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Replicating DNA molecules of the nonconjugative R plasmid RSF1010 (Sm"
Su’) were cleaved with the EcoRI restriction endonuclease and examined with
the electron microscope. Results of this analysis indicated that replication is
initiated from an origin located at about 19% of total genome size from one of the
EcoRI ends. Replication proceeded either unidirectionally or bidirectionally with
equal frequency. Results of the analysis of replicative intermediates of RSF1010
containing the Ap'-transposable sequence (Tn) are also presented.

Small nonconjugative R plasmids present as
multicopy pools and conferring resistance to sul-
fonamides (Su) and streptomycin (Sm) are rel-
atively common in clinical isolates of enteric
bacteria. The prototype of this plasmid group is
NTP2, initially described by E. S. Anderson and
his colleagues (1-3). Smith et al. (28) showed
that 19 of 26 Su Sm resistance plasmids from
various salmonellae belonged to the same com-
patibility type. Barth and Grinter (4) examined
a number of Su Sm plasmids which were repre-
sentative of a broad host and geographical range.
They found that 10 of 12 of these plasmids
possessed an identical molecular mass and
shared a high proportion of their nucleotide
sequences in common. On this basis it was sug-
gested that a single plasmid evolved once and
had spread efficiently with relatively few modi-
fications around the world.

We have examined the molecular nature of
one Su Sm plasmid, RSF1010, which is identical
to the original NTP2 isolate of Anderson and
Lewis (1-3). RSF1010 has been used in molecu-
lar cloning experiments (26) and as a recipient
of the 3.2 X 10°dalton DNA transposition se-
quence, TnA (16), which carries the structural
gene for the TEM-1 B-lactamase (17). Since the
insertion of TnA causes mutation when it occurs
within structural genes and is polar when it
occurs within an operon (25), it has been possible
to map the structural genes for Su and Sm
resistance and a locus which has a profound
effect upon plasmid copy number (25). More-
over, TnA insertion can occur at a minimum of
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19 distinct sites on the RSF1010 genome (16).

Replicating plasmids (8), animal virus (12, 23,
27), and mitochondrial DNA (6) have been
shown to share certain properties in common.
These common features are consistent with a
model that replication proceeds by the progres-
sive unwinding of superhelical turns of a cova-
lently closed circular molecule accompanied by
replication in which two open circular branches
of DNA containing the nascent DNA are gen-
erated. This continuous reduction in superheli-
cal content proceeds until two equivalent open
circular daughter molecules containing a “nick”
or “gap” are formed (5, 8, 18). These molecules
are then covalently closed, and superhelical
turns are once more introduced until two cova-
lently closed circular molecules are formed (9,
30). Despite these common features, each DNA
species has several unique properties. For ex-
ample, it has been shown that the plasmids
ColE1 (19) and pSC101 (7) replicate unidirec-
tionally from a unique origin, whereas plasmid
cointegrates may initiate replication at either of
the two (or more) origins of the cointegrated
replicons (24). RSF1040 and R6K, conjugative,
multicopy plasmids, possess two initiation sites
which are occasionally utilized simultaneously
(10), although, in general, replication proceeds
exclusively from one or the other of two initia-
tion sites. Perhaps the most unique feature of
R6K and RSF1040 replication is that overall
replication is asymmetric and bidirectional in
the sense that replication first proceeds to a
unique terminus in one direction and then pro-
ceeds from the same origin in the other direction
to the terminus to complete the replicative proc-
ess (8, 20).

Because RSF1010 is representative of a com-
mon naturally occurring plasmid type and has
been widely used in laboratory studies, we

1117



1118 bpE GRAAFF ET AL.

thought it worthwhile to examine its replicative
properties. The results reported in this commu-
nication indicate that in the vast majority of
cases RSF1010 initiates replication from a
unique origin and that replication may proceed
unidirectionally or bidirectionally with about
equal probability.

