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Summary

Prior to initiating DNA synthesis, E. coli oriC switches from ORC, comprising initiator DnaA bound
at three high affinity sites, to pre-RC, when additional DnaA molecules interact with low affinity
sites. Two types of low affinity sites exist; R boxes that bind DnaA-ATP and DnaA-ADP with equal
affinity, and I-sites with a 3—4 fold preference for DnaA-ATP. To assess the regulatory role of weak
DnaA interactions during pre-RC assembly in vivo, we compared the behavior of plasmid-borne
wild-type oriC with mutants having an increased or decreased number of DnaA-ATP discriminatory
I-sites. Increasing the number of discriminatory sites by replacing R5M with 12 inactivated
extrachromosomal oriC function. Mutants with no discriminatory sites perturbed host growth and
rapidly replaced wild-type chromosomal oriC, but normal function returned if one I-site was restored
at either the 12, 13 or R5M position. These observations are consistent with assembly of E. coli pre-
RC in vivo from mixtures of DnaA-ATP and DnaA-ADP, with I-site interactions coupling pre-RC
assembly to DnaA-ATP levels.
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Introduction

Initiation of chromosome replication is precisely regulated in all cells so that replication origins
initiate at the correct time only once during each cell cycle, reviewed in (Boye et al., 2000;
Diffley, 2004; Messer, 2002). Such stringent regulation is dependent, in part, on properly timed
and ordered conversion of origin recognition complexes (ORC) into pre-replication complexes
(pre-RC) comprising replication origin DNA and origin-binding initiator proteins (Baker and
Bell, 1998; Leonard and Grimwade, 2005). For E. coli, both ORC and pre-RC assembly require
oriC interactions with initiator DnaA, a AAA™ protein (Davey et al., 2002; Kaguni, 2006;
Messer, 2002; Skarstad and Boye, 1994) with structural similarities to Cdc6/Orc1(Erzberger
et al., 2002).

DnaA interacts with two classes of 9-mer recognition sequences within the 245 bp E. coli
oriC (Figure 1A) (Bramhill and Kornberg, 1988; Fuller et al., 1984; Leonard and Grimwade,
2005; Margulies and Kaguni, 1996; McGarry et al., 2004). One class, termed R boxes (Figure
1A), carries the consensus 5-TGTGNAA/TAA, and shows equivalent affinities for DnaA-
ADP or DnaA-ATP (Fuller et al., 1984; Matsui et al., 1985; Sekimizu et al., 1987). The other
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class, termed I-sites (Figure 1A) with consensus 5-TT/GGGATCAA/G, shows a 3-4 fold
preference for DnaA-ATP (Kawakami et al., 2005; McGarry et al., 2004). R1, R2, and R4 are
the highest affinity sites (Grimwade et al., 2000; Margulies and Kaguni, 1996), and are bound
to DnaA during the majority of the cell cycle (Cassler etal., 1995; Nieveraetal., 2006), forming
a complex that is temporally and functionally equivalent to budding yeast ORC. Near the time
of initiation, R5M and I-sites bind additional DnaA to form the pre-RC (Nievera et al., 2006;
Ryan et al., 2002) with localized DNA strand separation within a region containing three A-T
rich, 13-mer repeats (Bramhill and Kornberg, 1988; Gille and Messer, 1991) (Figure 1). DnaB
helicase is then loaded onto the available single strands, followed by the sequential loading of
DnaG primase and DNA polymerase |11 holoenzyme (Benkovic et al., 2001; Fang et al.,
1999; Kornberg and Baker, 1992). Other DnaA-ATP interactions within the 13 mer region at
a smaller recognition consensus 5-ATGATC-3' may enhance the stability of separated DNA
strands (Speck and Messer, 2001). It is not known how DnaA-oriC interactions are able to
produce localized DNA strand separation, but it was recently reported that DnaA-ATP forms
right handed helical filaments with the potential to change the topology of supercoiled DNA
(Erzberger et al., 2006). During pre-RC assembly, DnaA-ATP binding to sites with a
preference for DnaA-ATP would be expected to play a key role in proper assembly of the
helical filament.

