ethidium
bromide was extracted with cold CsCl-saturated isopropanol,
and the CsCl was removed by dialysis against TESP [50
mM Tris1HC1 (pH 8)-5mM EDTA-50mM NaCl-50 mM K2-
HPO4]. The supercoiled ColE, DNA was then sedimented
through neutral sucrose density gradients, either 5-20% in a
Spinco SW 50.1 rotor at 45,000 rpm for 160 min at 15°, or
15-50% in a Spinco SW 27 rotor at 25,000 rpm for 17 hr at
4°. Sucrose gradients contained 50 mM Tris HCl (pH 8)-
0.55 M NaCl-5 mM EDTA. The DNA was finally recovered
from the sucrose gradient fractions by precipitation at - 180
with two volumes of ethanol after addition of 0.3 N sodium
acetate and 50 ,g/ml of carrier tRNA.

Analysis of Alkali- and RNase-Sensitive ColEi DNA. In-
cubation of purified DNA samples at pH 13 or with RNase
A and analysis of this treated DNA on neutral 5-20% sucrose
gradients were performed as described by Blair et al. (17).

Determination of Release of Ethanol-Soluble Radioactivity by
Alkaline and RNase Digestion. Purified 2P-labeled normal or

CM-ColEi DNA was redissolved in TES [50 mM Tris . HCl
(pH 8)-5 mM EDTA-50 mM NaCl after precipitation with
ethanol. For alkaline digestion, 100 ,ul of ColE, DNA (3 to 4
X 105 "2P cpm) in TES were added to 100 Mul of 0.6 N KOH
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and incubated at 37° for 22-24 hr. As a control an equal
amount of DNA was diluted with TES and incubated sim-
ilarly. For RNase treatment, MgC12 (final concentration 20
mM) and 5 Al of RNase H solution were added to 100 Al of
DNA (3 to 4 X 105 32p cpm) in TES; after incubation at 370
for 1 hr the reaction was terminated by the addition of Pro-
nase at 2 mg/ml in TES. Incubation was continued overnight
at room temperature. The DNA was then irreversibly de-
natured by raising the pH to 13 with 0.2 M KH2PO4-1.0 N
NaOH and immediately neutralizing with 1 N HCL. RNase
A (pretreated by incubation at 100° for 5 min) was added at
about 3 mg/mi and incubation continued at 370 for 5 hr,
followed by the addition of Pronase at 2 mg/ml for a further
30 min at 37°. At the end of the digestion reactions, sodium
acetate and tRNA (final concentrations of 0.3 M and 50
Mug/ml, respectively) were added to the 200-,A1 reaction mix-
tures, followed by the addition of 400 Ml of cold ethanol. After
storage at -18° overnight, the DNA precipitates were pel-
leted by centrifugation at 16,300 X g for 20 min in a Sorvall
HB4 swinging-bucket rotor. Radioactivity in supernatants
and precipitates was counted in 10 ml of Triton scintillation
fluid [1 liter of toluene, 600 ml of Triton X-100, 168 ml of
water, and 3.5 g of 2,5-diphenyloxazole (PPO) ].

Electrophoretic Separation of Products of Alkaline Digestion.
Purified 32P-labeled CM-ColE1 DNA was redissolved after
ethanol precipitation in 20 ,l of 0.3 N KOH and incubated in
a sealed glass capillary tube for 18 hr at 37°. Samples of 32p_
labeled tRNA were similarly treated to monitor the complete
hydrolysis of RNA to monoribonucleotides. Digests were
fractionated by high voltage electrophoresis at pH 3.5 on
DEAE-cellulose paper (Whatman DE81), as described by
Sanger and Brownlee (23).

