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Role of DNA Methylation at GATC Sites in the dnaA
Promoter, dnaAp2
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Abstract

DnaA protein is required for the initiation of DNA
replication at the bacterial chromosomal origin, oriC,
and at the origins of many plasmids. The concentration
of DnaA protein is an important factor in determining
when initiation occurs during the cell cycle.
Methylation of GATC sites in the dnaAp2 promoter, two
of which are in the -35 and -10 sequences, has been
predicted to play an important role in regulating dnaA
gene expression during the cell cycle because the
promoter is sequestered from methylation immediately
following replication. Mutations that eliminate these
two GATC sites but do not substantially change the
activity of the promoter were introduced into a reporter
gene fusion and into the chromosome. The
chromosomal mutants are able to initiate DNA
replication synchronously at both moderately slow and
fast growth rates, demonstrating that GATC
methylation at these two sites is not directly involved
in providing the necessary amount of DnaA for precise
timing of initiation during the cell cycle. Either
sequestration does not involve these GATC sites, or
cell cycle control of DnaA expression is not required
to supply the concentration necessary for correct
timing of initiation.

Introduction

During exponential growth, the three genes in the dnaA
operon, dnaA, dnaN, and recF, are mainly expressed from
transcripts initiating at the dnaAp1 and dnaAp2 promoters
(Pérez-Roger et al., 1991; Villarroya et al., 1998). These
genes include dnaA encoding the DnaA protein (Skarstad
and Boye, 1994; Messer and Weigel, 1996) required for
initiation of DNA replication at oriC, dnaN encoding the ß
clamp of DNA polymerase III holoenzyme (polIII;
Stukenberg et al., 1991; Kong et al., 1992), and recF

encoding RecF protein which is required for stability of the
replication fork and recovery from UV damage (Courcelle
et al., 1997; Courcelle et al., 1999).

The Dam methyltransferase of E. coli catalyzes the
transfer of a methyl group to adenine in the sequence, 5'-
GATC-3', which provides a biological signal for several
important processes (reviewed in Marinus, 1996;
Reisenauer et al., 1999) including pathogenesis (Heithoff
et al., 1999). Several observations implicate involvement
of methylation of GATC sites in regulating the expression
of the dnaA operon so that the appropriate amount of DnaA
is synthesized to produce synchronous initiation events at
the proper time during the cell cycle. First, the dnaA
promoter region of E. coli contains a higher number of
GATC sites than the expected 1 every 256 bp; in a 60 bp
region encompassing the dnaAp2 promoter there are 5
GATC sites. Second, DNA methylation enhances
transcription from dnaAp2; in dam- cells, expression from
the dnaAp2 promoter is ~2-fold less than in Dam+ cells at
37°C (Braun and Wright, 1986; Kücherer et al., 1986; Boye
and Løbner-Olesen, 1990). Also, dam mutants initiate
randomly throughout the cell cycle (Bakker and Smith,
1989) and have an asynchronous phenotype (Boye and
Løbner-Olesen, 1990), which could be caused at least in
part by loss of cell cycle control of DnaA synthesis (see
below). Bakker and Smith (1989) were the first to propose
that methylation is required for precise timing between
initiation events. Initiation appears to be the only step in
the replication process that is affected in dam mutants
(Louarn et al., 1990). Third, dnaA transcription is turned
off immediately following initiation of DNA replication, and
the resumption of transcription is correlated with
methylation of the hemimethylated promoter (Bogan and
Helmstetter, 1997; Campbell and Kleckner, 1990; Lu et
al., 1994; Theisen et al., 1993). The dnaA gene is replicated
only one min after the origin, and following replication,
GATC sites within the dnaAp2 promoter are sequestered
from methylation. For example, the GATC site  within  the
-35 sequence remains hemimethylated for at least 13 min
after the replication fork moves through the dnaA promoter
region (Campbell and Kleckner, 1990; Lu et al., 1994). The
period of time during which this GATC site remains
hemimethylated is associated with a decreased amount of
dnaA transcription and the absence of initiation events
(Bogan and Helmstetter, 1997; Campbell and Kleckner,
1990; Lu et al., 1994; Theisen et al., 1993). Fourth, the
abrupt decrease in dnaA transcription following initiation
does not occur in either dam or seqA mutants (Theisen et
al., 1993). SeqA protein binds preferentially to
hemimethylated DNA (Brendler et al., 1995; Slater et al.,
1995; Brendler and Austin, 1999; Kang et al., 1999). In
seqA mutants, the duration of hemimethylation at the
dnaAp2 –35 GATC site is reduced from 13.3 to 5.3 min
(Lu et al., 1994), the level of DnaA protein is increased
twofold at fast growth rates (von Freiesleben et al., 1994;
Boye et al., 1996), and initiation of DNA replication occurs
asynchronously and prematurely (Lu et al., 1994; von