DnaA levels remain constant throughout the E. coli cell cycle, but the proportion of active
DnaA-ATP and inactive DnaA-ADP fluctuates, such that DnaA-ATP levels peak near the time
of initiation (Kurokawa et al., 1999; Sekimizu et al., 1987). The increase in DnaA-ATP comes
from newly synthesized DnaA, which rapidly binds ATP, and from conversion of DnaA-ADP
to DnaA-ATP, mediated by acidic membrane phospholipids (Crooke, 2001). The decrease in
DnaA-ATP after initiation results from replication-coupled hydrolysis (Kato, 2005; Lee and
Bell, 2000). Total cellular DnaA levels are also regulated to permit E. coli cells to accommodate
many copies of oriC, all of which initiate replication synchronously (Helmstetter and Leonard,
1987; Leonard and Helmstetter, 1986; Leonard et al., 1990; Skarstad et al., 1986; Skarstad et
al., 2003). During rapid growth, E. coli cells contain more than one copy of oriC because new
rounds of DNA replication are initiated before sufficient time has passed to complete the
previous round creating multi-forked chromosomes (Helmstetter, 1996). Additionally, up to
30 extrachromosomal copies of oriC as minichromosomes or cloned into pBR322 can be
tolerated. Multiple oriC copies on plasmids do not perturb host growth unless the chromosome
harbors additional mutations that compromise initiation of replication or produce initiation
asynchrony (dnaA, dam, segA, ihf, fis) (Dasgupta and Lobner-Olesen, 2004; Koppes, 1987;
Lobner-Olesen et al., 1994; Lobner-Olesen and von Freiesleben, 1996; Skarstad and Lobner-
Olesen, 2003). In these compromised hosts, competition between chromosomal and
extrachromosomal oriC copies results in plasmid integration into the genome (Jensen et al.,
1990; Lobner-Olesen, 1999). In addition to the mutations in replication proteins, a wide variety
of mutations in oriC have been constructed and harbored on plasmids with a pBR322 origin.
Although many of these oriC mutations have resulted in loss of plasmid oriC function when
placed in a wild-type host, none are reported to either integrate spontaneously into the genome
or inhibit host growth when harbored at high copy number, as might be expected from mutation
which causes the plasmid oriC to out-compete chromosomal oriC (Bates et al., 1995; Oka et
al., 1982; Oka et al., 1984; Weigel et al., 2001).

Since weak DnaA interactions required for pre-RC assembly include both I-site sequences
(preferring DnaA-ATP) and R boxes (non-discriminatory sites), we wondered if altering the
number and location of the discriminatory sites would affect oriC function and host growth.
We chose to examine this by using the plasmid competition system. Using site-specific
mutagenesis, DnaA-ATP preference was removed from sites 12 and 13 (oriC'2/13ADP)
(McGarry et al., 2004) and an “extra I-site” mutant (oriCMATP) was also constructed by
converting R5M into 12. The behavior of these mutant oriCs carried on pBR322 was examined
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in hosts carrying wild-type or compromised (ORC-defective oriC AR4) oriC on the
chromosome. We found that removing DnaA-ATP preference from 12 and 13 was sufficient to
produce an oriC that would rapidly out-compete wild-type chromosomal oriC, dramatically
inhibit host growth, and cause replacement of the wild-type chromosomal origin with the
mutant version in survivors. This phenotype was suppressed by adding back one I-site at either
12, 13, or R5M positions. An oriC with three I-sites was unable to function in the presence of
wild-type chromosomal oriC, but both growth inhibition and integration into the chromosome
were observed in hosts carrying compromised chromosomal oriC. Based on these behaviors
we propose that both nucleotide forms of DnaA are used to assemble E. coli pre-RC in vivo,
with I-sites responsible for coupling oriC function to DnaA-ATP levels during pre-RC
assembly.

An extrachromosomal oriC with three discriminatory I-sites is functional only when
chromosomal oriC is compromised

Three low affinity DnaA binding sites in oriC, R5M, 12, and 13, simultaneously become
occupied during pre-RC formation. In vitro DMS and DNase | footprinting studies have
demonstrated that all three sites bind DnaA-ATP with equal affinity. However, R5M binds
DnaA-ADP with the same affinity as DnaA-ATP, unlike I-sites, which discriminate between
DnaA nucleotide forms (Kawakami et al., 2005; McGarry et al., 2004). DnaA binding to
oriC causes distinctive changes to the modification pattern produced by DMS, comprising a
hypersensitive guanine residue in the fourth position of the DnaA 9 mer sequence, and
suppressed modification of the guanine in the second position (if the site contains a G in this
position) (Figure 1).

