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ABSTRACT rnh (formerly termed sdrA) mutants of Esch-
erichia coli K-12, capable of continuous DNA replication in the
absence of protein synthesis (stable DNA replication), are de-
void of ribonuclease H (RNase H, EC 3.1.26.4) activity. Plas-
mid pBR322 was found to replicate in rnh mutants in the ab-
sence of DNA polymerase I, the polA gene product, which is
normally required for replication of this plasmid. The plasmid
copy number in poL4 rnh double mutants was as high as in the
wild-type strains. When a chimeric construct between pBR322
and pSC101 was introduced into a polA rnh double mutant,
the replication of the plasmid via the pBR322 replicon was in-
hibited if the plasmid also carried an rnh' gene or if the host
harbored an F' plasmid carrying an rnh' gene. Thus, DNA
polymerase I-independent replication of pBR322 requires the
absence of RNase H activity. This alternative mechanism re-
quiring neither DNA polymerase I nor RNase H appears to
involve a transcriptional event in the region of the normal ori-
gin of replication.

ColEl is an amplifiable plasmid that continues to replicate in
the absence of de novo protein synthesis (1). Initiation of the
replication of ColEl has been shown, in vivo (2) and in vitro
(3, 4), to require active DNA polymerase I. The replication
involves an RNA primer (RNA II), the product of a specific
transcription initiated at a promoter (Pori) by DNA-depen-
dent RNA polymerase. RNase H (EC 3.1.26.4), encoded by
the rnh+ gene (5), degrades RNA specifically in DNA-RNA
hybrid molecules and is involved in the processing of a pre-
primer RNA at the origin (ori) of plasmid replication in vitro
(6). The processed RNA molecule is used as primer by DNA
polymerase I. It has been shown that, in vitro, in the absence
of RNase H, plasmid replication is initiated at sites other
than the ColEl ori site (7).
sdrA mutants of Escherichia coli can initiate rounds of

chromosome replication without the participation of the nor-
mal replication origin (oriC) (8). These sdrA mutants were
isolated by virtue of their capacity for recA+-dependent
DNA replication in the absence of de novo protein synthesis
(stable DNA replication) (9, 10). Since initiation in sdrA mu-
tants can occur not only in the absence of the oriC sequence
but also in the complete absence of the dnaA+ gene product,
an initiator protein (8), it has been postulated that initiation
in sdrA mutants represents an alternative initiation pathway
distinct from the normal oriC+ dnaA+-dependent initiation
mechanism (8, 11). Several sites or regions of the E. coli
chromosome have been detected from which initiation in
sdrA mutants occurs in the absence of oriC (12).

It has recently been shown that sdrA mutants are devoid
of RNase H activity (13). The demonstration that a small
fragment of the E. coli genome, which contains no complete
gene other than the rnh+ gene (14), complements all the phe-

notypes of sdrA mutants has led to the conclusion that sdrA
mutations are allelic to rnh mutations (13).
Plasmid pBR322, which was derived from pMB1, a ColEl-

type plasmid, requires DNA polymerase I for the initiation
of replication, as it does not replicate in polA mutants (15).
In this communication, I report that pBR322 can replicate in
rnh (sdrA) mutants despite the absence of DNA polymerase
I activity. A preliminary account of this work has been re-
ported (16).