• MALDI-TOF Mass Spectrometry in Microbiology 
  

   Edited by: M Kostrzewa, S Schubert (2016) 
   www.caister.com/malditof 

• Aspergillus and Penicillium in the Post-genomic Era 
  

   Edited by: RP Vries, IB Gelber, MR Andersen (2016) 
   www.caister.com/aspergillus2 

• The Bacteriocins: Current Knowledge and Future Prospects 
  

   Edited by: RL Dorit, SM Roy, MA Riley (2016) 
   www.caister.com/bacteriocins 

• Omics in Plant Disease Resistance 
  

   Edited by: V Bhadauria (2016) 
   www.caister.com/opdr 

• Acidophiles: Life in Extremely Acidic Environments 
  

   Edited by: R Quatrini, DB Johnson (2016) 
   www.caister.com/acidophiles 

• Climate Change and Microbial Ecology: Current Research 
and Future Trends 

  

   Edited by: J Marxsen (2016) 
   www.caister.com/climate 

• Biofilms in Bioremediation: Current Research and Emerging 
Technologies 

  

   Edited by: G Lear (2016) 
   www.caister.com/biorem 

• Microalgae: Current Research and Applications 
  

   Edited by: MN Tsaloglou (2016) 
   www.caister.com/microalgae 

• Gas Plasma Sterilization in Microbiology: Theory, 
Applications, Pitfalls and New Perspectives 

  

   Edited by: H Shintani, A Sakudo (2016) 
   www.caister.com/gasplasma 

• Virus Evolution: Current Research and Future Directions 
  

   Edited by: SC Weaver, M Denison, M Roossinck, et al. (2016) 
   www.caister.com/virusevol 

• Arboviruses: Molecular Biology, Evolution and Control 
  

   Edited by: N Vasilakis, DJ Gubler (2016) 
   www.caister.com/arbo 

• Shigella: Molecular and Cellular Biology 
  

   Edited by: WD Picking, WL Picking (2016) 
   www.caister.com/shigella 

• Aquatic Biofilms: Ecology, Water Quality and Wastewater 
Treatment 

  

   Edited by: AM Romaní, H Guasch, MD Balaguer (2016) 
   www.caister.com/aquaticbiofilms 

• Alphaviruses: Current Biology 
  

   Edited by: S Mahalingam, L Herrero, B Herring (2016) 
   www.caister.com/alpha 

• Thermophilic Microorganisms 
  

   Edited by: F Li (2015) 
   www.caister.com/thermophile 

• Flow Cytometry in Microbiology: Technology and Applications 
  

   Edited by: MG Wilkinson (2015) 
   www.caister.com/flow 

• Probiotics and Prebiotics: Current Research and Future Trends 
  

   Edited by: K Venema, AP Carmo (2015) 
   www.caister.com/probiotics 

• Epigenetics: Current Research and Emerging Trends 
  

   Edited by: BP Chadwick (2015) 
   www.caister.com/epigenetics2015 

• Corynebacterium glutamicum: From Systems Biology to 
Biotechnological Applications 

  

   Edited by: A Burkovski (2015) 
   www.caister.com/cory2 

• Advanced Vaccine Research Methods for the Decade of 
Vaccines 

  

   Edited by: F Bagnoli, R Rappuoli (2015) 
   www.caister.com/vaccines 

• Antifungals: From Genomics to Resistance and the Development of Novel 
Agents 

  

   Edited by: AT Coste, P Vandeputte (2015) 
   www.caister.com/antifungals 

• Bacteria-Plant Interactions: Advanced Research and Future Trends 
  

   Edited by: J Murillo, BA Vinatzer, RW Jackson, et al. (2015) 
   www.caister.com/bacteria-plant 

