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ABSTRACT

The initiation stage of ColEl-type plasmid replication was re-
constituted with purified protein fractions from Escherichia coli.
The reconstituted system included DNA polymerase I, DNA ligase,
RNA polymerase, DNA gyrase, and a discriminating activity copuri-
fying with RNAase H (but free of RNAase III). Initiation of DNA
synthesis in the absence of RNAase H did not occur at the normal
replication origin and was non-selective with respect to the
plasmid template. In the presence of RNAase H the system was se-
lective for ColEl-type plasmids and could not accept the DNA of
non-amplifiable plasmids. Electron microscopic analysis of the
reaction product formed under discriminatory conditions indicated
that origin usage and directionality of ColEl, RSF1030, and
CloDF13 replication were consistent with the normal replication
pattern of these plasmids. It is proposed that the initiation of
ColEl-type replication depends on the formation of an extensive
secondary structure in the origin primer RNA that prevents its
degradation by RNAase H.

INTRODUCTION

On the basis of their replicative behavior the plasmids of

enterobacteria can be divided into two broad categories: (i) Am-

plifiable plasmids, which continue to replicate in the absence of
de novo protein synthesis and do not require any plasmid-specific
replication protein, and (ii) non-amplifiable plasmids, the repli-
cation of which appears to be more or less tightly coupled to the

synthesis of plasmid-encoded initiator protein(s). The most ex-

tensively studied plasmid of the first category is the ColEl
plasmid and therefore other amplifiable plasmids (pMB1, RSF1030,
CloDF13) are commonly referred to as ColEl-type plasmids. Since

the replication of ColEl-type plasmids can be efficiently carried

out by cell-free extracts of Escherichia coli, these plasmids
have been used as model systems for biochemical studies on plas-
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mid DNA synthesis (1,2,3).

Plasmid DNA synthesis appears to be regulated by the frequency

of initiation and the enzymology of the initiation process is

therefore of particular interest (4,5). For ColEl it was found

that replication is initiated by an RNA primer, which is synthe-

sized by RNA polymerase and elongated by DNA polymerase I. Evi-

dence has also been presented that processing of transcripts by

RNAase III might be required for ColEl-type replication (6,7).

On the other hand, Itoh and Tomizawa (8) reported that the ini-

tiation of ColEl replication catalyzed by purified polymerases is

markedly stimulated by RNAase H. It was subsequently shown that

RNAase H is required for the processing of a pre-primer RNA at

the origin of replication (9). Furthermore, an involvement of DNA

gyrase in the initiation of ColEl replication has been inferred

from the striking sensitivity of this process to changes in the

superhelicity of the template DNA (10).

The work reported in this paper was carried out in order to

clarify the functions of the various enzymes implicated in the

initiation of ColEl-type DNA replication. For that purpose we

fractionated the crude replication system into defined protein

fractions catalyzing partial reactions of the initiation process.

We thereby obtained a "priming fraction" containing RNA polyme-
rase and DNA gyrase, which supported efficient DNA synthesis

when supplemented with DNA polymerase I. However, in contrast to

the unfractionated system, DNA synthesis did not start at the

normal (vegetative) origin and was not restricted to amplifiable

plasmids. Selective DNA synthesis could be restored by addition

of a "discriminating fraction" containing RNAase H (but free of

RNAase III), which suppressed unspecific initiation events. It

will be shown that under discriminating conditions origin usage

and directionality of ColEl, RSF1030, and CloDF13 DNA synthesis

are fully consistent with previous studies on vegetative plasmid
replication. These results strongly suggest a discriminatory

function of RNAase H in plasmid replication. An analogous role

has been previously proposed for RNAase H in the replication of

single-stranded phage DNA (11,12).
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EXPERIMENTAL PROCEDURES

Nucleic acids. Plasmid DNA was isolated by established pro-

cedures (13,14) from the E.coli strains listed in Table 1. 3H-
poly(A) was from Amersham-Buchler, poly(dT) and poly(U) were

purchased from P-L.

Enzymes and materials. DNA polymerase I and the restriction

endonucleases EcoRI, HpaI, and SalI were obtained from BRL. T4-

DNA ligase and creatine kinase were from Boehringer. Heparin-

Sepharose CL-6B, DEAE-Sephacel, and Sephadex G-75 were from Phar-

macia. Hydroxylapatite (Bio-Gel HT) was purchased from Bio-Rad.