MATERIALS AND METHODS
E. coli strain AQ666 is an rnh-224 (formerly sdrA224) pro'
derivative of AQ634 (17) [F- argH ilv metB his-29 trpA9605
pro-2 thyA deoB (or deoC)]. AQ1523 and AQ1525 are polA12
derivatives of AQ634 and AQ666, respectively. AQ2178 and
AQ2190 are polAl derivatives of AQ634 and AQ666, respec-
tively. The polA12 and polAl mutations were introduced by
Pl-mediated transduction from CM5389 and CM5280 (18),
respectively, by virtue of linkage to a TnJO insertion
(zig::TnJO). The PolA- phenotype was determined by sensi-
tivity to methyl methanesulfonate (19). AQ634 and AQ2190
were transformed to ampicillin-resistant (Ap`) with pBR322,
resulting in AQ990 and AQ2199, respectively. The strain
AQ2158, used to determine the requirement for DNA
polymerase III in plasmid replication in the absence ofDNA
polymerase I, was constructed by transducing rnh-224 into
H10265 (polAl polB- dnaE1026) (ref. 20) and transforming a
resultant strain (AQ1351) to Apr with pTKQ51 (Fig. 1). Since
rnh mutants are sensitive to broth (17), transformation fre-
quencies were determined using M9 glucose plates supple-
mented with Casamino acids. The construction of plasmids
used in this work is described in Fig. 1. All media, chemi-
cals, and growth conditions used were previously described
(9). Restriction endonucleases and T4 DNA ligase were ob-
tained from Bethesda Research Laboratories. Protein and ,B-
galactosidase assays were done according to refs. 25 and 26,
respectively.
Measurement of replication of plasmid and E. coli DNA

(Table 3) was performed as follows. Cultures of AQ990 and
AQ2199 were labeled, at 37°C in medium containing [14C]-
thymine (2.5 ,Ci/8 jig per ml; 1 Ci = 37 GBq), for about 2
doublings to a cell density of 3 x 108 cells per ml. The cells
were collected on filters, washed with warm M9 medium,
and suspended in warm fresh medium. Each culture was
then split into three 1.5-ml parts. One portion (control) im-
mediately received [3H]thymine (30 ,uCi/8 ,ug per ml) where-
as [3H]thymine was added to the second and third portions
only after they were incubated for 60 min in the presence of
chloramphenicol (CAP, 150 ,g/ml) and rifampicin (Rif, 250
,ug/ml), respectively. All cells were labeled with [3H]thy-
mine for 60 min. The 3H and 14C in covalently closed circular

Abbreviations: Apr, ampicillin-resistant; Aps, ampicillin-sensitive;
CAP, chloramphenicol; Rif, rifampicin; bp, base pair(s).
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FIG. 1. Construction of plasmids. pBR322 was digested to completion with restriction endonuclease Hae II and ligated with T4 DNA ligase.
The resulting plasmid DNA was used to transform an Aps rnh- polA12 strain to Apr at 42°C. pTKQ27 was one of the smallest among the
plasmids from these Apr transformants. It consisted of Hae II fragments A and E (21) in the same orientation ds found in pBR322. The
identification and orientation of the fragments were determined by restriction endonuclease analysis (21). In the next step, the 236-bp EcoRI/
Hae II fragment of pTKQ27 was replaced with the the 302-bp EcoRI/Hae II fragment (lacOP) of mWB2342, which contained the lac promoter
and operator sequences (22). The resulting plasmid, pTKQ49, was subsequently joined to pSC101 (23) at the EcoRI sites, yielding pTKQ51.
Finally, the 375-bp EcoRI/BamHI fragment from the tet region of pTKQ51 was substituted with the 760-bp EcoRI/BamHI fragment carrying
the rnh+ gene from pSK760 (14) to yield pTKQ65. Restriction sites: RI, EcoRI; H, Hae II; B, BamHI. Pori, promoter for tH6 synthesis of the
pre-primer RNA; ori, the origin of normal replication; bla, 13-lactamase gene (Apr); tet, tetracycline-resistance gene (Tcr). The designation of
Hae II fragments of pBR322 is according to ref. 21. In a previous paper (16), the assignment of the fragments according to ref. 24 was used.
Thus, the fragment E in this figure is identical to the previous fragment D (16).

plasmid DNA and linear E. coli DNA fractions were deter-
mined (27).