• Aeromonas 
  

   Edited by: J Graf (2015) 
   www.caister.com/aeromonas 

• Antibiotics: Current Innovations and Future Trends 
  

   Edited by: S Sánchez, AL Demain (2015) 
   www.caister.com/antibiotics 

• Leishmania: Current Biology and Control 
  

   Edited by: S Adak, R Datta (2015) 
   www.caister.com/leish2 

• Acanthamoeba: Biology and Pathogenesis (2nd edition) 
  

   Author: NA Khan (2015) 
   www.caister.com/acanthamoeba2 

• Microarrays: Current Technology, Innovations and Applications 
  

   Edited by: Z He (2014) 
   www.caister.com/microarrays2 

• Metagenomics of the Microbial Nitrogen Cycle: Theory, Methods 
and Applications 

  

   Edited by: D Marco (2014) 
   www.caister.com/n2 

Caister Academic Press is a leading academic publisher of 
advanced texts in microbiology, molecular biology and medical 
research.       Full details of all our publications at  caister.com

Further Reading

Order from caister.com/order

       



302   Kedar et al.

Freiesleben et al., 1994; Boye et al., 1996).
The initiation of DNA replication is precisely

coordinated and occurs at a specific time once per cell
cycle during growth. When two or more origins are present
in the same cell, they initiate simultaneously (Skarstad et
al., 1986). The precision with which DNA replication initiates
at multiple origins can be determined by flow cytometry.
To test whether methylation of the GATC sites in the
dnaAp2 promoter were necessary for providing the proper
amount of DnaA at the appropriate time in the cell cycle so
that initiation could occur synchronously at multiple origins,
the GATC sites in the –35 and –10 dnaAp2 were mutated.
Only the least conserved bases of the -35 and -10 sites
were changed in order to preserve promoter activity.
Results with reporter fusions indicate that the substituted
bases do not affect expression levels significantly. When
the the wild-type sequence in the chromosome was
replaced with these mutations that remove the GATC sites
at the -35 and -10 locations in the dnaAp2 promoter, thereby
eliminating sequestration of the dnaAp2 promoter after
replication, the resulting cells replicated synchronously both
in rich and minimal media.

Results

Nucleotide Changes Introduced to Eliminate GATC
Sites in the dnaAp2 Promoter
The mutations in the GATC sites of the dnaAp2 promoter
shown in Figure 1 were introduced by PCR-based site-
directed mutagenesis into plasmid pVN1 (Figure 2).
Plasmid pVN1 has all of the features of pDYK11 (Kalabat
et al., 1998) except that the p15A origin has been replaced
by the pMB1 origin. It contains an in-frame fusion between
an amino-terminal fragment of DnaA and N,N'-
diacetylchitobiase (chitobiase). The advantages of
chitobiase, an enzyme found in marine bacteria such as
Vibrio harveyi, as a reporter enzyme are that its activity is
easily measured, and the enzyme is not present in E. coli
(Kalabat et al., 1998; Jannatipour et al., 1987; Soto-Gil
and Zyskind, 1989). Plasmid pVN1 also contains an attP
site for integration at the chromosomal attB site when
provided with λ integrase in trans (Diederich et al., 1992).

The nucleotide changes that were introduced into the
dnaAp2 promoter were chosen from the least conserved
members of the consensus sequence as shown in Figure
1. The plasmids containing the –35 and –10 mutations,
pFO35 and pFO10, respectively, were used as a source
of restriction fragments to create pFO3510, which contains
both mutations. The dnaA-chb fusions contained within
circularized NotI fragments of these plasmids, were moved
into the bacteriophage λ attachment site, attB, by site
specific recombination for single copy analysis. The effect
of these GATC mutations on the expression of the dnaA
gene was measured after the different fusions were moved
by bacteriophage P1 transduction into isogenic E. coli dam+

and dam- strains.
The dnaAp2 promoter activity did not appear to be

significantly affected by the introduced mutations. There
were no significant differences between the chitobiase

Figure 1. Comparison of the
dnaAp2 Sequence to the
Consensus Sequence for Sigma
70 Promoters (Hawley and
McClure, 1983) and Nucleotide
Changes introduced that
eliminate GATC Sites. Highly
conserved bases are represented
by large letters in the consensus.
The C next to the dnaAp2 -10
sequence is included to
emphasize the presence of a
GATC site.