MATERIALS AND METHODS

Bacterial strains and media. Escherichia coli K-
12 W1485-1, F~ thy nal was used throughout this
study. RSF1010 (Su Sm), 5.5 X 10° daltons, has been
described in detail previously (13). RSF1103
(RSF1010::Tn1) and RSF1210 (RSF1010::Tn3) are 8.7
X 10°-dalton derivatives of RSF1010 into which TnA
had been inserted (15). M9 salts medium supple-
mented with 0.5% glucose, 0.2% Casamino Acids
(Difco), 2 ug of thiamine per ml, and 1.7 to 3 ug of
thymine per ml was the medium used to grow cells
(10).

Growth and labeling conditions, the isolation of
plasmid DNA replicative intermediates, and the con-
ditions of centrifugation were identical to those de-
scribed previously in detail (8, 10). Essentially, cells in
the logarithmic phase of growth were harvested and
resuspended in a medium lacking thymine and incu-
bated for 30 min (limiting thymine was used to reduce
the DNA chain elongation rate and result in an in-
creased number of initiating molecules). The culture
was shifted to 25°C and pulsed for 30 s with [*H]-
thymidine, and incorporation was stopped by the ad-
dition of sodium azide and immediate freezing. Plas-
mid DNA was isolated by dye-buoyant density cen-
trifugation, and material banding at a location inter-
mediate between mature covalently closed circular
and open circular DNA was pooled, dialyzed, and used
for the analysis of replicative intermediates.

Analysis of EcoRl-cleaved replicative inter-
mediates. The EcoRI restriction endonuclease intro-
duced a single double-stranded break at the same
unique site in RSF1010, RSF1103, and RSF1210 DNAs
(15). Purified covalently closed circular plasmid DNA
or pools containing plasmid replicative intermediates
were cleaved with EcoRI as previously described (10),
and the DNA was prepared for electron microscopy
by the aqueous method of Davis et al. (11). The DNA
was picked up on Parlodion-coated grids, rotary
shadowed with platinum-paladium (80:20) in a JEOL
vacuum evaporator, and examined with a JEOL 100B
electron microscope. Molecules were measured by pro-
jecting the images from electron micrographs onto
tracing paper and measuring their length with a map
measurer. The measurements were calibrated with a
carbon-grating replica (21,575 lines/cm) or by refer-
ence to uncleaved RSF1010 open circular DNA spread
on the same grid. Cleaved replicative intermediates
were seen as linear molecules composed of a symmetr-
ical loop or “eye” of replicated DNA bounded by two
unreplicated branches.

RESULTS

Mode of replication of RSF1010. We have
used measurements of the length of the unrepli-
cated linear branches and the replicated part of
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EcoRI-cleaved molecules to examine the mode
of replication of RSF1010. A total of 172 repli-
cating molecules were examined, for which we
measured a length of 2.67 + 0.18 um, which was
the same as the average contour length of un-
cleaved open circular RSF1010 DNA or nonrep-
licating EcoRI-cleaved linear molecules. Figure
1 depicts the short unreplicated branch L, and
the longer unreplicated branch L. plotted as a
percentage of the total length of individual mol-
ecules versus the percentage of replication. Even
a superficial examination of these data suggested
that the mode of replication of RSF1010 was not
homogeneous. The most likely interpretation of
these results (given the fact that the heteroge-
neity could not be attributed to variations in the
measurement of individual molecules) was that
there were two subpopulations of replicating
molecules. In one case (denoted by O in Fig. 1),
the longer unreplicated branch remained essen-
tially invariant in length, whereas the shorter
unreplicated branch decreased in size with in-
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FiG. 1. Analysis of the mode of replication of
RSF1010. EcoRI-cleaved, replicating RSF1010 DNA
molecules were photographed and measured. L, and
L, are the unreplicated segments joining an internal
loop comprised of two segments of replicated DNA,
R, and R,. The total length of molecules with an
internal loop is then: T = L, + L, + [(R, + R)/2].
The extent of replication was (R, + Ry/2 T. Relative
length of L, or L. for each molecule is plotted as a
function of the percentage of replication. Two sub-
groups are shown: unidirectional subgroup (®); bi-
directional subgroup (O). The same symbols are used
for both L, and L, in each subgroup. Molecules that
could belong in either of the two subgroups are rep-
resented by the symbol A.
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creasing replication. This mode of replication,
illustrated in Fig. 2A to F, was compatible with
a model which assumes a single, fixed origin
from which replication proceeded unidirection-
ally. Linear regression analysis of this subpopu-
lation indicated that the origin of replication of
this subpopulation was located 30.7% from the
arbitrarily designated left-hand end of the
RSF1010 molecule and that termination of rep-
lication should occur at a site closely adjacent to
the origin of replication. The other subpopula-
tion of replicating RSF1010 molecules (denoted
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by @ in Fig. 1) showed reduction in the length of
both linear branches as replication proceeded,
although the rate at which the replication pro-
ceeded along each arm (as evidenced by the
slope of the line) was not identical. These data,
also illustrated in Fig. 3A to F, were consistent
with the interpretation that replication was pro-
ceeding from a fixed origin bidirectionally, and
linear regression analysis indicated that the ori-
gin of replication for this mode was 31% from
the arbitrarily designated left-hand end of the
RSF1010 molecule and that replication should