Preparation of RNase-Gapped DNA. Purified 'H-labeled
CM-ColE1 DNA was incubated for 60 min at 370 in a 500-
Ml reaction mixture containing 30 M&g of ColE1 DNA, 30 Mig of
RNase H, 33 mM Tris HCl (pH 7.5), 2 mM EDTA, 11 mM
MgCl2, and 5% glycerol (v/v). The reaction was terminated
by the addition of 12.5 mM EDTA. To the reaction mixture
were added 400 ,g/ml of RNase A and incubated at 370 for
90 min, followed by the addition of more RNase A at a con-
centration of 600 Mg/ml and further incubation for 90 min.
Treatment was terminated by incubation for 30 min at 37°
with 2.5 mg/ml of Pronase and the reaction mixtures were
run to equilibrium in ethidium bromide-cesium chloride
buoyant density gradients to-separate RNase-resistant super-
coils from RNase-nicked molecules.

Incorporation of Single 32P-labeled Deoxyribonucleotides into
RNase-Gapped ColE1 DNA. Twenty-five-microliter reaction
mixtures contained about 50 ng of Rous sarcoma virus (RSV)
DNA polymerase, 50-200 ng of ColE1 DNA, 0.5 to 2.5 X 106
cpm of a single [a-"2P]deoxyribonucleoside triphosphate at 2-4
MM, and the other three unlabeled deoxyribonucleoside tri-
phosphates at 10 MM each, 100 mM Tris-HCl (pH 7.5), 10
mM MgCl2, and 2% mercaptoethanol. Incubation was at 370
for 60 min, and the reaction was terminated by addition of 100
Ml of cold 0.1 M sodium pyrophosphate. Five microgram of
T7 DNA was added to each reaction mixture as carrier and
cold perchloric acid was added to a final concentration of 6%.
The mixtures were decanted onto 24-mm diameter glass
fiber filters and the liquid was removed by vacuum aspira-

TABLE 1. Release of nucleotides by alkaline and RNase
digestion of CM-ColE1 DNA*

Ethanol-
Ethanol-soluble

precipitable radioactivity
radioactivity, % of total

Treatment 105 cpm cpm plasmid DNA

Normal ColE, DNA
Control 4.26 49 0.011
Alkali 4.26 47 0.011
RNase 4.23 44 0.010

CM-ColE1 DNA
Control 4.41 39 0.009
Alkali 4.48 420 0.096
RNase 4.41 343 0.079

* In this preparation of supercoiled CM-ColE, DNA approxi-
mately 35% of the molecules contained RNA, as indicated by the
conversion of this proportion of molecules to the open-circular
DNA form upon treatment with RNase or alkali. Conditions of
alkali or RNase treatment are given in Materials and Methods.

perchloric acid, 20 ml of 2 N HC1, and 20 ml of 95% ethanol,
and dried. Radioactivity was determined in Omnitol (4 g of
Omnifluor per liter of toluene).

Total Incorporation of 32P-Labeled Deoxyribonucleotides into
RNase-Gapped ColEi DNA. Reactions were performed as
described above except that all four a-32P-labeled deoxyribo-
nucleoside triphosphates were present and the total reaction
volume was 50 Al. The reaction mixtures were dialyzed over-
night at room temperature against 50 mM Tris HCl (pH
7.5)-300 mM sodium acetate and the DNA was precipitated
with ethanol and redissolved in water.

Complete Digestion of DNA and Analysis of Products. Five-
microliter portions of solutions of DNA containing 5 to 15 X
101 32p cpm from the incorporation of all four labeled de-
oxyribonucleotides were dried under vacuum on polyethylene
and redissolved in 10 Ml of 20 mM Tris -HCl (pH 7.5)-10
mM MgCl2. Ten microliters of 1.6 mg/ml of pancreatic DNase
I were added and the mixtures were incubated in capillary
tubes at 370 for 3 hr. The reaction mixtures were again dried
under vacuum, redissolved in 20 Al of 0.2 mg/ml of snake
venom phosphodiesterase in 20mM Tris * HCI-10 mM MgC12-
10 mM ATP (pH 7.5) and incubated for 1 hr at 37°. The
reaction mixtures were subjected to electrophoresis as de-
scribed by Boyer et al. (24).