To test whether or not the ability of R5M to bind DnaA-ADP played a role in pre-RC formation
in vivo, we replaced R5M in wt oriC with 12, creating oriCMATP: this mutant oriC has three
discriminatory I-sites. Binding of DnaA-ATP and DnaA-ADP was examined using in vitro
DMS footprinting, which is likely to reflect binding preferences in vivo as well. In vitro DMS
footprints verify that oriCMATP has three sites that preferentially bind DnaA-ATP: the mutated
R5M position, 12, and I3 (Figure 1B, second panel). The in vitro footprints also show that
occupation of R5M and 12 in the R5M position (termed 12M) is first observed at comparable
DnaA concentrations (Figure 1B, see binding pattern for 40 nM DnaA-ATP in first and second
panels), indicating that R5M and 12M have similar affinities for DnaA-ATP. OriCMATP \as
cloned into a plasmid that also contained the pBR322 origin, and oriC function was tested by
transforming a polA strain with the chimeric plasmid. Since the pBR322 origin requires Pol |
to replicate, transformants are obtained only if replication initiates from the plasmid oriC.
Interestingly, extrachromosomal oriCMATP was not functional in the presence of wt
chromosomal oriC in the polA strain (Table 1). This result could arise either because
oriCMATP functions less efficiently than chromosomal wt oriC, or because the mutation
reduced the ability of oriCMATP to initiate replication under any conditions. To determine if
oriCMATP retained any activity, we removed the pBR322 origin from the chimeric plasmid,
making a minichromosome. This minichromosome successfully transformed cells whose
chromosomal oriC was made less efficient by a scrambled R4 box (oriCAR4) (Weigel et al.,
2001) indicating that oriCMATP was functional when not forced to compete with wt oriC (data
not shown). Since oriCMATP differs from wild type only in the replacement of R5M with 12,
it appears loss of the ability to bind DnaA-ADP at the R5M position renders oriCMATP Jess
efficient than wt oriC, indicating that binding of DnaA-ADP during pre-RC assembly plays a
role in normal oriC function.
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An oriC mutation that allows DnaA-ADP binding to 12 and 13 (oriC'2!/3ADP) perturbs host

growth

Since making R5M into a discriminatory I-site decreased oriC function, we decided to examine
whether discrimination between DnaA-ATP and DnaA-ADP at 12 and 13 was also important
for normal origin activity. The preference of 12 and I3 for DnaA-ATP can be eliminated by
replacing the G in position 3 of 12 and I3 with a T (McGarry et al., 2004). The resulting origin,
oriC!2/13ADP \yas cloned into a pBR322 plasmid. PolA cells were successfully transformed by
this chimeric plasmid (Table 1), indicating that extrachromosomal oriC12/13ADP \yas
functional, but the transformation of wild type cells resulted in heterogenous, but generally
small, slow growing, transparent colonies (Table 1, Figure 2A). This perturbed phenotype is
not simply due to the presence of a plasmid with two origins, since transformation of a plasmid
harboring wt oriC and the pBR322 origin plasmid yielded normal-looking colonies (Figure
2A). The colonies harboring oriC!2/13ADP 3|50 contained fewer viable cells (10-20% viable
cells) than colonies harboring the wt chimeric plasmid (100% viable cells, data not shown).

When cultured in non-selective media, cells harboring wt oriC plasmid grew normally, while
cells harboring oriC!2/13ADP plasmid had a prolonged, over 3 hour lag phase (Figure 2B). After
both cultures entered exponential growth, they grew at the same rate (Figure 2B), suggesting
that cells were eventually able to recover from the detrimental effects of the oriC'2/I3ADP
plasmid.

Growth perturbation is due to competition with chromosomal oriC, and host survival requires
integration of oriC'?/13ADP jnto the genome

One possible reason for the growth perturbation caused by the oriC!213ADP chimera is
competition between the mutant origin and wt oriC on the host chromosome. If this is the case
then the oriC'2/13ADP chimera should not alter growth of a host strain in which chromosomal
oriC is deleted. To test this, wt oriC and oriC!2/I3ADP plasmids were transformed into
MM294AoriC::pKN1562 (clockwise), which replicates from a R1 plasmid origin (Koppes and
Nordstrom, 1986). Neither plasmid altered colony morphology (not shown) or growth of this
strain, although AoriC cells grew more slowly than cells with a normal chromosomal copy of
oriC (Figure 3A). These data are consistent with the hypothesis that the growth defect caused
by the oriC!2/I3ADP plasmid was due to competition with host oriC.