Figure 2. Circular Map of plasmid pVN1

Table 1. Chitobiase Expression from a dnaA-chb Gene Fusion in dam+

and dam- Strains

GATC dam+ Chitobiasea dam- Chitobiasea dam-

Mutation Strain Units Strain Units dam+

Wild-type FO1 110.3±1.3 FO5 40.6±21.8 0.37
-35 FO2 142.1±29.6 FO6 78.3±29.8 0.55
-10 FO3 121.8±38.5 FO7 235.3±21.6 1.93
-35, -10 FO4 114.5±22.0 FO8 122.4±31.0 1.07

a Different colonies from the same strain were used in two independent
experiments. Six assays were performed then averaged for each experiment
and the results from each experiment averaged; averages shown with
standard deviations. One unit of chitobiase activity is 1 pmol of p-nitrophenol
per min at 28˚C. Units are given for 1 ml of culture at OD450 = 1.
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levels found in strain FO1 containing the wild-type dnaAp2
promoter fusion and strains FO3, FO4, or FO5 containing
the –35, -10, or both GATC mutations, respectively (Table
1). A 2-fold decrease in dnaAp2 promoter activity as
measured by chitobiase was observed in the dam-

background compared to wild-type (Table 2, FO5 compared
to FO1) as has been observed previously (Braun and
Wright, 1986; Kücherer et al., 1986; Boye and Løbner-
Olesen, 1990). One explanation for this decrease in the
dam- strain is that methylation of the dnaAp2 promoter
stimulates the activity of this promoter. This decrease in
dnaAp2 promoter activity in the dam- mutant was only
partially eliminated by the –35 GATC mutation, but was
completely eliminated with the introduction of the –10 GATC
mutation (Table 1).

Creation of Strains with the GATC Mutations Moved
into the dnaA Operon
To test whether these mutations that eliminate GATC sites
in the dnaAp2 promoter affect timing of initiation by
eliminating sequestration of the promoter after replication,
the mutations were moved to the chromosomal location of
the dnaA operon. The mutations were first moved into

plasmid pKGC3 (Figure 3). This plasmid contains the
omega fragment (Ω), which includes the streptomycin/
spectinomycin resistance (Spr/Smr) marker, inserted
between the dnaAp1 and rpmHp3 promoters, the bla gene
conferring resistance to ampicillin, the sacB gene, which
confers sensitivity to 5% sucrose, and the pMB1 origin that
does not replicate in polA mutants. When pKGC3 and
plasmids derived from pKGC3 containing the dnaAp2
mutations were introduced into a polA mutant strain, Spr

transformants were obtained that contained the plasmid
integrated into regions of the dnaA operon with identity to
sequences within pKGC3. To select for the second
recombination event that eliminates the plasmid origin, the
Apr marker, and the sacB gene, these transformants were
grown for several generations in spectinomycin-containing
media at 37°C, then for several generations at 42°C in
media containing 5% sucrose and spectinomycin but
lacking salt. Expression of the sacB gene, which encodes
the enzyme levansucrase, is lethal to E. coli especially in
the absence of salt and at 42°C (Lawes and Maloy, 1995).
P1 lysates of these cells were used to transduce strain
MG1655 selecting for Spr, sucrose-resistant transductants,
and screened for Aps colonies. Location of the integrated
mutations was confirmed by determining the cotransduction

Table 2. Relative Amount of DnaA Protein in dnaAp2 Promoter Mutants
in dam+ and dam- Strains

Relative Relative  dam- b
GATC dam+ amount of dam- amount of dam+

Mutation Strain DnaAa Strain DnaAa

Wildtype KGC5 1 KGC9 0.51 0.51
-35 KGC6 0.97 KGC10 1.07 1.1
-10 KGC7 0.96 KGC11 0.65 0.68