Ligase Treatment. E. coli ligase at a final concentration of
50 units/A.l was added to 5 ,A of a solution of DNA (5 to 15
X 103 82p cpm) in which all four labeled deoxyribonucleoside
monophosphates were incorporated. The total reaction vol-
ume of 100 Al also contained 0.3 M Tris HCl (pH 7.5), 5 mM
MgCl2, 1 mM EDTA, 32 MM NAD, 50 Mg/ml of BSA, and
10 mM (NH4)2SO4. Incubation was for 2 hr at 370 and the
reaction was terminated by incubation with 2 mg/ml of
Pronase for 30 min at 37°.

Reagents and Enzymes. [Methyl-3H]thymine (40-60 Ci/
mmol) and carrier-free H332PO4 in HCl were obtained from
New England Nuclear Corp., Boston, Mass., [a-32P]deoxyri-

tion. Filters were washed with about 100 ml of cold3.5%hbonucleoside-Y-triphosphates were from International Chem-
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FIG. 1. Ligase sealing of RNase-gapped CM-ColEi DNA after
incorporation of [a-32P]deoxyribonucleotides. Samples of DNA
(a) before ligase treatment, (b) after ligase treatment, and (c)
after ligase treatment and incubation of the DNA for 16 hr at
room temperature at pH 13, were analyzed on alkaline (0.3 N
NaOH) 5-20% sucrose density gradients. Centrifugation was

carried out in a Spinco SW 50.1 rotor at 45,000 rpm for 100 min
at 4°. Alkali-nicked, 3H-labeled CM-ColE1 DNA (17) was added
to each sample as a marker. The level of 3H in the RNase-gapped
DNA was insignificant. Ten-drop fractions were collected from the
bottom of the gradients directly in Triton scintillation fluid.

ical and Nuclear Corp., Irvine, Calif. (specific activities
were: dCTP, 22.5 Ci/mmol; dATP, 19.5 Ci/mmol; dGTP,

TABLE 2. Electrophoretic separation of the products
of alkaline digestion of CM-ColE, DNA

No. of
ribonu-

% of cleotides
total per RNase-
radio- sensitive

Digestion products* 32P cpm activityt molecule

2'(3')-GMP 493.3 0.086 10.9
2'(3')-AMP 136.2 0.023 2.9
2'(3')-CMP 260.6 0.045 5.7
2'(3')-UMP 290.6 0.051 6.5
Pi 239.3 0.042 -

Total
monophosphates 1180.7 0.206 26.0

* Products were identified as described in Materials and
Methods.

t 1.8 X 106 cpm of alkali-digested 32P-labeled CM-ColE1
DNA were applied to the DEAE-cellulose paper. Values rep-
resent percentage of total radioactivity in the RNase-sensitive
fraction (32%) of CM-ColEj DNA molecules. The DNA
preparation employed was different from that used in Table 1.

14.5 Ci/mmol; and dTTP, 9.5 Ci/mmol), unlabeled deoxy-
ribonucleoside triphosphates were from Sigma, St. Louis,
Mo., and ribonuclease A (beef pancreas, 3000 units/mg; code
RASE), deoxyribonuclease I (bovine pancreas, 2000 units/
mg; code DPFF) and venom phosphodiesterase I (potency
0.3; code VPH) were all from Worthington Biochemical
Corp., Freehold, N.J. The RNase H used in this work was

the generous gift of Dr. Walter Keller; the enzyme prepara-

tion (50 mg of protein per ml) was purified from KB cells.
Two preparations of Rous sarcoma virus DNA polymerase
(10 fsg of protein per ml), purified as described by Faras
et al. (25), were generously supplied by Drs. Tony Faras
and John Bishop. The specific activity of each preparation
was 0.1 units/mg. E. coli ligase was kindly provided by Drs.
Paul Modrich and Robert Lehman.