Previous studies demonstrated that wt oriC plasmids spontaneously integrate into the
chromosome of cells harboring mutations that compromised initiation, due to competition
between host and plasmid origins ((Skarstad et al., 2003; Skarstad and Lobner-Olesen, 2003,
Lobner-Olesen, 1999). Since the oriC!?/!3ADP plasmid appears to compete with host oriC, we
tested to see if this mutant oriC also integrated into the chromosome. Cells were transformed
with either oriC'/I3ADP or 3 plasmid harboring the E. coli B/r oriC, which differs from the
published K12 oriC sequence by 2 bp changes (213A to T, and 221 T to C, (de Wind et al.,
1987). The B/r oriC plasmid does not perturb host growth, and behaves identically to the K12
oriC plasmid (data not shown). Cells from at least 100 primary transformed colonies were
subjected to Mismatch Amplification Mutational Analysis (MAMA-PCR), to detect single bp
changes in DNA (described in Experimental Procedures). Primers were designed to detect K12
oriC, B/r oriC, or oriC!213ADP jn the position of chromosomal oriC. Amplification products
were examined by agarose gel electrophoresis (Figure 3B, and Table 1). B/r oriC plasmids
integrated infrequently, since fewer than 15% of colonies gave even a weak amplification
product using primers to detect the B/r oriC (Figure 3B, second panel, and Figure 3C). These
integrates were not stable, and no chromosomal B/r oriC was observed after overnight culture
of the primary transformants (Figure 3B, fourth panel, and Figure 3C). In contrast, when cells
were transformed with oriC'2/!3ADP plasmid, 30%-40% of colonies contained cells that had
integrated the mutant origin. Further, the strong amplification signal obtained using the
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oriC'2/13ADP primers indicates that most of the cells in the colony were integrates (Figure 3B,
first panel, and Figure 3C). Integration of oriC'2/13ADP \as stable, since cultures from 90% of
the primary transformants contained cells with the mutant origin (Figure 3B, third panel; Figure
3C). The chromosomal oriC region from a subset of the stable integrates was amplified by
PCR and sequenced, verifying that the oriC!2/!3ADP had replaced wt oriC on the chromosome.
We are currently investigating initiation timing of chromosomal oriC'Z/13ADP during the cell
cycle (manuscript in preparation).

If integration of oriC'2/I3ADP was caused by competition with host oriC, then the growth
perturbation caused by transformation of the mutant plasmid should be relieved by the
integration event. This was tested in two ways. First, wt oriC and oriC'2/13ADP plasmids were
transformed into recombination defective (recA) cells. Colonies harboring the wt oriC
appeared normal (Figure 4A, top panel), and grew without a notable lag phase when cultured
in non-selective media (Figure 4B). In contrast, cells transformed with oriC!'2/13ADP formed
extremely small, very transparent colonies (Figure 4A, bottom panel) containing cells that did
not grow within 8 hours of culture in non-selective media (Figure 4B), indicating that recovery
from the growth perturbation required a recombination event. We also tested to see if
integration of oriC'/I3ADP correlated with resumption of normal growth after the prolonged
lag phase noted in normal cells (Figure 2). Colonies resulting from transformation with
oriC!2/13ADP \yere tested for integration of the mutant origin, by MAMA-PCR. A colony that
harbored plasmid, but had not yet integrated the mutant oriC into the chromosome was used
to inoculate a culture in non-selective media. Aliquots of the culture were taken at various time
intervals, cell growth was monitored (Figure 4C), and cells were tested for mutant origin
integration (Figure 4C, inset). During the prolonged lag phase, integration of the mutant origin
was not observed. However, the oriC'2/13ADP amplification product appeared coincidently with
resumption of normal growth. Combined, these data indicate that RecA-mediated
recombination of oriC'?/13ADP replacing the host oriC, was required for normal host growth
and survival.

