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The P1 planid replication origin requires the host DnaA protein for fuction. Two DnaA-bining boxes lie
in tandem within the previousy defwd minil n, u tng its left bdary. Three more boxes le 200
base pairs to the right of these, in the leader region for the Pt repA gene. We show that eIther set dome is acive
for origin functi. One of the two origin boxes is relativdy inactive. Constructs with just one of the five boeies
are active for spefic prigin fnctioa as log as the box conforms exactly to the ublihd . Ti de
consensus box is functnal when placed ether to the left or right of the core origin sequenes. The ibi
shown by this system sts that the boxes play a role different from those in the host oriC origin, where the
number and position of boxes are critical.

The phage P1 lysogenizes its Escherichia coli host as an
autonomous plasmid. Its copy number is as low as that ofthe
bacterial chromosome (34). The plasmid is stable, showing
that the control of replication is highly precise. Relatively
few replicons are capable of such precise control. P1 and the
host chromosome driven by the oriC replication system are
prime examples. The mechanisms by which such replication
systems are controlled are not well understood.
The minimal P1 replicon responsible for stringently con-

trolled replication (the P1-R replicon) has been defined and
studied in isolation (2). It consists of an origin of replication
followed by the gene for the essential RepA protein and a
copy-control locus, incA. A minimal P1 plasmid replication
origin has been defined and consists of a maximum of some
254 base pairs (bp) (13) (Fig. 1). A central core region of the
origin is distinguished by a group of five 7-bp direct repeats,
including four with nested GATC sequences that are sub-
strates for the E. coliDNA deoxyadenine methylase (19, 21).
To its right is a group of five 19-bp repeats (2) that are
specifically bound by the essential P1 replication initiator
protein, RepA (5). The leftmost portion ofthe origin contains
a tandem direct repeat of the putative DnaA recognition
sequence (the DnaA box) (17). An additional region contains
three closely apposed repeats that match or resemble DnaA
boxes. It is present outside and to the right of the minimal
functional origin. It lies in the untranslated leader region of
the repA gene (20) (Fig. 1). Despite earlier indications to the
contrary (14), DnaA protein is required for P1 plasmid
replication, both in vivo and in vitro (20, 38). Thus P1, like
several other plasmids (10, 20), requires DnaA, the oriC
initiator protein, and its P1-specific initiator protein, RepA.

Several features of the P1 origin have counterparts in oriC,
which also has repeated sequences, multiple sites for DNA-
deoxyadenine methylation, and multiple DnaA boxes (17,
42). In oriC, the number and spacing of the four DnaA boxes
are critical for function (9). Here, we construct mutant P1
origins with differing numbers and arrangements of boxes
and test their effectiveness, both in vivo and in an in vitro
replication system.

* Corresponding author.

MATERIALS AND METHODS
Buffers and other reagents. TE buffer and other buffers

used for DNA preparation and electrophoresis were as
described by Maniatis et al. (28) or Abeles et al. (5). Cells
were grown in L broth (1) or L agar with 50 pLg ampidillin per
ml or 25 ,ug of spectinomycin per ml if needed. Restriction
enzymes and ligase were obtained from Bethesda Research
Laboratories, Inc. (Gaithersburg, Md.), New England Bio-
Labs, Inc. (Beverly, Mass.), or Boehringer Mannheim Bio-
chemicals (Indianapolis, Ind.) and used according to the
instructions of the suppliers. Other materials were as previ-
ously described (1, 3, 5).

Bacterial strains. E. coli N100 (recA13) (16) was used for
initial cloning and DNA preparation. BR825 (poU) (27) and
BR827 [the polA12(Ts) of Monk and Kinross (31)], were
used for the experiments testing the P1 ori function in polA
hosts. JJ119 (26) and JM103 (29) were used to prepare the fl-
and M13-based DNA, respectively, for in vitro replication.
Plam and cloing vetoss. Plasmids pUC19 (39) and

pSP102 (33) and vectors M13mplO (30), M13mpll (30), and
flho (26) were as described previously. Plasmid pSP102
contains the P1 replicon, deleted for the incA region, ligated
to the chloramphenicol resistance gene from Tn9 (6). Plas-
mid pALA619 was derived from the pSC101-based vector
pGB2 (15) as follows. The SspI-to-NruI fragnent ofpALA69
(12), which encompasses the P1 repA open reading frame
and an uncharacterized constitutive promoter in the pBR322
sequences, was inserted into the HincII site of pGB2 ori-
ented such that the SspI site lay near the pGB2 HindIII site.
Like its parent, pALA69 (8, 35), this plasmid was able to
complement mini-Pl plasmids that were deleted for repA or
carried the repA103 amber mutation (data not shown).
The P1 ori clones shown in Table 2 were constructed as