RESULTS

The Size of the RNA Segment. As a first step in the char-
acterization of RNA-containing supercoiled ColE1 DNA, the
size of the RNA segment was estimated by quantitation of
the ethanol-soluble radioactivity released by exhaustive
alkaline and RNase digestions of CM-ColE1 DNA. Table 1
shows data from an experiment in which 35% of the super-

coiled CM-ColE1 DNA molecules were sensitive to nicking
by alkali or RNase A. Only about 0.01% of the total radio-
activity remained in the supernatant after ethanol precipita-
tion when normal ColE1 DNA had been incubated at pH 13
or at pH 8 in the presence of RNase H plus RNase A. Since
the ColE1 DNA molecule comprises approximately 12,700
deoxyribonucleotides, 0.01% of the total radioactivity repre-
sents about one nucleotide per molecule. When CM-ColE1
DNA was incubated at pH 8, the same 0.01% background
level was observed in the supernatant after precipitation.
However, incubation in alkali or RNase treatment produced
about a 10-fold increase in ethanol-soluble radioactivity.

TABLE 3. Incorporation of deoxyribonucleotides into
RNase-treated CM-ColE1 DNA: Use of a single
labeled deoxyribonucleotide plus three unlabeled

deoxyribonucleotides*

pmol of [32P]dNMP incorporated per
Poly- pmol of RNase-sensitive CM-ColE1 DNA

Exp. merase
No. prep. t dGMP dAMP dCMP dTMP

1 A 11.5 3.2 6.6 5.1
2 A 8.9 3.0 4.4 6.5
3 A 4.7

B - 5.8 -
4 B 10.0 - 6.2
5 B 8.9 3.1 5.7 6.4

Average 9.8 4 1.1 3.1 4t 0.1 5.5 ± 0.3 6.1 ± 0.2

* In each experiment one of the four deoxyribonucleotides was
a-32P-labeled and the other three deoxyribonucleotides were
unlabeled. The level of radioactivity incorporated into the RNase-
gapped molecules in each case was 1 to 12 X 103 cpm. Reaction
mixtures without enzyme or DNA, or having untreated DNA as
the substrate, gave no significant level of incorporation of labeled
deoxyribonucleotides. The CM-ColE1 DNA preparation em-
ployed here is distinct from the one used in Tables 1 and 2.

t The two polymerase preparations employed are described in
Materials and Methods.

Proc. Nat. Acad. Sci. USA 70 (1978)
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Within the limits of the experimental measurements, ap-
proximately 100% of the DNA was recovered by precipita-
tion in every case. In the experiment shown in Table 1, RNase
H plus RNase A solubilized about 0.07% of the total radio-
activity in the DNA above background, or 0.20% of the
radioactivity in the molecules that can be nicked by alkali or

RNase A. This is the equivalent of 25 nucleotides per sen-
sitive CM-ColE1 DNA molecule. Alkali treatment releases
slightly more material, representing 0.25% of the RNA-
containing molecules. In several other experiments, involving
different preparations of CM-ColE1 DNA, this value varied
from 0.24 to 0.26%. The discrepancy between the amounts of
material released by RNase and by alkali in these experi-
ments is largely due to the release of 32P-labeled inorganic
phosphate by alkali treatment, as is indicated in Table 2.

Identification of the Products of Alkaline Hydrolysis of CM-
ColEi DNA. Purified CM-ColE1 DNA labeled with 82p was

alkali-treated and fractionated by high voltage electrophore-
sis. The alkali-released radioactive material migrated as

five discrete spots, which were identified as the four ribo-
nucleotide 2'(3')-monophosphates and inorganic phosphate.
The results of an experiment involving a CM-ColE1 DNA
preparation in which 32% of the molecules were sensitive to
nicking by alkali are shown in Table 2. The total radioactivity
released represented 0.25% of the RNA-containing CM-
ColE1 DNA, but that in the four nucleotide spots comprised
0.21% of these molecules, equivalent to an average of 26
ribonucleotides per RNA-containing plasmid molecule. The
proportions of the individual ribonucleotides are shown in
Table 2.