Extrachromosmal oriCs containing only one discriminatory I-site are functional and do not
perturb host growth

The studies described above indicate that loss of discrimination from two I-sites results in an
oriC that can effectively out-compete wt chromosomal oriC. However, they do not reveal
whether or not one I-site plays a more critical role in this competition than the other. To examine
this, we made chimeric oriC/pBR322 plasmids in which oriC was mutated in only one I-site
(oriC'2ADP or oriC!3ADP) Both oriC!2ADP and oriC'3ADP were similar to wt oriC in their
ability to transform polA cells containing wt chromosomal oriC (Table 1). Additionally,
competition between the plasmid and host oriC was not detected; the plasmids did not cause
altered colony morphology (Table 1, Figure 5, panels 3 and 4), and they did not form stable
integrates in the host chromosome (Table 1). Thus, it appears that one discriminatory I-site is
sufficient for a plasmid oriC to stably coexist with a wt chromosomal oriC.

12 and 13 are separated by 70 bp, but the results described above indicate that the position of
discriminatory I-sites is less important than their number. To test this idea further, we replaced
R5M in oriC!2/13ADP \ith 12 (oriC'Z/I3ADPIMATPY \\/e examined binding of DnaA-ATP and
DnaA-ADP to this mutant origin using DMS footprinting (Figure 6). The footprints verify that
this origin DnaA-ATP preferentially binds to the mutated R5M position, but the 12 and 13
positions bind DnaA-ATP and DnaA-ADP equally (Figure 6). The oriC'2I3ADP/MATP
successfully transformed the polA strain, (Table 1), colonies formed by transformation into a
wit strain appeared normal (Figure 5, panel 5), and the plasmid did not integrate into the host
chromosome (Table 1). These data suggest that the position of discriminatory I-sites in oriC
is not critical for function.
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A new method for replacing chromosomal oriC with mutant versions

Thiswork supports the results of previous studies in demonstrating that mutations which reduce
oriC efficiency can not function as extrachromomsomal oriCs in the presence of wt
chromosomal oriC (Langer et al., 1996; Lobner-Olesen, 1999; Oka et al., 1984). Many oriC
mutants retain enough activity to function as the sole oriC in the cell (Bates et al., 1995; Weigel
et al., 2001), but all of the processes reported to replace chromosomal oriC require multiple
steps and do not give very many stable integrates (Weigel et al., 2001). The studies in this work
have provided new information, demonstrating that a plasmid harboring mutations that should
logically increase oriC efficiency can effectively out-compete chromosomal oriC, resulting in
growth perturbation that is relieved by high frequency, stable integration of the more efficient
origin. If this is generally true, then cells harboring mutations in chromosomal oriC that reduce
function, such as oriCAR4, should readily integrate normal or less perturbed mutated origins
harbored on plasmids. We tested this hypothesis, by transforming oriC2R# cells with wt oriC/
pBR322 chimeric plasmids. The transformed colonies were small and clear. MAMA-PCR
analysis of cells in the colonies showed that plasmid wt oriC replaced the chromosomal
oriCAR4 with high frequency, and over 60% of the colonies contained stably integrated wt
origins (data not shown). The frequency of integration was similar to that seen with the
oriC'2/13ADP muytation in wt cells. Thus, by using an origin “ranking” system, it should be
possible to rapidly replace chromosomal oriC with mutant oriCs, as long as the chromosomal
oriC is less efficient that the replacement copy.

Discussion

Unwinding of oriC in vitro requires DnaA-ATP (Sekimizu et al., 1987), and newly synthesized
DnaA-ATP is believed to be the limiting factor for in vivo pre-RC assembly in E. coli. However,
it is unclear whether every DnaA molecule comprising pre-RC is in the DnaA-ATP form, since
R boxes bind DnaA-ATP and DnaA-ADP equally. Invitro, the replication activity of low levels
of DnaA-ATP can be augmented by DnaA-ADP (Yung et al., 1990), suggesting that at some
stage of initiation, both forms make positive contributions. We suggest that this stage is pre-
RC formation, when discriminatory I-sites and non-discriminatory R5M are filled (Nievera et
al., 2006; Ryan et al., 2002). The behavior of the “loss of preference” mutant oriC!2/13ADP and
the “extra I-site” mutant oriC'/MATP reported here are consistent with this scenario.