RESULTS

polA rnh Double Mutants Can Be Transformed with
pBR322. Plasmid pBR322 transforms ampicillin-sensitive
(Aps) cells to Apr when the plasmid is allowed to replicate in
the cells. A polAl mutant (AQ2178) could not be trans-
formed by pBR322 (Table 1). However, after introduction of
the rnh-224 mutation, the polAI mutant cells (AQ2190) could
be efficiently transformed to Apr, albeit at a slightly lower
frequency than the wild-type cells (AQ634) (Table 1). polAJ2

is a missense mutation giving rise to a temperature-sensitive
DNA polymerase I (28). The results summarized in Table 1
also show that polA12 rnh+ cells (AQ1523) could not be
transformed by pBR322 at 42°C whereas polAJ2 rnh-224
cells (AQ1525) could. pSC138, containing a mini-F replicon
(29) that does not require DNA polymerase I activity for rep-
lication (30), transformed the polAJ2 cells (at 37°C) with sim-
ilar frequencies regardless of the presence or absence of the
rnh mutation (data not shown). Therefore, the inability of
polA- rnh' cells to be transformed with pBR322 is due to
the defective DNA polymerase I, and the rnh mutation alle-
viates this deficiency for plasmid replication.
A Minimum Sequence Required for DNA Polymerase I-In-

Table 1. Transformation frequencies of polA mutants with Apr plasmids

Relevant Temperature, Apr transformants/ng of DNA
Strain genotype 0C pBR322 pTKQ27 pTKQ51

AQ634 rnh' polA+ 37 130.0 183.0 13.5
AQ2178 rnh' polAI 37 <10-2 <10-2 14.9
AQ2190 rnh-224 polAl 37 17.0 34.9 4.49
AQ1523 rnh' polA12 30 0.121 0.031 Nd

42 <10-3 <10-3 ND
AQ1525 rnh-224 polA12 30 7.20 2.06 ND

42 9.60 2.25 ND

ND, Not done.
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dependent Replication Includes the Nornial Origin of Replica-
tion. To determine a minimun nucleotide sequence required
for replication in polA- rnh- conditions, pBR322 DNA was
digested with Hae II, ligated with T4 DNA ligase, and subse-
quently used to transform Aps polA12 xnh-224 cells to Apr at
420C. The smallest plasmid obtained that still transformed
polA- rnh- cells was pTKQ27, consisting of the A and E
Hae II fragments (21) (Fig. 1 and Table 1). Repeated at-
tempts to find a plasmid with the E fragment in the reversed
orientation, after digestion of pTKQ27 to completion with
Hae II and subsequent ligation of the digest, failed. Among
viable plasmids found was one containing two E fragments in
tandem in the same orientation as in pBR322 (data not
shown). These observations suggested that the sequence be-
tween Pori and ori at the junction ofHae II fragments A and
E (21) cannot be disturbed without adversely affecting plas-
mid replication in polA- rnh- conditions. pTKQ27 was
found to also replicate in rnh' polA+ cells (Table 1).

Plasmid Replication in rnh- polU Cells Occurs at a High
Copy Number. A chimera between a high-copy-number
(such as pBR322) and a low-copy-number plasmid (pSC101)
replicates at a high copy number (31). Only when the replica-
tion from the origin of the high-copy-number plasmid is pre-
vented does the chimera replicate as a low-copy-number
plasmid (31). pTKQ51 is a chimeric construct between
pTKQ27 and pSC101 and also carries a 302-base-pair (bp)
DNA fragment containing the E. coli lac operator-promoter
sequence (Fig. 1). pTKQ51 transformed polA- cells at simi-
lar frequencies in the presence or absence of rnh mutations
(Table 1), because pSC101 does not require DNA polymer-
ase I for replication (31). It was expected that the synthesis
of 8-galactosidase in lac+ strains would be gratuitously in-
duced when the chimeric plasmid pTKQ51 existed at a high
copy number. This gratuitous induction results from seques-
tering of the lac repressor molecules by the lac operator se-
quence that exists at a high copy number. On the other hand,
the lac+ operon expression would be minimal when pTKQ51
existed at a low copy number. The results summarized in
Table 2 show that introduction of pTKQ51 into lac+ polA+
strains in the presence or absence of rnh mutations resulted
in a 100-fold increase in B-galactosidase activity. This indi-
cates that the plasmid replicated at high copy numbers both
in the presence and absence of RNase H (in polA+), con-
firming the previously reported observation (32). On the oth-
er hand, in polA- rnh+ cells harboring pTKQ51, the increase
in lac expression was limited to only about 10-fold, suggest-