Sources of all other reagents have been described (18).
Plasmid DNA synthesis. Reaction mixtures (25 4l) contained

20 mM Hepes-KOH pH 8.0, 100 mM KCl, 10 mM Mg-acetate, 2 mM ATP,

0.4 mM each of CTP, GTP, and UTP, 0.025 mM each of dATP, dCTP,
dGTP, and H-dTTP (500 cpm/pmol), 0.05 mM NAD, 0.05 mM cAMP,

15 mM creatine phosphate, 0.1 mg/ml creatine kinase, 40 mg/ml
plasmid DNA, 1 unit DNA polymerase I, 1 unit T4-DNA ligase, plus
protein fractions as indicated. Incubations were performed at

300C for 60 min and the incorporation of 3H-dTMP into acid-insol-

Table 1. Bacterial strains and plasmids

Strain designation Plasmid Source (Reference)

C600 thr-1,leu-6,thi-1,
supE44,lacYl,tonA21 pSC138 R.Eichenlaub (15)

C600 pRE300 R.Eichenlaub

C600 pSE014 S.Ely (16)

C600 pSClOl R.Diaz

YS1O thr,leu,minA,str,
thi,end ColEl J.Tomizawa

W3110 thy ColE3 T.Hashimoto-Gotoh

W3110 thy,AtrpES pBR322 R.Eichenlaub

W1485 thy RSF1030 J.Crosa

1100 endI pKN182 R.Diaz (17)

P678-54 thr,leu,lacY,minA,
minB,gal,str,thi CloDF13 H.Nijkamp

BT1000 polAl,ty,str,end F F.Bonhoeffer
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uble material determined as described previously (19).

RNA polymerase assay. Assay mixtures (25 pl) contained 20 mM

Hepes-KOH pH 8.0, 100 mM KCl, 10 mM Mg-acetate, 0.2 mM each of

ATP, CTP, GTP, and 3H-UTP (60 cpm/pmol), 40 mg/ml plasmid DNA,

and 0.4 mM K-phosphate pH 8.0. After 10 min incubation at 37°C

the RNA synthesis was stopped by the addition of 0.5 ml of 5% tri-

chloroacetic acid and the acid-insoluble radioactivity determined.

One unit of enzyme incorporates 1 nmol of 3H-UMP into acid-insol-

uble material in 10 min at 370C.
RNAase H assay. Assay mixtures (25 pl) containing 20 mM Hepes-

KOH pH 8.0, 100 mM KCl, 10 mM Mg-acetate, and 20 pM 3H-poly(A)-
poly(dT) (50 cpm/pmol) were incubated for 20 min at 37°C. The re-

action was stopped by the addition of 0.5 ml of 5% trichloroace-

tic acid and the remaining acid-insoluble radioactivity determin-

ed. One unit of enzyme produces 1 nmol of acid-soluble nucleo-

tide from 3H-poly(A)-poly(dT) in 20 min at 370C.
RNAase III assay. Assay mixtures (25 pl) contained 20 mM Hepes-

KOH pH 8.0, 100 mM KCl, 10 mM Mg-acetate, and 30 pM 3H-poly(A)-
poly(U) (20 cpm/pmol). After incubation for 20 min at 370C the

reaction was terminated by adding 0.5 ml of 5% trichloroacetic

acid and the acid-insoluble radioactivity was determined. One unit

of enzyme produces 1 nmol of acid-soluble nucleotide from 3H-
poly(A) poly(U) in 20 min at 37oC.

Electron microscopy. Spreading of DNA was carried out in the

presence of formamide as described by Morris et al. (20). DNA was

picked up from the hyperphase on freshly prepared collodium coat-

ed copper grids. The grids were platinium-iridium shadowed and

DNA molecules photographed with a Philips 301 electron microscope

at a magnification of 11,000. Replicated and unreplicated regions

of the molecules were measured with an electronic planimeter

(Numonics graphics calculator). The total length of the DNA was

taken as 100% and the variance in size did not exceed 5%.

Protein fractionation. Frozen cells (71 g) of E.coli BT1000

were lysed and a crude extract was prepared as described by Bou-

che et al. (21). All further operations were performed at 0 -20C.
The KCl concentration of the extract was adjusted to 0.25 M and

Mg-acetate was added to a final concentration of 5 mM. Ribosomes

were removed by centrifugation at 100,000 xg for 4 hours. The

836



Nucleic Acids Research

high-speed supernatant (fraction I, 90 ml, 1.88 g protein) was

adjusted with ammonium sulfate (0.22 g/ml) to 33% saturation and

the precipitate was removed by centrifugation. The supernatant

was brought to 50% saturation with ammonium sulfate (0.14 g/ml)
and the precipitate was collected by centrifugation and dissolved

in buffer A (25 mM Hepes-KOH pH 8.0 - 50 mM KCl - 1 mM EDTA -

1 mM dithiothreitol - 10% (w/w) ethylene glycol). The ammonium

sulfate fraction (33 - 50% saturation) was dialysed overnight

against buffer A and diluted with the same buffer to a protein

concentration of 10 mg/ml (fraction II, 137 ml, 1.37 g protein).

Fraction II was applied to a Heparin-Sepharose column (2.6 x

6.5 cm) equilibrated with buffer A. The column was washed with

2 volumes of buffer A and then eluted with 0.8 M KCl. The eluate

(fraction III, 40 ml, 296 mg protein) was dialysed against buf-

fer B (0.1 M K-phosphate pH 6.8 - 0.1 M KCl - 1 mM dithiothrei-

tol - 10% (w/w) ethylene glycol) and loaded onto a hydroxylapa-

tite column (2.6 x 6 cm) equilibrated with buffer B. After wash-

ing the column with 2 volumes of buffer B bound proteins were

eluted with 0.5 M K-phosphate pH 6.8 and dialysed against buf-

fer A (fraction IV, 15 ml, 75 mg protein). Protein concentrations

were determined by the method of Spector (22).