FiG. 2. Replicating RSF1010 molecules treated with the EcoRI restriction endonuclease. Unidirectional
subgroup; electron microscopy was performed as described in the text. (A) through (F) represent molecules

arranged in order of increasing extent of replication.

Fic. 3. Replicating RSF1010 molecules treated with the EcoRI restriction endonuclease. Bidirectional
subgroup; (A) through (F) represent molecules arranged in order of increasing extent of replication.
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terminate some 90% from the left-hand end.
Molecules which have replicated to only a lim-
ited extent (between 1 and 12%) could not be
unequivocally assigned to either subpopulation
and were ignored for the purposes of these cal-
culations (these points are designated as A in
Fig. 1).

The examination of the mode of replication of
RSF1010 was consistent with the model that
replication was initiated from a fixed origin and
proceeded unidirectionally or bidirectionally
with about equal probability.

Replication of RSF1010::Tn derivatives.
As noted earlier, we have used RSF1010 as a
recipient of the 3.2 X 10°-dalton transposition
sequences Tnl and Tn3 which carry the struc-
tural gene for the TEM-1 B-lactamase (15).
RSF1010::Tn derivatives retain their single site
susceptible to EcoRI cleavage, and the relation-
ships of the site of Tn insertion in the cleaved
molecule can be unequivocally determined with
relation to the site of EcoRI cleavage and to the
Su Sm structural genes (23). Thus, the plasmid
RSF1210 has been characterized as possessing
Tn3 inserted 3.36% from a designated left-hand
EcoRI-generated end within the structural gene
for Sm resistance. The plasmid RSF1103 has
been characterized as possessing Tnl inserted
95% from the designated left-hand EcoRI-gen-
erated end within the structural gene for Su
resistance. Hence, the two RSF1010 derivatives
containing TnA have 3.2 x 10° daltons of DNA
inserted at opposite ends of the RSF1010 ge-
nome, so that analysis of EcoRI-cleaved repli-
cative intermediates of these derivatives permits
the unequivocal assignment of the site of the
origin of replication relative to the Su" and Sm"
genes and also permits confirmation of the na-
ture and mode of RSF1010 replication.

Figure 4 shows the short unreplicated branch
L, and the longer unreplicated branch L. plotted
as a percentage of the total length of individual
molecules versus the percentage of replication
for RSF1103. Figure 5 depicts similar results
obtained for RSF1210.