Table 2. /8-Galactosidase activity of strains carrying
pTKQ51 or pTKQ65

Relevant ,B-Galactosidase,
Strain genotype Plasmid units/mg of protein
AQ1523 rnh+ polA- None 28.1
AQ1525 rnh- polA- None 36.3
AQ634 rnh+ polA+ pTKQ51 3338.2

pTKQ65 2870.5
AQ666 rnh- polA+ pTKQ51 2925.0

pTKQ65 1863.9
AQ2178 rnh+ polA- pTKQ51 400.2

pTKQ65 327.4
AQ2190 rnh- polA- pTKQ51 2351.5

pTKQ65 339.6

Cells were grown at 37°C in M9 glycerol (0.1%) medium supple-
mented with Casamino acids (0.2%) and other growth requirements.
When cell density reached 2-4 x 108 cells per ml, the cultures were
rapidly chilled in ice water. Aliquots (0.5 ml) were shaken vigorous-
ly with a drop of toluene at 37TC for 30 min and assayed for /3-galac-
tosidase activity (26). Under these conditions, a culture of AQ634
that had been fully induced for,8-galactosidase with isopropyl-/8-D-
thiogalactoside (2.5 x 10- M) gave 6200 units/mg of protein.

ing that pTKQ51 was present at a low copy number, as ex-
pected for the plasmid being replicated from the pSC101 ori-
gin (Table 2). In contrast, lac expression in polA- rnh- cells
harboring pTKQ51 was nearly as high as that in pTKQ51-
carrying polA+ cells. The results suggested that plasmid rep-
licated at a high copy number under polA- rnh- conditions.
This was confirmed by direct measurements of the copy
number, which involved labeling of plasmid-containing cells
with [3HJthymine and subsequent separation of plasmid
DNA from linear DNA by dye/CsCl equilibrium centrifuga-
tion (27). The results of such measurements indicated that
polA- rnh- cells contained nearly as many copies ofpBR322
or pTKQ27 as polA+ rnh' cells did (data not shown).
DNA Polymerase I-Independent Replication Requires Ab-

sence of RNase H. rnh-224 mutants are devoid of RNase H
activity (<0.05% of the wild-type activity) (13). It has been
shown that plasmid pSK760 introduced into rnh-224 mutants
restores intracellular RNase H activity to a level 10-fold
higher than that of rnh' cells (13). pSK760 is a pBR322 de-
rivative that carries the entire gene for RNase H (rnh') in a
760-bp EcoRI/BamHI segment of the E. coli chromosome
(14). pTKQ65 was constructed by substituting the 375-bp
EcoRI/BamHI fragment in the tet region of pTKQ51 with
the rnh+ fragment from pSK760 (Fig. 1). When pTKQ65 was
introduced into polA+ rnh+ cells (AQ634), the lac expres-
sion was slightly reduced from the level induced by pTKQ51
(Table 2). A similar result was obtained with polA+ rnh-224
cells (AQ666) (Table 2). These results are consistent with the
observation that the presence of excess amounts ofRNase H
inhibits DNA polymerase I-dependent replication of ColEl
in an in vitro replication system (33) and suggests that over-
production of RNase H may be inhibitory to polA+-depen-
dent replication of ColEl-type plasmids in vivo.
When pTKQ65 was introduced into polA- rnh- cells