Decreasing the requirement for DnaA-ATP by mutating 12 and 13 resulted in chimeric
oriC'2/13ADP plasmids that inhibited host cell growth and integrated rapidly into the
chromosome. The growth perturbation caused by the high copy chimeric plasmid suggests that
the plasmid titrated sufficient DnaA or other proteins to prohibit chromosomal initiation. One
way this might occur is through premature initiation of the plasmid origin, triggered by filling
of I-sites with DnaA-ADP. Unwinding would be followed by recruitment of DnaA-ATP to the
single-stranded 13-mer region on the plasmids, since this region is reported to interact directly
with DnaA-ATP (Speck and Messer, 2001; Yung and Kornberg, 1989), and DnaA-ATP is
required to localize strand separation in oriC'2/13ADP tg the 13 mer region (McGarry et al.,
2004). It is also possible that early unwinding of the plasmid origins titrated DnaB, or some
other required factor, away from chromosomal oriC. We have observed early initiations of
oriC'2/13ADP minichromosomes (manuscript in preparation). However, since
minichromosomes are harbored at a lower copy number than chimeric plasmids (Leonard et
al., 1990), minichromosomes are not as effective at titrating initiation proteins; thus
oriC'2/13ADP minichromosomes do not severely inhibit host growth.

Integration of oriC'/I3ADP relieved growth perturbation, suggesting that despite the loss of I-
site preference for DnaA-ATP, sufficient negative regulation remains to prevent lethal runaway
replication (Simmons etal., 2004). Blocking of pre-RC formation by the hemimethylated DNA
protein, SegA, remains functional following the onset of chromosome replication since the
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required GATC sequences in 12 and 13 were not altered in the “loss of preference” mutants
(Boye et al., 2000; Campbell and Kleckner, 1990; Kaguni, 2006; Kato, 2005; Lu et al., 1994;
Nievera et al., 2006; Skarstad et al., 2000). DNA replication-coupled hydrolysis of DnaA-ATP
(Katayama, 2001) will also prevent over-initiation, since oriC'2/13ADP requires DnaA-ATP for
localized unwinding (McGarry et al., 2004).

Co-existence of wild-type and oriC'?/13ADP required adding back just one I-site at 12, 13, or
R5M. Thus, although coupling of DnaA-ATP binding to the assembly of pre-RC is an important
feature for correct regulation, the location of this binding within the complex appears to be
flexible. Further, the behavior of the oriCMATP mutant is consistent with the idea that DnaA-
ADP normally interacts with non-discriminatory weak sites. If DnaA-ATP was the only form
of the initiator protein used during normal pre-RC formation, then conversion of R5M to 12
should not alter oriCMATP function. However, oriCMATP was non-functional in the presence
of wild-type oriC, indicating that the added requirement for DnaA-ATP caused a competition
for DnaA. Earlier initiation of chromosomal DNA replication from wild-type oriC (containing
DnaA-ADP in the pre-RC) and the resulting replication-coupled DnaA-ATP hydrolysis
prevents the DnaA-ATP levels from ever being high enough to fill all three extrachromosomal
I-sites in oriCMATP,

The possibility that E. coli pre-RC comprises a mixture of both inactive DnaA-ADP and active
DnaA-ATP raises interesting questions about the mechanism used to unwind oriC. It was
recently suggested that origin unwinding activity of DnaA is produced by assembly of a right-
handed DnaA helical filament, with polymerization of the filament requiring DnaA-ATP
monomers (Erzberger et al., 2006). A role for DnaA-ADP bound to oriC weak sites is difficult
to understand in light of this model, but several possibilities exist. First, DnaA-ADP may
normally form the end of a polymerized filament causing it to be of fixed length, or binding
of DnaA-ADP may occur independently of any filament formation. Despite the lack of clarity
on the mechanism to unwind oriC, further analysis of oriC'?/!3ADP and oriCMATP should
provide important information on the conversion of ORC to pre-RC in E. coli and the rules for
filament formation.

Although unable to compete with wt oriC, oriCMATP was functional as a sole chromosomal
copy, similar to many oriC mutants with compromised function (Bates et al., 1995; Weigel et
al., 2001). However, our finding that cloned oriCMATP was able to replace chromosomal copies
of oriCAR4 on the chromosome reveals a hierarchy of mutational defects. Based on our
observation, the ORC-defective oriCAR4 must require even higher levels of DnaA to initiate
in vivo compared to oriCMATP The competitive hierarchy of wild-type and mutant versions
of oriC provides a convenient approach for origin swapping. As long as the chromosomal
oriC is out-competed by the pBR322-cloned oriC mutant, host growth will be perturbed, and
the more efficient origin will integrate.