The apparent location of the replication origin
in these RSF1010::TnA derivatives as measured
from L; and L. will depend, of course, upon
whether the Tn has inserted at a site between
the short branch L, and the replication origin or
in the longer branch L and the replication ori-
gin. The data show that the origin of replication
for RSF1210 was located 42.9% from the shortest
EcoRI unreplicated branch, whereas the origin
of replication for RSF1103 was located 19.4%
from the arbitrary left-hand end of the molecule.
Assuming that RSF1010 has a mass of 5.5 X 10°
daltons and that TnI and Tn3 possess a mass of
3.2 X 10° daltons, the locations of the origin in
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F1G. 4. Analysis of the mode of replication of
RSF1103. EcoRlI-treated, replicating RSF1103 mole-
cules were photographed and measured. The average
length of the molecules was 4.0 + 0.18 um. Plotting of
the measurements was carried out as described in
Fig. 1. Symbols: (O) unidirectional subgroup; (@)
bidirectional subgroup; (A) molecules that could be-
long in either subgroup.
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F1G. 5. Analysis of the mode of replication of
RSF1210. See legend to Fig. 4. Symbols: (O) unidirec-
tional subgroup; (@) bidirectional subgroup; (A) mol-
ecules that could belong in either of the two sub-
groups.

both RSF1210 and RSF1103 are precisely as
would be predicted (see Fig. 4 and 5). Moreover,
regardless of the site of Tn insertion and the
change in the apparent location of the origin of
replication, two subpopulations (one unidirec-
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tional, one bidirectional) of replicating molecules
were observed. It is of interest that the addi-
tional DNA to be replicated (the inserted Tn)
did not change the mode of bidirectional repli-
cation. That is, there was no unique replication
terminus in RSF1010 (or presumably in Tn) so
that replication proceeded bidirectionally from
the origin until the two replication forks reached
each other at a site determined by the rate of
replication for each replicating arm. Thus, if one
has determined the origin and has calculated the
slope of L; and L. (for Fig. 1, 4, and 5), the
theoretical location of the replication terminus
was quite close to that found experimentally
(Table 1).

DISCUSSION

The results of this study show that RSF1010
initiates its replication from a unique origin and
that replication proceeds either unidirectionally
or bidirectionally with about equal frequency.
Unidirectional replication is a prominent feature
of several small, multicopy plasmids such as
ColE1 (19), whereas bidirectional replication has
been described as the predominant mode for the
chromosome of several bacterial species (15, 21,
22), animal viruses (18), and the bacterial plas-
mids R6K, and its derivative RSF1040 (8, 19),
and F (12), as well as bacteriophage A (26). It is
perhaps noteworthy that whereas phage A and
the plasmid F replicate in a predominantly bi-
directional replication mode, in both instances a
significant proportion of molecules (about 20%)
also replicated unidirectionally. Hence, the find-
ing that RSF1010 displays both modes of repli-
cation need not be considered unique. The near-
equal distribution between the unidirectional
and bidirectional mode of replication does seem
rather unique, however, and is intriguing in
terms of the possible biochemical factors at play
in selecting the alternative replicative mode at
the time that replication is initiated.

Information concerning the replicative prop-

TABLE 1. Summary of the location of origin,
termination, and mode of replication for RSF1010
and RSF1010::Tn derivatives®

Termination (%)

Plasmid  Replication 0(’,‘%)5)"‘ Calew
lated O™
RSF1010  Unidirectional 30.7 32 34
RSF1010 Bidirectional 30.7 90 86
RSF1103  Unidirectional 19.4 20 19
RSF1103  Bidirectional 19.4 21 23
RSF1210  Unidirectional 42.1 45 42
RSF1210 Bidirectional 42.1 15 15