RESULTS

Fractionation of the replication system

Conrad and Campbell (23) have reported previously that the

ColEl replication system can be partially purified by precipitat-
ing the soluble proteins from crude extracts of E.coli with ammo-

nium sulfate (O -75% saturation). In order to dissect the repli-
cation apparatus into proteins required for the initiation and

elongation stage of plasmid replication respectively, we carried

out a fractionated precipitation with ammonium sulfate. Confirm-

ing earlier observations (18,24) we found that DNA polymerase III

as well as the other proteins involved in the elongation stage

precipitated at low ammonium sulfate concentrations (O -33% satu-

ration). On the other hand, all the enzymes required for the ini-

tiation stage remained in the supernatant, which was further

divided into fractions precipitating at 33 -50% and 50 -75% satu-
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ration of ammonium sulfate. The latter fraction, which contained

the bulk of DNA polymerase I activity, could be replaced by the

purified enzyme, since the corresponding fraction from a polA1
mutant had no stimulatory effect on plasmid DNA synthesis.

The replication proteins precipitated with ammonium sulfate
at 33 - 50% saturation (fraction II) were further purified appro-

ximately 20-fold by step-wise elution from Heparin-Sepharose and

hydroxylapatite columns. Upon complementation with DNA polyme-
rase I this protein preparation (fraction IV) supported the syn-

thesis of ColEl DNA to a similar extent as fraction II indicat-
ing that no essential replication function had been removed by
the purification procedure. The incorporation was characterized
as replicative DNA synthesis distinct from DNA polymerase I cata-

lyzed nick translation by its sensitivity to rifampicin and novo-

biocin (data not shown). Furthermore this enzyme system was found
to be selective for ColEl-type replicons and could not initiate
DNA synthesis on mini-Ri plasmids, the in vitro replication of

which is tightly coupled to protein synthesis (17).

Fraction IV was further fractionated by chromatography on

DEAE-Sephacel. As shown in Fig.1, a priming activity for DNA po-

lymerase I dependent plasmid DNA synthesis coeluted from the col-

umn with RNA polymerase and DNA gyrase. Surprisingly, this "prim-
ing fraction" no longer discriminated between different groups
of plasmids and was also active with mini-Ri DNA. It was found,
however, that discrimination between ColEl and Ri DNA could be

restored by addition of the flow-through from the DEAE-Sephacel
column containing both RNAase III and RNAase H activity. Taking
advantage of their different molecular weights these two enzymes

could be fully separated by passing the concentrated flow-through
of the DEAE-Sephacel column through a Sephadex G-75 column. It

can be seen from the gel filtration profile (Fig.2) that the

discriminating activity copurified with RNAase H, whereas frac-
tions containing RNAase III had no effect on plasmid DNA synthe-
sis.

Although less than 0.03% of the total protein from the high-
speed supernatant remained in the RNAase H fraction (specific

activity 3,200 units/mg), the enzyme preparation was not electro-
phoretically pure and contained several polypeptides with mole-

838



Nucleic Acids Research

-_ IJ _

75 - 150 '

2050 5350
Froction numberE

4~~~~~~~Q~T
Fi a. DEESpae choaorpy.PoenfacinI5 a

2- /<Q-

00 0:~~-- -0
0 5 20 30 40 50 60

Fraction number

Fig. 1. DEAE-Sephacel chromatography. Protein fraction IV was
applied to a DEAE-Sephacel column (0.9 x8 cm) equilibrated with
buffer A. The column was washed with 2 volumes of buffer A and
then developed with a 40-ml gradient of 0.05 -0.6 M KCl. Frac-
tions (1 ml) were collected and assayed for priming of DNA syn-
thesis (---) and RNA polymerase (-o-). Supercoiling activity
(x xx) was assayed with relaxed ColEl DNA as described previously
(39). Fractions stimulating DNA synthesis were pooled and dia-
lysed against buffer A (fraction Va = priming fraction, 4.7 ml,
2.8 mg protein). The flow-through was also collected and concen-
trated by dialysis against 20% (w/v) polyethylene glycol in buf-
fer A (fraction Vb, 2.4 ml, 14.4 mg protein).

cular weights around 20,000 (data not shown). This RNAase H pre-

paration was therefore designated as "discriminating fraction",
since a function of the protein contaminants in the selective

initiation of plasmid DNA synthesis cannot be excluded (11,12).

Analysis of ColEl DNA synthesis
The discriminating fraction affected differently plasmid DNA

synthesis (catalyzed by DNA polymerase I and priming fraction)
depending on the amount of protein added to the system. Thus

addition of small quantities of the RNAase H containing fraction
had no selective effect but stimulated both ColEl and Rl DNA syn-
thesis (Fig.3). However, increasing the amount of discriminating
fraction resulted in a complete suppression of Rl DNA synthesis,
whereas the synthesis of ColEl DNA was only slightly reduced.