Experimental Procedures

Bacterial strains and plasmids

pOC170 is 3,852 base pairs long and carries replication origins from both pBR322 and oriC
(Weigel et al., 1997). Supercoiled plasmid used for transformations and in vitro analyses of
DnaA binding was isolated by using the QIAPrep Spin plasmid preparation kit (Qiagen).
Mutagenesis of oriC was performed on pOC170 using the QuikChange site-directed
mutagenesis kit (Stratagene) with oligonucleotide primers (Invitrogen) of 20-28 base pairs
carrying the mutation in the center. After Dpnl restriction endonuclease digestion to remove
parental template, mutant plasmids were transformed into XL1-Blue endAl gyrA46 hsdR17
lac recAl relAl supE44 thi; F’lac: lacl94(lacZ) M15 Tn10 proA+proB+. DNA sequence
analysis of mutant oriC was performed by using an Applied Biosystems 373 DNA sequencer
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with XL upgrade and Bio-Rad sequence analysis software, version 3.4. For evaluation of
plasmid oriC function in vivo, pOC170 or mutant plasmids were transformed into either P3478
polAl, thyA36 deoC2 IN(rrnD-rrnE)1, or its isogenic parent, W3110. Effect of plasmids on
cell growth was determined by transforming W3110, MM294 endA, thiA, hsdR17, supE44,
MM294 recA or MM294 AoriC. MM294AoriC strain was made by P1 transduction of the
origin region from AoriC::pKN1562 (clockwise), asnA+, Km, thi-1, relAl, spoT1, 1~ (Koppes
and Nordstrom, 1986). Cells were made competent using CaCly transformed with 100 ng of
plasmid DNA, and plated onto Luria-Bertani agar plates containing 100 ug/ml ampicillin.
Plates were incubated overnight at 37°C before examining colonies. Cells from colonies were
grown in Luria-Bertani media supplemented with 100 pg/ml thymine. Cell growth was
measured by counting cells using a model ZB Coulter Counter.

Chemicals, proteins and enzymes

Reagent grade chemicals were purchased from either Midwest Scientific, Fisher Scientific, or
Sigma. Media components were from Difco or Midwest Scientific. Polymerases and
nucleotides were purchased from Bioline. Amino-terminal His;p-tagged DnaA was purified
as described (Li and Crooke, 1999).

DNA modification and primer extension

DMS maodification of plasmid DNA in vitro was performed as previously described (Grimwade
et al., 2000, Ryan et al., 2004). In 50 ul reactions, 0.75 pg (300 fmole) of supercoiled plasmid
DNA was added to 40 mM Hepes-KOH, pH 7.6, 8 mM MgCl,, 30% (w/v) glycerol, 320 ug/
ml BSA, and 5 mM ATP. DnaA was pre-incubated for 5 minutes with 1 mM ATP or ADP in
reaction buffer before adding to reactions. Reactions were incubated at 38°C for at least 7
minutes before addition of DMS. DMS-treated samples were extended with radiolabelled
primer as previously described (Grimwade et al., 2000). Two primers were used in extension
reactions, a leftward primer hybridizing at bases 272-290 to analyze top strand modifications,
and a rightward primer hybridizing at bases 124-142 to analyze bottom strand modifications.
Extension products were resolved on 6% polyacrylamide sequencing gels as described
(Grimwade et al., 2000), and dried gels were scanned on a Bio-Rad Molecular Imager FX.
Images were analyzed using Bio-Rad’s Quantity One software. Ratios of intensities of bands
in binding sites to internal standard bands were calculated to yield relative intensity of modified
guanines. Deviations in band intensities among experiments were <15%. The reference bands
chosen were near to the site being analyzed and when possible, of comparable intensity.

Mismatch Amplification Mutation Analysis

Integration of plasmid mutations into the chromosome was checked in primary transformed
colonies and overnight cultures using Mismatch Amplification Mutation Assay (MAMA PCR)
(Chaetal., 1992). Cells from the primary transformed colonies were transferred to a PCR tube
containing 10 pmoles of each primer, 12.5 pl of 2x Master Mix (Bioline), and water to a final
volume of 25 pul. Samples were placed in a Techne thermocycler at 96°C for 8 minutes, followed
by 40 cycles of 96°C for 30 seconds, 52°C for 20 seconds, and 72°C for 3 minutes at an 80%
ramp, then a final at extension of 72°C for 6 minutes. Extension products were analyzed on
1% agarose gels.
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Figure 1.