follows. The HindIII-to-EcoRI fragment of M13-P1 ori 49 (3)
encompassing P1 ori was cloned into pUC19 to form
pALA618. (In M13-P1 ori 49, the P1 sequence had been cut
at the Hindlll site at bp 606, filled in with DNA polymerase
thus reproducing the P1 sequence through bp 610, and
ligated to BamHI linkers.) A double-stranded synthetic
oligonucleotide encompassing the P1 ori sequence from bp
386 to 502 (with a Hindlll site at the end at bp 386) was used
to replace the HindIII-to-NruI (P1 bp 502) region, thus
forming pALA631. The oligonucleotide had a T-to-A muta-
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FIG. 1. Structure of the P1 R-origin region and adjacent portion
of the repA gene. Base pair coordinates are conventional (2).
Putative DnaA boxes are shown as open arrows. Five 7-bp repeats,
four of which include GATC dam methylase sites, are shown as
shaded boxes. The 19-bp repeats bound by RepA are shown by
striped arrows. Part of the repA open reading frame is shown (open
box).

tion at bp 419, creating an SspI site. This mutation was
essentially silent for origin function (data not shown) and
was present in all of the clones except pSP102. The other
plasmids were made by cutting at the HindIII and SspI sites
of pALA631 and ligating to suitable double-stranded syn-
thetic oligonucleotides. The oligonucleotide used to con-
struct pALA654 had a consensus 5' TTATCCACA box,
whereas the one for pALA645 had the wild-type sequence
with its defective DnaA box, 5' TTATCCACt. Plasmids
pALA657 and pALA658 were made by replacing the NruI-
to-EcoRI fragments of pALA646 and pALA631, respec-
tively, with the NruI-to-EcoRI fragment (P1 bp 503 to 1000)
of pALA33 (2) to bring in the downstream DnaA boxes.
Plasmid pALA662 was made by ligating a double-stranded
synthetic oligonucleotide between the HincII site (P1 bp 599)
and the EcoRI site of pALA646. This oligonucleotide repro-
duced the natural P1 sequences from bp 599 through bp 626,
except that the C and A at positions 623 and 624 were
reversed to give a consensus box, 5' TTATCCACA. The
oligonucleotide terminated with the EcoRI sequence to
facilitate cloning and produced a clone similar to pALA657
but deleted for all repA sequences downstream of the box.
The P1 origin sequences of each pUC19 derivative were
confirmed by DNA sequencing with Sequenase (U.S. Bio-
chemical Corp., Cleveland, Ohio) as recommended by the
supplier.
For the in vitro assays (see Table 3), the relevant P1 ori

regions were recloned into the M13 or fl vectors as follows.
The HindIII-EcoRI fragments of the pUC19-Pl clones (see
Table 2) were excised and introduced into the homologous
sites of M13mplO (30) for the m-series templates. For the f
series, the HindIII site of each clone was converted to EcoRI
with a synthetic adapter, and the resulting EcoRI P1 ori
fragment was introduced into the EcoRI site of the flho
vector (26). Clone numbers relate to the parent pUC19-Pl
clones; i.e., m655 is the M13mplO clone from pALA655, etc.
The double-stranded replicative forms were used as tem-
plates. The choice of vector had no measurable effect on the
efficiency or specificity of the system (data not shown).

DNA preparation. Plasmid DNA and replicative-form
DNA for the M13 and fl clones were prepared as described
(3, 28).

In vivo assay for P1 ori function. The pUC19 derivatives
were introduced by transformation into a strain in which
DNA polymerase I is temperature sensitive [polA(Tsl2)
(31)]. The strain also contained a compatible plasmid sup-
plying the P1 RepA protein (pALA619) or a control plasmid
(pGB2). Transformants were isolated and purified at 30°C, at
which temperature the origin of pUC19 is functional (7).
After a period of growth at 30°C in antibiotic medium
selective for the retention of the test plasmid (ampicillin), the
culture was diluted into antibiotic-free medium and shifted to
42°C, blocking pUC19 origin function (7, 25). Samples were
withdrawn periodically during growth and tested for the
proportion of cells retaining the plasmid by counting the
number of cells able to form colonies at 30°C on agar with
and without an antibiotic.