ColEl DNA synthesis occurring under discriminatory conditions

continued at a nearly linear rate for more than two hours at

30 C. The incorporation was strongly inhibited by rifampicin and

novobiocin indicating an involvement of RNA polymerase and DNA

gyrase (Fig.4). The rifampicin-insensitive background synthesis
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Fig. 2. Sephadex G-75 gel filtration. Fraction Vb was filtered
at a flow rate of 6 ml/h through a Sephadex G-75 column (1.6 x
80 cm) equilibrated with buffer A and 3-ml fractions were collect-
ed. The elution profiles of RNAase III (-o-) and RNAase H (---)
activities are plotted in panel A. Aliquots (2.5 pl) of the frac-
tions were tested for their effect on plasmid DNA synthesis (pan-
el B) in the presence of priming fraction (3 ig protein) with
either ColEl (-A-) or pKN182 DNA (-A-) as template. 100% synthe-
sis corresponds to a dTMP incorporation of 42 pmoles (ColEl) or
53 pmoles (pKN182) respectively. Fractions containing discrimi-
natory activity (measured by the selective inhibition of pKN182
directed DNA synthesis) were pooled, concentrated, and dialysed
against buffer A (fraction VI = discriminating fraction, 1.1 ml,
0.55 mg protein).

was increased if DNA ligase was omitted from the reaction mix-

ture. It probably resulted from nick translation carried out by
DNA polymerase I at single-strand interruptions in the template
DNA. Omission of the discriminating fraction had little or no

effect on the total incorporation and its sensitivity to anti-

biotics.
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Fig. 3. Effect of discriminating fraction on plasmid DNA synthe-
sis. Reaction mixtures (25 pl) contained priming fraction (3 ug
protein) and either ColEl DNA (---) or pKN182 DNA (-o-). Discri-
minating fraction was added as indicated. 100% synthesis corre-
sponds to a dTMP incorporation of 48 pmoles (ColEl) or 55 pmoles
(pKN182) respectively.
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Fig. 4. Kinetics of ColEl DNA synthesis. Reaction mixtures (125
pl) containing priming fraction (15 pg protein) and discriminat-
ing fraction (6 pg protein) were incubated without addition of
inhibitors (---), with rifampicin (25 ig/ml) added (-A-), or with
novobiocin (25 pg/ml) added (-o-). At the times indicated ali-
quots (25 pl) were removed and the acid-insoluble radioactivity
determined.
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Product analysis in alkaline sucrose gradients indicated that

the radioactive label was incorporated almost exclusively into
DNA chains of less than unit length (data not shown). The size of
the newly synthesized DNA chains increased with time but even
after one hour of incubation no completely replicated closed-cir-

cular DNA molecules were detectable. In the absence of discrimi-
nating fraction the average length of the labeled DNA chains was

considerably smaller than under discriminatory conditions (see
also Fig.6) although the total amount of DNA synthesis was about

the same. Apparently, the omission of RNAase H caused an increase
in the number of growing points accompanied by a reduced rate of

chain growth.

When the reaction products were examined in the electron micro-
scope, up to 20% of the total DNA molecules appeared as 0-shaped
replication intermediates. These structures were converted by
cleavage with EcoRI into linear molecules containing a bubble of

replicated DNA bound by two unreplicated arms. The replication
bubbles consisted either of one double-stranded and one single-
stranded branch (D-loop) or two double-stranded branches (eye-
form). Both types of intermediates were observed with similar

frequencies. If RNAase H had been omitted from the reaction mix-

ture, the bubbles were rather small and located in different
parts of the ColEl DNA (Fig. 5a-c). Replication bubbles formed
under discriminatory conditions were more heterogeneous in size

but the distance between the EcoRI site and the proximal branch

point of the bubble was approximately constant (Fig. 5d-f).
Around 90% of the replicative intermediates synthesized in the

presence of RNAase H could be oriented with respect to the unre-

plicated arm of constant length and ordered in a sequence con-

sistent with an origin located at a distance of 16.6 ± 3.7% gen-

ome length from the EcoRI site with replication proceeding uni-

directionally away from the restriction site (Fig.6A). Under dis-
criminatory conditions origin usage and directionality of repli-
cation are therefore in full agreement with the pattern observed
previously in vivo (25,26) and in cell extracts (27). On the
other hand, the partially replicated molecules formed in the ab-

sence of the discriminating fraction could not be arranged in a

series compatible with a unique origin of DNA synthesis (Fig.6B).
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Fig. 5. Electron micrographs of partially replicated ColEl DNA.
DNA synthesis was carried out in reaction mixtures (125 pl) con-
taining priming fraction (15 pg protein) in the absence (a -c) or
presence (d -f) of discriminating fraction (6 pg protein). The
incubation was terminated after 60 min at 300C by addition of
EDTA to a final concentration of 20 mM. Samples were extracted
with phenol, precipitated with ethanol, and digested with EcoRI.