DnaA binding sites in oriC. A) Relative position of R boxes and I-sites are marked as open
boxes on the line representing E. coli oriC. Position of the duplex unwinding region (DUE),
as well as binding sites for architectural proteins Fis and IHF are also indicated (solid lines)
below oriC. R box sequences are shown above oriC, and wt and mutated I-site sequences
(oriC!2/13ADP) are shown below oriC. The change in DMS modification pattern caused by
DnaA binding is indicated by up (increased modification) or down (decreased modification)
arrows. B) The preference for DnaA-ATP or DnaA-ADP at low affinity sites can be modified
by site-directed mutagenesis. DMS modification patterns were measured after incubation of
either wt oriC, oriCMATP or oriC!2/13ADP \yith DnaA-ATP or DnaA-ADP. Positions of binding
sites R5M, 11, 12, 13 and R4 are marked, and bands representing the Gs at position 2 or 4 (when
present in a site) are indicated. Relative intensities of DMS modified guanosines in all eight
DnaA binding sites were quantified from scans of footprinting gels. Quantitation from a
representative scan is shown.
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Figure 2.

Transformation with pBR322/oriC'2/13ADP chimeric plasmids perturbs host cell growth. A)
Representative colonies after overnight incubation of W3110 cells (with wt chromosomal
oriC) transformed with either wt oriC (left) or oriC'?13ADP (right) chimeric plasmids. B) A
single colony of cells transformed with either the wt oriC or the oriC'?13ADP was grown in
non-selective Luria-Broth. Cell number was measured at the times indicated using a model ZB
Coulter Counter.
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Figure 3.

Cgmpetition of oriC'?/13ADP \with wt host oriC causes growth perturbation and spontaneous
integration into the chromosomal oriC region. A) AoriC cells were transformed with either wt
oriC or oriC'?/13ADP chimeric plasmids. After overnight incubation, single colonies were
grown in non-selective Luria-Bertani media. Cell number was measured at the indicated times.
B) Cells were transformed with chimeric plasmids containing either B/r oriC or
oriCl2/13ADP 'and chromosomal oriC in cells from primary transformed colonies or after one
passage in overnight culture from primary colonies was examined using MAMA-PCR. The
amplification product (marked by arrow) was resolved on an agarose gel. C) Summary of data
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obtained by analyzing the chromosomal oriC from 100 or more colonies from either the
primary transformants or the overnight cultures.
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Figure 4.

In?egration relieves growth perturbation caused by oriC'2/13ADP Ay MM294 recA was
transformed with either wt oriC or oriC'?/!3ADP chimeric plasmids. Representative colonies
after overnight culture are shown. B) A single colony was picked and grown in non-selective
Luria-Bertani media. Cell number was measured at the indicated times. C) MM294 (recA +)
were transformed with oriC'2/13ADP/pBR322 plasmid. Colonies were tested for mutant origin
integration by MAMA-PCR. A colony that tested negative for integration was picked, and
grown in non-selective Luria-Bertani media. At the indicated times, cell number was measured,
and an aliquot of cells from the culture were examined for integration of oriC'2/13ADP by
MAMA-PCR (inset).
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Figure 5.
Transformation of cells with oriC chimeric plasmids with only one I-site results in normal

colonies. W3110 was transformed with chimeric plamsids containing wt oriC (panel 1),
oriCl2/13ADP (nanel 2), oriC'2APP (panel 3), oriC '3APP (panel 4), oriC '2/I3ADPIMATP (pane|

5), or oriCMATP (nanel 6). Colonies are shown after overnight growth.
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Replacement of R5M with 12 on oriC!Z/13ADP resylts in a DnaA-ATP site in the R5M position

of oriC. R5M was replaced by 12 in oriC'2/13ADP py site-directed mutagenesis to make
oriCl2/13ADPIMATP 'p\MS modification patterns were measured after incubation of

oriCI2/13ADPIMATP \ith DnaA-ATP or DnaA-ADP. Positions of binding sites R5M, 11, and 12
are marked, and bands representing the Gs at position 2 or 4 are indicated. Relative intensities
of DMS modified guanosines in all eight DnaA binding sites were quantified from scans of

footprinting gels. Quantitation from a representative scan is shown.
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