In vitro replication. In vitro replication was performed as
described by Abeles and Austin (3), except that the reactions
were incubated at 37°C for 20 min and purified DnaA protein
was added where indicated. The reactions contained about
0.04 pmol of template DNA and, when present, 3 pmol of
DnaA protein (gift from Jon Kaguni) and 6 pmol of purified
RepA protein (1).

RESULTS

Assay for origin function. We have developed a convenient
system to assay the function of the P1 plasmid origin in vivo.
It allows us to manipulate and sequence the origin region in
a vector that uses an alternative origin capable of driving the
construct to high copy number. The activity of the P1 origin
is then tested under conditions where the high-copy-number
replicon is inactive.
The P1 origin or its mutant derivatives were cloned into

the vector pUC19 (39). Using synthetic oligonucleotides, we
constructed clones containing the previously defined mini-
mal P1 origin with its two DnaA boxes and variants with
deletions of different amounts of sequence. The pUC19
derivatives were introduced by transformation into a strain
in which DNA polymerase I is temperature sensitive
[polA(Tsl2)]. The strain also contains a compatible plasmid
supplying the P1 RepA protein (pALA619) or a control
plasmid (pGB2). After growth under antibiotic selection at
30°C, the culture was diluted into antibiotic-free medium and
shifted to 42°C. Under these conditions, pUC19 origin func-
tion is blocked (T. Brendler, manuscript in preparation), as
this origin is dependent upon DNA polymerase I (25).
Samples were withdrawn during growth and tested for the
proportion of cells retaining the plasmid. Under these con-
ditions, pUC19 was rapidly lost from the population (Fig. 2).
Its loss was not influenced by the presence of either pGB2 or
pALA619, which supplies RepA. Note that the starting
population already contained cured cells. This reflects the
low copy number of plasmids driven by the pUC origin in the
polA(Tsl2) strain at 30°C coupled with the random distribu-
tion of the copies to daughter cells (8). At 42°C, where pUC
origin replication is blocked (7), the loss rate presumably
reflects the dilution of the initial plasmid copies by growth.
In contrast, the starting population containing a pUC19
clone with the minimal P1 origin (pALA655) had no plasmid-
free cells and continued to maintain the plasmid for some
considerable time at 42°C without selection (Fig. 2). Under
selection, the cells grew well and maintained the plasmid
indefinitely at 42°C (data not shown). The plasmid was not
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FIG. 2. Maintenance of P1 ori derivatives in a poUA(Ts) host at
42°C. The vector pUC19 and various P1 ori plasmids derived from it
(Table 2) were tested (see Materials and Methods). The ratios of
viable colonies formed on plates with and without ampicillin are

plotted against the number of generations of unselected growth at
42°C. Plasmids were relatively stable only when the P1 origin was
present (pALA655, pALA631) and RepA was supplied. Rempovmg
the 38 bp that lie to the left of the first DnaA box had little or no
effect (pALA631). Symbols: 0, pUC19; 0, pALA655; A,pALA631
in BR827(pALA619); U, pUC19; 9, pALA655 in BR827(pGB2); E,

0, and A, RepA supplied; * and 9, no RepA.

maintained unless the RepA protein was supplied (Fig. 2),
showing that the improved maintenance is due to P1 origin
function. The gradual loss of the Pl-driven plasmid without
selection is presqmably due to the random distribution of the
plasmid at cell division. These clones have no plasmid
partition system (4). After an initial dilution of the copies
present at zero time, the rate of loss should reflect the
average number of copies produced by the P1 origin per
dividing cell (32). The data in Fig. 2 do not allow an accurate
estiimation of the copy number ofthe plasmid, but analysis of
data from several repeat determinations suggests that P1 ori
generates an average of five to nine copies per dividing cell
under these conditions (data not shown).