“ The calculations for the theoretical location of the ter-
mination site were done by using the origin and slope of L,
and L, from Fig. 1, 4, and 6, respectively.
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erties of RSF1010 has been accumulating slowly.
It has been established that RSF1010 has a
dependence for DNA polymerase I for its main-
tenance, though not necessarily for its replica-
tion (14). This partial dependence upon DNA
polymerase I is in contrast to other small mul-
ticopy plasmids such as ColE1, which appears to
have an absolute dependence upon polymerase
I for both replication and maintenance. The
results of this study establish the site of the
origin of replication and the mode(s) of replica-
tion of RSF1010, as well as imply that replication
termination does not occur at a unique genetic
site. Whereas it might be thought that any dele-
tion or interference with the stretch of DNA
located about 30% from the left-hand EcoRI end
of RSF1010 would be a lethal event, recent
evidence (unpublished observation) suggests
that an alternative replication origin is present
some 40% from the left-hand EcoRI-cleaved end
of RSF1010. It is, perhaps, of interest that inser-
tions of TnA at a site closely adjacent to this
alternative origin of replication have been pre-
viously shown by us (25) to have a profound
effect on the copy number of RSF1010 within
host cells. Thus, we can identify a stretch of
DNA, minimally 1,000 nucleotides in length,
that is intimately associated with the replicative
functions of RSF1010. The nature of these rep-
licative functions and their control are still
highly speculative. It is our hope that subse-
quent studies on the structural features and
biochemical nature of the RSF1010 replication
will provide an interesting study in similarity (or
contrast) to other plasmid systems. Moreover,
the further study of the replicative properties of
RSF1010 may permit us to better appreciate
how plasmids like RSF1010 have become so
widely distributed in nature among a wide vari-
ety of bacterial species.

LITERATURE CITED

1. Anderson, E. S. 1968. The ecology of transferable drug
resistance in the enterobacteria. Annu. Rev. Microbiol.
22:131-180.

2. Anderson, E. S., and M. J. Lewis. 1965. Characteriza-
tion of a transfer factor associated with drug resistance
in Salmonella typhimurium. Nature (London)
208:843-849.

3. Anderson, E. S., and M. J. Lewis, 1965. Drug resistance
and its transfer in Salmonella typhimurium. Nature
(London) 206:579-583.

4. Barth, P. T., and N. J. Grinter. 1974. Comparison of the
deoxyribonucleic acid molecular weights and homolo-
gies of plasmids conferring linked resistance to strep-
tomycin and sulfonamide. J. Bacteriol. 120:618-630.

5. Bourgaux, P., and D. Bourgaux-Ramoisy. 1972. Un-
winding of replicating polyoma virus DNA. J. Mol. Biol.
70:399-413.

6. Berk, A. J., and D. A. Clayton. 1976. Mechanisms of
mitochondrial DNA replication in mouse L-cells: topol-
ogy of circular daughter molecules and dynamics of
catenated oligomer formation. J. Mol. Biol. 100:85-102.



1122

7.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

DE GRAAFF ET AL.

Cabello, F., K. Timmis, and S. Cohen. 1976. Replication
control in a composite plasmid constructed by in vitro
linkage of two distinct replicons. Nature (London)
259:285-290.

. Crosa, J. H., L. K. Luttropp, and S. Falkow. 1976.

Mode of replication of the conjugative R plasmid
RSF1040 in Escherichia coli. J. Bacteriol. 126:454-466.

. Crosa, J. H,, L. K. Luttropp, and S. Falkow. 1976.

Covalently closed circular DNA molecules deficient in
superhelical density as intermediates in the plasmid life
cycle. Nature (London) 261:561-591.

Crosa, J. H, L. K. Luttropp, F. Heffron, and S. Fal-
kow. 1975. Two replication initiation sites on R plasmid
DNA. Mol. Gen. Genet. 140:39-50.

Davis, R. W., M. Simon, and N. Davidson. 1971. Elec-
tron microscope heteroduplex methods for mapping
regions of base sequence homology in nucleic acids.
Methods Enzymol. 21:413-427.

Eichenlaub, R., D. Figurski, and D. R. Helinski. 1977.
Bidirectional replication from a unique origin in a mini-
F plasmid. Proc. Natl. Acad. Sci. U.S.A. 74:1138-1141.