(AQ2190), the lac expression was reduced to a level compa-
rable to that ofpolA- rnh+ cells (AQ2178) (Table 2). A simi-
lar degree of reduction in lac expression was also observed
when F'128, carrying a single copy of rnh+ (9, 17), was intro-
duced into rnh- polA- cells harboring pTKQ51 (16). These
results indicate that DNA polymerase I-independent plasmid
replication is eliminated by the presence of RNase H activi-
ty.
DNA Polymerase I-Independent Replication Is Sensitive to

Rif. In vivo replication of ColEl-type plasmids including
pBR322 in polA+ cells has been shown to be sensitive to Rif,
an RNA synthesis inhibitor, although it continues in the
presence of CAP (34). To determine whether polA+-inde-
pendent replication ofpBR322 in the absence of RNase H is
sensitive to Rif or CAP, incorporation of [3H]thymine into
plasmid DNA in the presence of Rif or CAP was examined
by use of dye/CsCl equilibrium centrifugation (27). The re-
sults summarized in Table 3 show that replication ofpBR322
in polA- rnh- cells occurred in the presence of CAP as well
as it did in polA+ rnh+ cells. On the other hand, pBR322
replication in polA- rnh- conditions was severely inhibited
with Rif. The degree of the inhibition in polA- rnh- cells
with Rif was comparable to that in the polA+ rnh+ cells.
Requirement for DNA Polymerase III. Normal replication

of ColEl-type plasmids requires active DNA polymerase III
(35), encoded in part by the polC (dnaE) gene. An experi-
ment very similar to the one described above (Table 3) was
performed, using an rnh- polA- polB- polCs strain harbor-
ing pTKQ51 (see Materials and Methods), to determine the
requirement for DNA polymerase III in polA+-independent
plasmid replication. Cells, prelabeled with [14C]thymine at
30°C, were incubated with [3H]thymine for 60 min at either
30°C or 42°C. DNA was extracted from the cells and ana-
lyzed for radioactivity in plasmid (covalently closed circular)
and chromosomal (linear) DNA. The 3H/14C ratios in the
plasmid DNA fraction and linear DNA fraction at 30'C were

Genetics: Kogorna
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Table 3. Effects of Rif or CAP on replication of plasmid and E. coli DNA

3H/14C (replication, %)
Strain Relevant genotype Treatment Plasmid E. coli
AQ990 rnh' polA+ (pBR322) Control 14.17 (100) 11.5 (100)

CAP 4.34 (30.6) 1.76 (15.8)
Rif 0.45 (3.1) 0.76 (6.9)

AQ2199 rnh- polA- (pBR322) Control 3.25 (100) 4.57 (100)
CAP 1.19 (36.6) 0.98 (21.4)
Rif 0.06 (1.9) 0.16 (3.4)

Control AQ990 and AQ2199 cultures were labeled with [3H]thymine for 60 min, during which cells
were allowed to grow with doubling times of 57 and 60 min, respectively, while the other cultures were
treated with antibiotics before and during labeling (see Materials and Methods). Therefore, in a strict
sense, they are not controls. Accordingly, replication (%) in drug-treated cultures is underestimated by
a factor of -2. Plasmid DNA and chromosomal E. coli DNA were separated (27) as covalently closed
circular DNA and linear DNA, respectively.

3.46 and 4.79, respectively. On the other hand, at 420C, the
restrictive temperature for the temperature-sensitive DNA
polymerase III, the ratios were 0.79 for plasmid DNA and
0.82 for chromosomal DNA. Thus, plasmid replication in the
absence ofDNA polymerase I is as temperature sensitive as
E. coli DNA replication in the polCts mutant, indicating the
requirement for DNA polymerase III.

DISCUSSION
Recently, Masukata and Tomizawa (36) isolated a number of
point mutations of plasmid ColEl that caused defective plas-
mid replication. One of those mutations (pri5) altered the
RNase H cleavage site of the pre-primer RNA in vitro. The
resulting altered primer RNA was very inefficient in priming
of DNA synthesis by DNA polymerase I in vitro. Their re-
sults provided additional evidence for the involvement of
RNase H in in vitro replication of ColEl (36).