Activity of deletion and single-box consructs. The test was
repeated with the clones with deletion derivatives of the P1
origin. Deletion of sequences to the left of the DnaA boxes
had only a minimal effect (pALA655 and pALA631) (Fig. 2).
Deletion of the leftmost DnaA box had a very deleterious
effect on the origin function (pALA645) (Fig. 3). Further
deletion through the remaining box had little or no additional
effect, suggesting that two boxes are required for origin
function (pALA646). However, there is an alternative hy-
pothesis. The leftmost box, TTATCCACA, matches the
published consensus sequence, T1ATC/ACACIAA (17), but
the second repeat differs by a single base (T) at the last
position (Table 1). Thus, the right box could theoretically be
defective and unable to support replication when the left box
is deleted. In 'this case, the left box could be both essential
and sufficient for activity. To test this, we constructed a
pUC-Pl ori plasmid in which only a right-hand box was

present but the sequence of the box was altered to that of the
missing left box (pALA654). The construction with one good
box fu'nctioned considerably better than its defective coun-

terpout (pALA645), which differed by only a single base pair
(Fig. 3). We conclude that, although perhaps not as effective
as the wild-type arrangement of tandem boxes, a single box
is sufficient for origin function as long as it conforms to the
consensus.
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FIG. 3. Maintenance of P1 ori derivatives in a poIA(Ts) host at
42°C. Deletions of the minimal origin removig one (pALA645) or
both (pALA646) DnaA boxes blocked replication. Symbols: A,
pALA631; A, pALA646; +, pALA645 (each with RepA supplied). If
a single box matching the consensus was substituted for that in
pALA645 (pALA654), some replication was restored. A single
consensus box downstream ofthe origin (pALA662) was also active.
Symbols: 0, pALA654; 0, pALA662 (each with RepA supplied).

The relative efficiencies of the mutant origins were con-
firmed independently by measuring the transformation fre-
quencies in an unconditional polA repA+ strain and its repA
counterpart (Table 2). Mutants leaving the DnaA boxes
intact transformed efficiently. The mutant with a single good
box transformed nearly as well, but the mutant with one bad
box g,ave only a few slow-growing colonies. The mutant with
no boxes gave no transformants. All transformation was
dependent upon the presence of RepA (Table 2).

In vitro activity of ddetion and ox rs. The
hierarchy of effectiveness of the mutant origins seen in vivo
was also maintained when constructs containing them were
used as templates for DNA synthesis in vitro (Table 3). The
activity was always dependent upon the presence of exoge-
nously added P1 RepA, as expected for authentic P1 origin
function. The DnaA protein present in the cell extract was
limiting, as shown by a general stimulation of activity, when
purified DnaA protein was added (Table 3). However, the
differences in template efficiency of the mutants was main-
tained under these conditions, showing that the effectiveness
with which the limiting DnaA proteinis utdized depends on
the number and sequence of the boxes. Again, the construct
with a single consensus DnaA box was clearly active,
whereas those with only a bad box or none at all were not,
confirming that a single box is both necessary and sufficient
for initiation.

Role of a second group of DnaA boxes. Three potential

TABLE 1. DnaA boxes in the P1 ori regiona

Location of boxes 5' nucleotide Sequence 3' nucleotide

Upstream 387 TTATCCACA 395
396 TTATCCACt 404

Downstream 618 TTATCacCA 626
628 TTATAaAAA 636
637 CTATCCACA 645

The consensus sequence is T/cTATC/ACAC/AA. Nonconsensus bases are
in smnller type. This sequence is as published previously (17), except that C
is pernitted in first position (C. Schaefer and W. Messer, personal commu-
nication).

J. BACTERIOL.
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TABLE 2. Transformation efficiency in a polA host

Transformantsb
Clone P1 sequencespresenta (bp) BR825(pGB2) BR825(pALA619)

(no RepA) (supplies RepA)

pUC19 0 0
pALA658 386-1000 0 2 x 106
pALA655 366-610 0 2 x 106
pALA631 386-610 0 4 x 106
pALA657 405-1000 0 4 x 106
pALA654 396-610C 0 1 x 106
pALA662 405626d 0 1.5 x 106
pALA645 396-610c 0 50
pALA646 405-610 0 0
pSP102e -228-1529 0.1 x 106 0.4 x 106

a See schematic diagram of origin (Fig. 1).
b Number of ampicillin-resistant transformants (at 30'C) per microgram of

DNA of the polA strain BR825 (27) containing plasmid pALA619 (supplies P1
RepA) or the control plasmid, pGB2 (15).

c pALA654 has a single consensus DnaA box, 5' TTATCCACA, whereas
pALA645 has the wild-type sequence 5' TTATCCACt at the same position.

d pALA662 has a single consensus DnaA box to the right of the core origin
sequences (downstream position).