Incorporation of a-32P-Labeled Deoxyribonucleoside Mono-
phosphates into RNase-Gapped CM-ColE1 DNA. Confirma-
tion of the average ribonucleotide composition determined by
electrophoretic methods was achieved by two procedures pre-

viously used to analyze the single-strand termini generated
by the E. coli RI and RII restriction endonucleases (24, 26).
The ribonucleotides that confer RNase sensitivity on super-

coiled CM-ColE1 molecules were first removed by digestion
with RNase H plus RNase A. The gapped molecules were

then used as a primer template for RSV polymerase and
deoxyribonucleotides.
Table 3 shows the results of the first procedure in which

the incorporation of each radioactive nucleotide in the pres-

ence of the other three unlabeled nucleotides into RNase-
gapped DNA was determined. Essentially similar results
were obtained with a second preparation of CM-ColE1 DNA.
The results, indicating an average of 9.8 GMP, 3.1 AMP,
5.5 CMP, and 6.1 UMP per RNA-containing CM-ColEi
DNA molecule, are similar to the results of the previous ex-

periment (Table 2).
The second procedure involved the incorporation of all

four a-32P-labeled deoxyribonucleoside triphosphates into
RNase H- plus RNase A-gapped CM-ColE1 DNA by the
RSV DNA polymerase, followed by hydrolysis of the DNA
to nucleoside-5'-monophosphates by exhaustive digestion
with pancreatic DNase I and venom phosphodiesterase I.
The 5'-monophosphates were fractionated by electrophoresis
and the radioactivity in each nucleotide determined. Table
4 shows the results obtained using two separate preparations
of CM-ColE1 DNA. Both DNA preparations gave similar
results, and in each case the total and composition of ribo-

TABLE 4. Incorporation of all four labeled
deoxyribonucleotides into RNase-treated CM-ColE1 DNA

DNA pmol of [32P]dNMP incorporated per pmol of
RNase-sensitive CM-ColE, DNA*

prepa-
rationt dGMP dAMP dCMP dTMP Total

1 10.8 3.1 5.1 5.9 24.9
2 10.6 2.7 5.3 6.5 25.1

* Approximately 750-5000 cpm were recovered in each deoxy-
ribonucleotide spot after electrophoresis and elution. As a con-
trol for recovery of released deoxyribonucleotides, uniformly
32P-labeled X DNA, digested under the same conditions, yielded
the expected ratio of deoxyribonucleotides after electrophoresis.

t Two gapped CM-ColE1 DNA preparations, purified from
different cultures of bacteria, were employed in these experiments.

nucleotides determined by this procedure were similar to the
results summarized in Tables 2 and 3.
To test the efficiency of the RNase H and RNase A treat-

ment in removing all ribonucleotides from the RNA-con-
taining CM-ColEj DNA, and the effectiveness of the RSV
DNA polymerase in catalyzing the incorporation of deoxy-
ribonucleotides corresponding to all of the removed ribo-
nucleotides, the DNA samples were treated with E. coli
ligase after incorporation of labeled deoxyribonucleotides;
Fig. 1 shows the profiles of alkaline sucrose gradient sedimen-
tation velocity analyses of ligase-treated CM-ColEj DNA
that was recovered from the reaction mixture prior to nu-
clease digestion. It is clear that ligase converted all the DNA
from the open form, which sedimented as denatured single-
stranded DNA in the gradient (Fig. la), to the covalently
closed form (Fig. lb). Extensive incubation under alkaline
conditions that are sufficient to nick a molecule containing a
single ribonucleotide (27) failed to cause opening of any of the
ligated molecules (Fig lc), indicating a total absence of
ribonucleotides. These data indicate that RSV DNA poly-
merase completely replaced nucleotides in the gap in CM-
ColE1 DNA after prior removal of all ribonucleotides by the
action of RNase H and RNase A.

Incorporation of Individual Labeled Nucleotides in the Ab-
sence of the Other Three Nucleotides. The first nucleotide(s) to
be incorporated by RSV DNA polymerase into RNase-
gapped ColE1 DNA was determined by measurement of
incorporation in a reaction mixture containing a single de-
oxyribonucleoside triphosphate. In the case of two different
RNase-gapped preparations of CM-ColE1 DNA, only dGTP
was incorporated to any significant extent, equivalent to
three residues of dGMP per molecule of gapped CM-ColE1
DNA. The level of incorporation of the other three deoxyri-
bonucleotides was essentially equivalent to background
levels of radioactivity. These data indicate the presence of
GMP at the 5'-terminus of the RNA segment in the CM-
ColE1 DNA.