Guerry, P., J. van Embden, and S. Falkow. 1974.
Molecular nature of two nonconjugative plasmids carry-
ing drug resistance genes. J. Bacteriol. 117:619-630.

Grindley, N. D. F., and W. S. Kelley. 1976. Effects of
different alleles of the E. coli K12 pol A gene on the
replication of non-transferring plasmids. Mol. Gen. Ge-
net. 143:311-318.

Gyurasits, E. B, and R. G. Wake. 1973. Bidirectional
chromosome replication in Bacillus subtilis. J. Mol.
Biol. 73:55-63.

Heffron, F., C. Rubens, and S. Falkow. 1975. Translo-
cation of a plasmid DNA sequence which mediates
ampicillin resistance: molecular nature and specificity
of insertion. Proc. Natl. Acad. Sci. U.S.A. 72:3623-3627.

Heffron, F., R. Sublett, R. Hedges, A. Jacob, and S.
Falkow. 1975. Origin of the TEM beta-lactamase gene
found on plasmids. J. Bacteriol. 122:250-256.

Jaenisch, R., A. Mayer, and A. Levine. 1971. Replicat-
ing SV40 molecules contain a closed circular template.
Nature (London) New Biol. 233:72-75.

Lovett, M. A,, L. Katz, and B. R. Helinski. Unidirec-
tional replication of plasmid ColE1 DNA. Nature (Lon-

20.

21.

22.

25.

26.

27.

J. BACTERIOL.

don) 251:337-340.

Lovett, M., R. B. Sparks, and D. R. Helinski. 1975.
Bidirectional replication of plasmid R6K DNA in Esch-
erichia coli; correspondence between origin of replica-
tion and position of single-strand break in relaxed com-
plex. Proc. Natl. Acad. Sci. U.S.A. 72:2905-2909.

Masters, M., and P. Broda. 1971. Evidence for the
bidirectional replication of the E. coli chromosome.
Nature (London) New Biol. 232:137-140.

Nishioka, Y., and A. Eisenstark. 1970. Sequence of
genes replicated in Salmonella typhimurium as exam-
ined by transduction techniques. J. Bacteriol.
102:320-333.

. Roman, A., J. Champoux, and R. Dulbecco. 1974.

Characterization of the replicative intermediates of pol-
yoma virus. Virology 57:147-160.

. Rownd, R. H., D. Perlman, and N. Goto. 1975. Struc-

ture and replication of R-factor deoxyribonucleic acid
in Proteus mirabilis, p. 76-94. In D. Schlessinger (ed.),
Microbiology—1974. American Society for Microbiol-
ogy, Washington, D.C.

Rubens, C., F. Heffron, and S. Falkow. 1976. Trans-
position of a plasmid deoxyribc leic acid seq e
that mediates ampicillin resistance: independence from
host rec function and orientation of insertion. J. Bac-
teriol. 128:425-434.

Schnos, M., and R. B. Inman. 1970. Position of branch
points in replicating A DNA. J. Mol. Biol. 51:61-73.
Sebring, E. D., T. J. Kelly, Jr., M. M. Thoren, and N.
P. Salzman. 1971. Structure of replicating simian virus
40 deoxyrib leic acid molecules. J. Virol. 8:478-490.

. Smith, H. R., G. O. Humphreys, and E. S. Anderson.

1975. Genetic and molecular characterization of some
non-transferring  plasmids. Mol. Gen. Genet.
129:229-242.

. Tanaka, T., and B. Weisblum. 1975. Construction of

colicin E1-R factor composite plasmid in vitro: means
for amplification of deoxyribonucleic acid. J. Bacteriol.
121:354-362.

. Timmis, K., F. Cabello, and S. N. Cohen. 1976. Cova-

lently closed circular DNA molecules with low super-
helical density as intermediates in plasmid DNA repli-
cation. Nature (London) 261:512-516.