' pSP102 (33) contains a complete P1 replicon, including repA but deleted
for incA.

DnaA boxes lie closely apposed in the RepA leader sequence
outside the minimal origin. We will refer to these as the
downstream boxes, as they lie downstream of the initiation
point of the repA gene. One is a perfect match to a revised
consensus, and the others differ by one and two base pairs,
respectively (Table 1). Two explanations for the presence of
these boxes seem reasonable. First, they could act as
regulatory sequences, either modulating origin function or,
more likely, modulating the expression of the repA gene of
which they are a part. The DnaA box acts as a regulatory
element in other systems, notably in the autoregulation of
the dnaA gene (11, 37). Second, they could contribute to
origin function directly. The latter would imply that this set
of boxes and the origin set are at least partially redundant.
To test this hypothesis, we constructed a pair of pUC19-P1
ori clones. One, pALA658 (Table 2), contained the down-
stream cluster of boxes plus the intact origin including its
upstream pair of boxes. The other, pALA657, had the same
sequences but lacked the upstream pair of boxes. The results

TABLE 3. Effect of deletion mutations in vitro

pmol of [3H]dTTPb

Clone P1 sequences Without DnaAc With DnaApresent'
RepA- RepA+ RepA- RepA+

M13mplO 4 5 6 6
flho 4 3 6 7
m655 355-610 4 40 3 76
f631 386-610 4 38 4 61
m654 396-610d 4 12 4 37
f645 396-610d 4 6 4 10
f646 405-610 5 6 4 6

a The fand m series constructs are derived from flho and M13mplO vectors,
respectively (see Materials and Methods).

b In vitro replication was determined in a crude E. coli system (18) by using
purified P1 RepA protein (1) and template DNA (see Materials and Methods).

c The crude extract contained a limiting amount ofDnaA protein before any
addition.

d f645 has the wild-type sequence with its defective DnaA box; m654 has a
5' TTATCCACA consensus box in the same position.
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FIG. 4. Maintenance of P1 ori-containing plasmids in a polA(Ts)

host at 42°C. Plasmids with upstream (pALA631) or downstream
(pALA657) sets of boxes were equally effective, but one with both
sets (pALA658) was better. Symbols: A, pALA631; A, pALA646;
0, pALA658; 0, pALA657 (each with RepA supplied).

of quantitative in vivo assays are given in Fig. 4, and
transformation assays are given in Table 2. They show that
the construct containing only the downstream cluster of
boxes (pALA657) was as effective as the classical minimal
origin containing only the upstream boxes (pALA631). Thus,
although a regulatory role for the downstream cluster is not
ruled out, it must be in addition to a direct role in origin
function. Since the two sets of boxes showed redundancy, a
second version of the minimal origin can be defined that
excludes the upstream boxes and extends through the down-
stream sequences. This new minimal origin was fully RepA
dependent (Table 2). Sequences within the original origin (bp
366 to 610) were still required; clones containing only the
downstream region (bases 606 through 1856) but no origin
failed to replicate (data not shown). As confirmed below, the
new minimal origin makes use of the same core origin
sequences for initiation as the original one, simply utilizing
DnaA boxes that are differently placed. The data in Fig. 3
also allow us to redefine the original minimal origin to the
225-bp sequence from bp 386 to 610.
The construct with both clusters of boxes (pALA658) is

more effective than either of the minimal origins (Fig. 4). Its
low rate of loss suggests that a higher average copy number
is maintained. Thus, the full wild-type complement of five
boxes appears to make initiation more efficient.

Origin with a single consensus box to its right. Using
oligonucleotide-directed sequence manipulation, we con-
structed a second origin with a single consensus box. In this
construct (pALA662), the box 5' TTATCCACA was placed
to the right of the origin in the region normally occupied by
the downstream box cluster. This box matched the good box
of the upstream cluster, but had no exact counterpart in the
wild-type downstream cluster (Table 1). There were no
additional P1 sequences beyond the boundary of the box.
The construct transformed the polA strain efficiently (Table
2), showing that the origin is active. The data in Fig. 3
confirm that pALA662 has origin activity and shows that, if
anything, it is more active than pALA654, which has the
same consensus box placed to the left of the origin. We
conclude that a single consensus box is sufficient to allow
initiation when placed either to the left or right of the core
origin sequences and that no additional P1 sequences are
necessary in either case.