DISCUSSION
The covalent linkage of a small segment of RNA to DNA
has been demonstrated in several systems in vivo in addition
to the ColE1 plasmid, including the chromosomal DNA of
E. coli (28, 29) and cultured mammalian cells (30, 31), and
the DNA of bacteriophages T4 (6, 7) and T7 (8). Further-
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more, covalently closed circular molecules of mitochondrial
DNA (27, 32) have been presumed to contain covalently
integrated ribonucleotides from their sensitivity to nicking
by alkali and RNase. Cogent support for attributing the role
of primer to such small RNA pieces, at least in the case of
certain of these DNA replication systems, comes from the
ability of inhibitors of RNA synthesis to block the replication
of the DNA molecules in vivo under conditions where protein
synthesis is inhibited (2, 11-15). Similarly, the proposal that
the ribonucleotides present at a single site in CM-ColEj DNA
molecules represent primer RNA (17) is supported by the
reported inhibition of CM-ColE1 DNA synthesis by rifampi-
cin (11, 12).
Two independent estimates have been made of the average

size of the RNA segment in CM-ColE1 DNA. A combination
of RNase H and pancreatic RNase A converts the equivalent
of about 0.2% of the total radioactivity in 32P-labeled CM-
ColE1 containing ribonucleotides to products that are ethanol-
soluble (Table 1). Assuming that the specific activity of the
32P-labeled nucleotides in the RNA and DNA moieties of the
ColE, molecule are equal, this represents about 25 nucleotides
out of the total 12,700 in the molecule. Similar results were
obtained with alkali treatment.
Measurement of levels of RSV DNA polymerase-directed

incorporation of each individual a-32P-labeled nucleoside
triphosphate in the presence of the other three unlabled tri-
phosphates into RNase-gapped molecules enabled estimates
to be made of the number of moles of each nucleotide in-
corporated per mole of DNA (Table 3). All four nucleotides
were incorporated, and the total number and composition of
nucleotides obtained by this procedure agreed well with the
results of electrophoretic analysis of the released ribonucleo-
tides of uniformly 32P-labeled CM-ColE1 DNA and CM-
ColE1 DNA molecules that were labeled with all four de-
oxyribonuclkotides after removal of the RNA segment. The
agreement is particularly significant in view of the utilization
of different preparations of CM-ColE1 DNA for each ap-
proach. Data from these three different approaches indicate
that the average base composition of the 25-26 nucleotide
segment of integrated RNA is 10-11 G, 3 A, 5-6 C, and 6-7 U.
RSV DNA polymerase clearly incorporates deoxyribonu-
cleotides sufficient to fill completely, but not in excess of, the
gap generated by RNase treatment in the CM-ColE1 mole-
cules, since ligase is able to seal the product.
Grossman et al. (27) determined that alkali sensitivity of

supercoiled mitochondrial DNA is due to approximately 10
ribonucleotides per molecule distributed at several sites in
both strands of the DNA. The RNA attached to nascent
DNA fragments in E. coli has been estimated, on the basis of
density shifts in CSS04 equilibrium gradients, to be 50-100
nucleotides in length (29). While the average number of
25-26 ribonucleotides characterized in this study is derived
from one strand of any particular DNA molecule, the popula-
tion of CM-ColE1 DNA molecules contains ribonucleotides
in either DNA strand with equal probability (17). It is not
known whether the same number or composition of ribonu-
cleotides is present in each strand, but clearly the data indi-
cate that the RNA segments from the two strands are not
completely complementary over the entire length of the RNA
segment. There is no evidence of course to rule out the possi-
bility that much larger primer molecules initiate DNA syn-
thesis, but that in conditions of chloramphenicol inhibited
protein synthesis only an average of 25 bases remains in the
supercoiled molecules. The finding of only GMP at the 5'-
terminus of the RNA segment in CM-ColEj DNA is of in-

terest in that GMP has also been identified at the 5'-terminus
of the RNA linked to nascent DNA fragments purified from
exponentially growing E. coli cells (29).
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