It can be seen from the histogram that under non-discriminatory
conditions DNA synthesis occurred in three preferred regions of
the plasmid DNA, none of which included the normal origin. It
should be noted that these regions have only been located with
respect to one reference point and thus cannot be unambiguously
correlated with the physical map of ColEl DNA.

Selectivity of DNA synthesis
The discriminating fraction was originally characterized by
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Fig. 6. Line drawings and histograms of partially replicated
ColEl DNA. DNA synthesis was carried out in the presence (A) or
absence (B) of discriminating fraction as described in the legend
to Fig. 5. The EcoRI cleaved DNA molecules are aligned in order
of increasing extent of replication with the short unreplicated
region to the left. Measurements for each molecule are presented
in terms of percent of total molecular length.

its differential effect on ColEl and Rl DNA synthesis (see Fig.3).
It was therefore of interest to determine whether this protein

fraction can in general differentiate between amplifiable and

non-amplifiable plasmids. The data summarized in Table 2 indi-

cate that this is the case. Except for ColE3, all plasmids test-

ed supported a comparable amount of incorporation when incubated

with DNA polymerase I and priming fraction. However, in the pres-

ence of discriminating fraction replicative DNA synthesis was ob-

served with the amplifiable plasmids ColEl, pBR322, RSF1030, and

CloDF1 3, but not with the non-amplifiable plasmids pSC101, pKN182,

pSE014, and pSC138. (The residual incorporation into pSC101 and

pSC138 DNA represented repair-type synthesis, since it could not

be inhibited with rifampicin or novobiocin.) Unexpectedly, the

mini-F plasmid pRE300, which is derived from an F inc mutant
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Table 2. Selective inhibition of plasmid DNA synthesis

3H-dTMP incorporated (pmol)

Template DNA Addition

None Discriminating fraction

ColEl 50.8 86.5

ColE3 5.3 4.5

pBR322 48.3 60.6

RSF1030 49.9 62.1

CloDF13 54.0 24.2

pSC101 53.2 7.8

miniRl(pKN182) 60.0 2.4

miniR6-5(pSE014) 44.8 2.5

miniF(pSC138) 55.0 5.4

miniF(pRE300) 41.6 35.4

DNA synthesis was carried out for 60 min at 300C in reaction mix-
tures (25pl) containing priming fraction (3pg protein) in the ab-
sence or presence of discriminating fraction (0.5pg protein).

(28), retained its template activity in the presence of RNAase H.

Further characterization of this plasmid revealed, that pRE300
continues to replicate in the presence of chloramphenicol and may

therefore be considered a novel ColEl-type replicon (R.Eichen-
laub, unpublished).

Origin usage of the plasmids RSF1030 and CloDF13 was deter-
mined by electron microscopic analysis of partially replicated

molecules after incubation under discriminatory conditions. For

the introduction of reference points RSF1030 DNA was cleaved with

HpaI (29) and CloDF13 DNA was cut with SalI (30). Examination in

the electron microscope of DNA samples treated with the respec-

tive restriction enzyme showed numerous molecules with a repli-

cation bubble and two unreplicated arms. Electron micrographs of

some of these molecules are presented in Fig.7. In case of RSF

1030 the shorter unreplicated arm of the linearized intermediates

was of constant length (Fig. 7a-c), whereas for CloDF13 the

length of the longer unreplicated arm was approximately constant
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Fig. 7. Electron micrographs of partially replicated RSF1030 and
CloDF13 DNA. DNA synthesis was performed in reaction mixtures
(125 pl) containing priming fraction (15 pg protein) and discri-
minating fraction (6 pg protein) with either RSF1030 or CloDF13
DNA as template. The reaction product was isolated as described
in the legend to Fig. 5: (a -c) RSF1030 DNA cleaved with HpaI,
(d -f) CloDF13 DNA cleaved with SalI.

(Fig. 7d-f). The replicating DNA molecules of both plasmids could

thus be arranged in sequences compatible with a unidirectional

mode of replication from a single origin as indicated by the line

diagrams shown in Fig.8. The RSF1030 origin was located at 28.7
± 1.6% genome length from the HpaI site with replication pro-

gressing away from the restriction site (Fig.8A). CloDF13 DNA syn-

thesis started at a distance of 35.7 ± 1.4% molecular length from

the SalI site and proceeded towards this site (Fig.8B). For both
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Fig. 8. Line drawings and histograms of partially replicated
RSF1030 and CloDF13 DNA. DNA synthesis was carried out as de-
scribed in the legend to Fig. 7. HpaI cleaved RSF1030 molecules
(A) and SalI cleaved CloDF13 molecules (B) are arranged in order
of increasing extent of replication with the short unreplicated
region to the left. Measurements for each molecule are presented
in terms of percent of total molecular length.

plasmids origin localization and directionality of replication
were found to be fully consistent with the previously established
mode of replication (29,30).