VOL. 172, 1990 4389



4390 ABELES ET AL.

DISCUSSION

Our results show that, although the DnaA box motif is
essential for P1 origin function, such boxes can be placed
either to the right or to the left of the core origin sequences.
This result has a parallel in observations on the plasmid
mini-Rtsl (22, 23). Mini-Rtsl, although a member of a
different incompatibility group than P1, has a similar repli-
con structure (24). Its origin is similarly organized with
tandem DnaA boxes in roughly the same position as in the P1
origin (22, 24). Mini-Rtsl will replicate when both of these
DnaA boxes are deleted, giving a plasmid with a somewhat
lower copy number (23). The deleted plasmid still requires
DnaA protein for replication. Itoh and co-workers point out
that a sequence that lies just outside the origin in the control
region for RepA initiator synthesis resembles a single DnaA
box and might be the target for DnaA in the deletion mutant.
Our results show that a single DnaA box, as long as it

conforms to the consensus, is necessary and sufficient to
allow initiation at the P1 origin. Again, the placement of the
box does not seem to be critical. With single-box constructs,
the efficiency of initiation may be lower than that obtained
when multiple boxes are present. However, the average
copy number appears to be at least as high as that of the P1
wild type. Wild-type P1, unlike our origin constructs, has a
strict negative feedback involving a distal locus (incA) that
limits the copy number to one or two per unit cell (12, 33).
Thus it is possible, although unproven, that a single box
could support replication of an otherwise wild-type P1
plasmid with little detriment.
The observation that the position of boxes relative to the

origin is not critical is an intriguing one. Constructions with
only downstream boxes replicate as well as those with only
upstream boxes, and the consensus upstream box can func-
tion in its original position, in a downstream position, or in
the position normally occupied by its defective upstream
neighbor. These observations contrast strongly with those
on oriC, where deletion of just one of the four boxes
inactivates the origin and where the precise positioning of
the boxes is critical (9).

Bramhill and Kornberg (9) show that interaction of DnaA
protein with the four boxes in oriC induces strand opening
within the origin. They proposed that winding of the re-
peated DnaA boxes around a core of DnaA protein distorts
the DNA, causing the strands to open nearby in a region that
features three 13-bp tandem repeats. Evidence has also been
presented for a direct role for DnaA in recognizing this 13-bp
repeat unit (41). The DnaA protein may also play a role in
directing the DnaB protein into the melted region to initiate
primosome assembly and subsequent primer formation (10).
The presence of multiple DnaA boxes in P1 ori originally
suggested to us that they might play roles similar to those in
oriC. However, Bramhill and Kornberg (10) have pointed
out that the five direct repeats that bind the P1 RepA protein
might play the role of a strand-opening system for the P1
origin. In this case, the requirement for DnaA for P1 origin
function might reflect its participation in only a subset of the
DnaA activities required for initiation at oriC. We believe
that our present results provide strong support for this
hypothesis for P1. Clearly, the DnaA box is a critical
sequence for P1 origin function, but a single box can work
and different positions of the DnaA boxes are effective.
These facts argue against the obligate involvement of the P1
DnaA boxes in a complex, coiled structure that initiates the
precise strand opening event as proposed for oriC. Rather, it
is probable that the P1 boxes play a subsidiary role such as

local capture of the protein for its subsequent binding to an
origin primosome assembly region, probably the origin core
region containing the short repeats and nested GATC se-
quences. In this case, the efficiency of delivery of DnaA to
the origin might improve with increasing numbers of boxes,
but the lack of requirement for a precise number or position
of boxes could be explained.
An interesting parallel is exhibited by the incFII plasmids.

Here DnaA protein is not required but does facilitate repli-
cation (36). The origin of these plasmids contains a single
DnaA box, and unlike in the oriC case, the ADP form of the
protein is sufficient (40). Perhaps the action of DnaA at the
P1 and incFII origins is similar, except that in the P1 case the
requirement is far more stringent. It would be interesting to
determine whether the ADP form of DnaA is sufficient to
promote initiation from the P1 origin or whether the ATP
form is required, as it is for oriC.
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ADDENDUM IN PROOF
S. Wickner, J. Hoskins, D. Chattoraj, and K. McKenney

(J. Biol. Chem., in press) showed that P1 ori replicates in
vitro with the ADP form of DnaA.
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