In contrast to the in vitro evidence, it was found that rnh
mutations that abolished RNase H activity had no detectable
effects on the in vivo replication of ColEl-type plasmids (ref.
32; see also Table 2). More recently, Naito et al. (37) report-
ed that another rnh mutation (herA), which suppressed the
replication defect of a ColEl mutant (cer6), also supported
replication of the wild-type plasmid. They postulated that
ColEl replication in vivo proceeds in the absence of RNase
H activity.

This apparent paradox can perhaps be resolved in light of
the results described in this report. It is probable that RNase
H is required for in vivo formation of active primer RNA for
DNA polymerase I. However, inactivation of RNase H by
rnh/sdrA/herA mutations allows plasmid replication to pro-
ceed in an alternative manner that requires neither the prim-
er-processing activity of RNase H nor DNA polymerase I
activity. Plasmid mutants that produce a defective RNA
primer due to lack of or altered processing by RNase H repli-
cate in rnh- cells because the alternative initiation mecha-
nism bypasses the requirement for DNA polymerase I,
which is dependent on a precise primer structure (36).
The mechanism by which plasmid replication occurs in the

absence of DNA polymerase I and RNase H activity is not
understood. In addition to the clear distinction of polA+ in-
dependence, plasmid replication in rnh- conditions also dif-
fers from normal replication in that it generates concate-
meric forms-i.e., covalently closed circular oligomers con-
sisting of several plasmid units joined in a head-to-tail
fashion (16). This concatemer formation is recA+ dependent
(16).

Despite these differences, the requirements of this alterna-
tive replication pathway resemble those of the normal
polA+-dependent pathway. First, the results of experiments
to determine a minimum sequence required for plasmid repli-
cation in polA- rnh- conditions (Fig. 1) strongly suggest the

involvement of the region between Pori and ori. Hillenbrand
and Staudenbauer (7) reported that in vitro replication of
ColEl-type plasmids was initiated in three regions of the
plasmid molecules when RNase H was absent from the in
vitro system. However, these sites were not near the normal
origin (7). The reason for this discrepancy is not apparent,
but it may be attributed to some specific conditions used in
the in vitro system.
The results shown in Table 3 indicate that DNA polymer-

ase I-independent replication is inhibited by addition of Rif.
Since the replication does not require concomitant protein
synthesis (Table 3), this indicates a direct involvement of
DNA-dependent RNA polymerase in plasmid replication un-
der polA- rnh- conditions. Furthermore, the plasmid repli-
cates at a high copy number in polA- rnh- cells (Table 2)
and DNA polymerase III is required for plasmid replication
in polA- rnh- conditions (this work), as is the case for nor-
mal plasmid replication (35).
These similarities between the two replication systems

suggest that the polA+-independent pathway involves a
modified version of the normal plasmid replication process-
es. I wish to suggest the following model as one of several
schemes that are consistent with all the properties discussed
above. In the absence of RNase H activity, the product of
transcription initiated at Pori is allowed to form DNA-RNA
hybrid in a much larger region downstream from ori than in
the presence of the enzyme. The displaced single-stranded
DNA is then stabilized, perhaps by RecA and/or Ssb protein
(38, 39), resulting in an R loop, similar to the D-loop struc-
ture which is believed to be an early intermediate in homolo-
gous recombination (40). The recA+-dependent plasmid con-
catemer formation observed in rnh- cells (16) may result
from intermolecular recombination stimulated by the pres-
ence of such an R-loop structure. The R loop extends so far
as to allow the entry of a replisome, thus bypassing the nor-
mal requirement for DNA polymerase I. This "R-loop" mod-
el predicts that switch-over from RNA to DNA occurs
downstream from the normal origin, ori.
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