DISCUSSION

In this paper we have shown that the initiation stage of ColEl-
type plasmid replication can be reconstituted with purified pro-

tein fractions. The reconstituted system consists of DNA poly-

merase I complemented with a priming and a discriminating frac-
tion. The main components of the priming fraction are RNA poly-
merase and DNA gyrase, whereas the only enzymatic activity detect-
ed in the discriminating fraction is RNAase H.

RNA polymerase is obviously required for the rifampicin-sensi-
tive synthesis of a primer RNA to be elongated by DNA polymerase I

(9). However, in order to function as a primer for DNA synthesis,
the 5'-terminus of the transcript must remain associated with the
template DNA. According to the model of the ternary transcription
complex proposed by Rohrer and Zillig (31), RNA polymerase unwinds

20 -40 base pairs of the DNA double-helix forming a hybrid be-

tween the template strand and the nascent RNA while displacing
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the nontranscribed strand. In a non-supercoiled DNA molecule the

base pairing between the RNA and the transcribed DNA strand is

unstable and the transcript dissociates from the template, re-

storing the DNA duplex as the RNA polymerase moves on. For a

negatively supercoiled DNA, on the other hand, the torsional

strain in the DNA molecule favours the disruption of the DNA base

pairs and an RNA-DNA helix of appreciable length may form (32).

Such hybrid structures could then be further stabilized as a re-

sult of intrastrand base pairing in the exposed single-stranded

DNA. One might therefore expect the formation of RNA-DNA hybrids

to occur preferentially in regions of supercoiled DNA with a

short two-fold rotational symmetry, which allows the formation of

stem-loop structures in the nontranscribed DNA strand.

Supercoiling by DNA gyrase not only stabilizes the template-

primer complex but also facilitates the elongation of the primer

by providing a driving force for the unwinding of the parental
DNA strands (33,34). Since the unwinding of one turn of the dou-

ble-helix is compensated by the removal of one negative super-

helical turn, only a limited amount of DNA synthesis is possible

in the absence of gyrase function. Thus Itoh and Tomizawa (8) ob-

served that chain elongation by DNA polymerase I stopped near the

point at which the plasmid DNA no longer contained superhelical

turns. These authors concluded that gyrase activity increased

only the length but not the number of initiated DNA chains. It

must be kept in mind, however, that in the absence of relaxing

topoisomerases, DNA gyrase increases the superhelix density of

native form I DNA by a factor of about 1.5 (35). The correlated

increase in superhelix energy of the template DNA should markedly

stimulate the formation of RNA-DNA hybrids, and therefore in-

crease the initiation frequency under reaction conditions in

which the concentration of primed template is limiting.
In the presence of DNA gyrase the elongation of the primer RNA

by DNA polymerase I resulted in DNA chains of up to one genome

length. The newly synthesized DNA is therefore considerably lon-

ger than the 6 S pieces of the early intermediate DNA formed in

crude extracts. This indicates that the size limitation of these

initiation fragments is not caused by some intrinsic property of
DNA polymerase I, but results from its interaction with other
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proteins not present in the purified system (1). It should be

noted, however, that even under optimal reaction conditions no

fully replicated DNA strands which could be closed by DNA ligase

were formed. Apparently, the purified system is deficient in the

termination stage of plasmid replication.

RNAase H, a ribonuclease which degrades RNA specifically in

RNA-DNA hybrid structures, is presumably the essential component

of the discriminating fraction. It has previously been reported

that this enzyme acts as a stimulatory factor for ColEl DNA repli-

cation by carrying out the cleavage of the pre-primer RNA at the

replication origin (8,9). In the present work a non-selective

stimulation of RNA primed DNA synthesis was observed only at low

RNAase H concentrations. Increasing the amount of RNAase H eli-

minated the stimulatory effect concomitant with the removal of

all RNA primers except for those associated with the origin re-

gion of amplifiable plasmids.

This discriminatory effect of RNAase H must be based on some

CoEl CCTTTTTGCG ACGATGCA CCGGAAGAAGG ACAAGGA CCAGAAAACGA -----------GTGTA
GGAAAAtA CGCC TGCTACGT GGCCTTCTTCC TGTTCCT GGTCTTTTGC -----------CACAT

pBR322 CCTTTTTGCGG TCGTTGCG CCGGAAAAATG CCAAGGA CCGGAAAACG CCGGAAAACGA GTGTA
GAAAAACGCC AGCAACGC GGCCTTTTTAC GGTTCCT GGCCTTTTGC GGCCTTTTGCI CACAT

pB345 CCTTTTTGCGG TCGTTGCG CCGGAAAAATG CCAAGGA CCGGAAAACG -----------GTGTA

GGAAAtAtACGCCAGCAACGC GGCCTTTTTAC GGTTCCT GGCCTTTTGC -----------CACAT

NTPI CCTTTTTGCGG ACGCCGCA CCGAAGAAG ------ CACGAAACG ----AAAACGAGTGTA

(RSF1030) GGAAAAACGCC TGCGGCGT GGCTTCTTC ------ GGTGCTTTGC ----TTTTGCTCACAT

C1oF'13 CCTTTTTGCGG TGGCCGCGCCGG------------GA CGACAAAACGG ----------AGTGTA
GGAAAAACGC ACCGGCGCGGCC------------CT GCTGTTTTGCC ----------TCACAT

Fig. 9. Nucleotide sequences from the origin region of amplifi-
able plasmids. Corresponding sequences of ColEl (40,41), pBR322
(36), pBR345 (42), NTP1 (43), and CloDF13 (44) are aligned for
maximum homology. Plasmids pBR322 and pBR345 are both derived
from pMB1 (37), NTP1 is considered to be identical with RSF1030
(43). The upper strand is 3'+5' and the lower strand is comple-
mentary 5' +3'. Horizontal arrows indicate the orientation of
nucleotide sequences (in boxes) homologous to the origin sequen-
ce. The,identified RNA/DNA transition points (41,42) are denoted
by vertical arrows. The direction of replication is from left to
right with the lower strand as leading strand.
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structural peculiarity of the RNA-DNA hybrids formed at the ori-

gin of ColEl-type plasmids, which stabilizes them and protects

them against degradation. Inspection of the origin sequences of

amplifiable plasmids reveals that all of them contain within a

short distance downstream from the origin an 11-bp sequence,

which is of close homology but opposite orientation to the nucle-

otide sequence surrounding the primer RNA/DNA transition point

(Fig.9). The replication origin of ColEl-type plasmids has there-

fore the potential of forming a stem-loop structure as previously

suggested by Sutcliffe (36). Interestingly, these plasmids differ

in containing either one (CloDF13), two (ColEl, pBR345, and NTP1),

or three (pBR322) copies of the inverted origin sequence. This

variation could arise from faulty replication and/or recombina-

tion provoked by base pairing between the origin and the inverted

sequence. Furthermore, a large symmetrical sequence was noted by

Backman et al. (37) in the region preceding the ColEl origin.
These authors have shown that the entire DNA segment between the

origin and the proximal gyrase binding site (38) can form an ex-

tensive hairpin structure. This sequence is nearly completely

conserved in the pMB1-derived plasmids and in NTP1 (RSF1030). An

analogous stem-loop structure is also possible for CloDF13 with

an additional DNA segment of about 40 nucleotides inserted in the.

loop region (see Fig.10).

Taking into account these symmetry elements of the origin DNA

as well as the processing pattern of the primer RNA established

by Itoh and Tomizawa (9), we propose the structure shown in Fig.

10A for the RNA-DNA hybrid at the origin region of ColEl. A simi-

lar secondary structure can also be drawn for CloDF13 in spite of

extensive sequence alterations (Fig.10B). The proposed structure

has two implications, which could help to explain the selective

initiation of ColEl-type replication in the presence of RNAase H:

(i) The association of the nascent primer RNA with the transcrib-

ed DNA strand is induced and/or stabilized by the formation of a

stem-loop in the parental leading strand DNA at the origin; (ii)

the protection of the processed primer against complete degrada-

tion by RNAase H is mediated by an extensive secondary RNA struc-

ture upstream from the origin. Such a nucleic acid structure could

be sufficient by itself to stabilize the template-primer complex
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Fig. 10. Proposed structure of the template-primer complex at
the origin region of ColEl (A) and CloDF13 (B). DNA and RNA
chains are presented as solid and dashed lines respectively. Ver-
tical arrows indicate the RNA/DNA transition points.

or alternatively some specific protein factor(s) might also be

required. As shown by Vicuna et al. (11,12) two additional dis-
criminatory proteins are needed, together with RNAase H, for the

selective initiation of filamentous phage complementary strand

synthesis. The presence of these or analogous proteins in our en-

zyme fractions cannot be excluded. Finally we wish to point out

that the secondary structure of the primer RNA (depicted in our

model) should interfere with its removal by the 5'1-3' exonuclease

function of DNA polymerase I. Termination of plasmid replication

might therefore require additional nuclease activities.

851



Nucleic Acids Research

ACKNOWLEDGEMENT

We wish to thank Dr. Heinz Schuster for support and encourage-

ment.

REFERENCES

1. Staudenbauer,W.L. (1978) Curr. Top. Microbiol. Immunol. 83,
93-156

2. Tomizawa,J. (1978) in DNA Synthesis - Present and Future
(Molineux,I. and Kohiyama,M., eds.) pp.797-826, Plenum, New
York

3. Veltkamp,E., and Stuitje,A.R. (1981) Plasmid 5, 76-99
4. Tomizawa,J., and Selzer,G. (1979) Annu. Rev. Biochem. 48,

999-1034
5. Kolter,R., and Helinski,D.R. (1979) Annu. Rev. Genetics 13,

355-391
6. Kahn,M.L., Figurski,D., Ito,L., and Helinski,D.R. (1978) Cold

Spring Harbor Symp. Quant. Biol. 43, 99-103
7. Conrad,S.E., and Campbell,J.L. (1979) Cell 18, 61-71
8. Itoh,T., and Tomizawa,J. (1978) Cold Spring Harbor Symp.

Quant. Biol. 43, 409-417
9. Itoh,T., and Tomizawa,J. (1980) Proc. Natl. Acad. Sci. USA 77,

2450-2454
10. Orr,E., and Staudenbauer,W.L. (1981) Mol. Gen. Genet. 181,

52-56
11. Vicuna,R., Hurwitz,J., Wallace,S., and Girard,M. (1977)

J. Biol. Chem. 252, 2524-2533
12. Vicuna,R., Ikeda,J., and Hurwitz,J. (1977) J. Biol. Chem. 252,

2534-2544
13. Guerry,P., LeBlanc,D.J., and Falkow,S. (1973) J. Bacteriol.

116, 1064-1066
14. Humphreys,G.O., Willshaw,G.A., and Anderson,E.S. (1975) Bio-

chim. Biophys. Acta 383, 457-463
15. Timmis,K., Cabello,F., and Cohen,S.N. (1975) Proc. Natl. Acad.

Sci. USA 72, 2242-2246
16. Ely,S., and Staudenbauer,W.L. (1981) Mol. Gen. Genet. 181,

29-35
17. Diaz,R., Nordstrom,K., and Staudenbauer,W.L. (1981) Nature

289, 326-328
18. Staudenbauer,W.L. (1977) Mol. Gen. Genet. 156, 27-34
19. Schuster,H., Mikolajczyk,M., Rohrschneider,J., and Geschke, B.

(1975) Proc. Natl. Acad. Sci. USA 72, 3907-3911
20. Morris,C.F., Sinha,N.K., and Alberts,B.M. (1975) Proc. Natl.

Acad. Sci. USA 72, 4800-4804
21. Bouche,J., Zechel,K., and Kornberg,A. (1975) J. Biol. Chem.

250, 5995-6001
22. Spector,T. (1978) Anal. Biochem. 86, 142-146
23. Conrad,S.E., and Campbell,J.L. (1979) Nucleic Acids Res. 6,

3289-3303
24. Schekman,R., Weiner,J.H., Weiner,A., and Kornberg,A. (1975)

J. Biol. Chem. 250, 5858-5865
25. Inselburg,J. (1974) Proc. Natl. Acad. Sci. USA 71, 2256-2259
26. Lovett,M.A., Katz,L., and Helinski,D.R. (1974) Nature 251,

337-340
27. Tomizawa,J., Sakakibara,Y., and Kakefuda,T. (1974) Proc. Natl.

852



Nucleic Acids Research

Acad. Sci. USA 71, 2260-2264
28. DeVries,J.K., and Maas,W.K. (1973) J. Bacteriol. 115, 213-220
29. Conrad,S.E., Wold,M., and Campbell,J.L. (1979) Proc. Natl.

Acad. Sci. USA 76, 736-740
30. Stuitje,A.R., Veltkamp,E., Weijers,P.J., and Nijkamp,H.J.J.

(1978) Nucleic Acids Res. 6, 71-80
31. Rohrer,H., and Zillig,W. (1977) Eur. J. Biochem. 79, 401-409
32. Wang,J.C. (1974) J. Mol. Biol. 89, 783-801
33. Champoux,J.J., and McConaughy,B.L. (1975) Biochemistry 14,

307-316
34. Liu,L.F., and Wang,J.C. (1975) in DNA Synthesis and its Regu-

lation (Goulian,M.M., Hanawalt,P., and Fox,C.F., eds.) pp. 38-
63, Benjamin, Menlo Park

35. Gellert,M., Mizuuchi,K., O'Dea,M.H., and Nash,H.A. (1976)
Proc. Natl. Acad. Sci. USA 73, 3872-3876

36. Sutcliffe,J.G. (1978) Cold Spring Harbor Symp. Quant. Biol.
43, 77-90

37. Backman,K., Betlach,M., Boyer,H.W., and Yanofsky,S. (1978)
Cold Spring Harbor Symp. Quant. Biol. 43, 69-76

38. Fisher,L.M., Mizuuchi,K., O'Dea,M.H., Ohmori,H., and Gellert,
M. (1981) Proc. Natl. Acad. Sci. USA 78, 4165-4169

39. Staudenbauer,W.L., and Orr,E. (1981) Nucleic Acids Res. 9,
3589-3603

40. Bastia,D. (1977) Nucleic Acids Res. 4, 3123-3142
41. Tomizawa,J., Ohmori,H., and Bird,R.E. (1977) Proc. Natl. Acad.

Sci. USA 74, 1865-1869
42. Bolivar,F., Betlach,M.C., Heyneker,H.L., Shine,J., Rodriguez,

R.L., and Boyer,H.W. (1977) Proc. Natl. Acad. Sci. USA 74,
5265-5269

43. Grindley,J.N., and Nakada,D. (1981) Nucleic Acids Res. 9,
4355-4366

44. Stuitje,A.R., Veltkamp,E., Maat,J., and Heyneker,H.L. (1980)
Nucleic Acids Res. 8, 1459-1473

853