-35, -10 KGC8 0.96 KGC12 0.76 0.79

a Amount of DnaA protein relative to the amount in strain KGC5 determined
from volume integration (ImageQuant) of the intensity of bands in the
immunoblot of Figure 5.
b Amount of DnaA protein in dam- strains relative to the amount in dam+

strains

Figure 3. Circular Map of Plasmid pKGC3

Figure 4. Southern Blotting Confirmation that the Mutations eliminating
GATC sites in the dnaAp2 Promoter are present in the dnaA Promoter
Region of the E. coli Chromosome of KGC2, KGC3, and KGC4
Chromosomal DNA was digested either with BglII (left) or with SacII (right)
to examine loss of the GATC sites at -35 or -10 of the dnaAp2 promoter,
respectively. The mutations introduced at –35 or –10 eliminate those
restriction sites. The 1 kb ladder (Stratagene) was included as size markers
on the agarose gel separating the chromosomal fragments. The blot of this
gel was hybridized with a 376 bp long labeled probe covering the dnaA
promoter region. MG1655, the parent strain, has 2 fragments when cut
with either enzyme, while KGC4 and KGC2 have only 1 BglII fragment and
KGC4 and KGC3 have only 1 SacII fragment indicating loss of those sites.
The presence of the 2 kb Ω interposon in the chromosome of KGC1 is
indicated by the presence of a 5.9 kb band compared to the 3.9 kb band in
MG1655.
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frequency of the tnaA gene and the Spr marker and by
Southern hybridization (Figure 4). The mutations were then
transduced from the MG1655 background into the isogenic
strains LE392 (dam+) and DS1313 (dam-).

Effect of GATC Mutations on Cellular Levels of DNA
Protein
A comparison of the levels of DnaA in exponentially growing
dam+ and dam- strains containing the dnaAp2 GATC
mutations is shown in Figure 5 and Table 2. In the dam+

background, DnaA protein levels are relatively the same
in the dnaAP2 mutant strains when compared to strain
KGC5 which contains both GATC sites suggesting that the
mutations do not affect overall promoter activity. This result
is consistent with the earlier result obtained with chitobiase
expression regulated by the dnaA promoter region
containing the same mutations (Table 1). As has been
observed previously (Braun and Wright, 1986; Kücherer
et al., 1986; Boye and Løbner-Olesen, 1990), there is a 2-
fold decrease in the level of DnaA in the dam- strain when
compared to the dam+ strain (KGC5 compared to KGC9).
The GATC mutations appear to partially or completely
eliminate this decrease (Table 2).

Strains with the dnaAp2 GATC Site Mutations Have
Synchronous Initiation
Using flow cytometry (Bernander et al., 1998; Skarstad et
al., 1995), the synchrony of initiation in different dnaAp2
GATC site mutants was measured to determine if these
mutations have an effect on timing of initiation of DNA
replication during the cell cycle. Flow cytometry can
measure the synchrony of initiation of replication at several
origins within a single cell. The number of origins in
individual cells can be measured after treating exponentially
growing cells with rifampicin (Rif) which blocks initiation of
DNA replication, but allows ongoing rounds of replication
and cephalexin (Cph) which inhibits cell division. Flow
cytometric analysis of wild-type cells yields a histogram
with peaks representing integral numbers of fully replicated
chromosomes (Skarstad et al., 1986). The number of fully
replicated chromosomes in individual cells represents the
number of origins/cell at the time of Rif and Cph addition.
If initiation events are synchronous at all origins, then 2n

(where n=1, 2, 3, 4) fully replicated chromosomes are
observed. However, if initiation events occur
asynchronously, then the cells would have numbers of
chromosomes other than 2n (Skarstad et al., 1986).

Cultures of cells growing exponentially in either M9
minimal medium or M9 enriched medium were treated with
Rif and cephalexin for 4 hr. The DNA content and light
scattering were measured with a flow cytometer (Bryte-
HS Bio Rad). Most cells, whether wild-type or mutant had
either 2 or 4 chromosomes in M9 minimal media (Table 3;
Figure 6, Panel A) and 4 or 8 chromosomes in M9 enriched
media (Table 3; Figure 6, Panel B). This result indicates
that all origins in these different strains at the two different
growth rates are initiating DNA replication synchronously
and at the appropriate time during the cell cycle. No
significant differences between the GATC mutants and wild-
type cells were found with respect to generation time, DNA/
cell, mass/cell, or DNA/mass (Table 3).

Discussion

Dam methylation is considered a major factor in controlling
expression of the initiator protein, DnaA. GATC sites in

Figure 5. Expression of DnaA Protein in dam+ and dam- Cells containing
Mutations in the GATC Sites of the dnaAp2 Promoter
Protein levels were determined by immunoblot gel analysis. Cell extracts
were obtained from dam+ (KGC5, KGC6, KGC7, and KGC8) and dam-

(KGC9, KGC10, KGC11, and KGC12) strains.

Figure 6. Strains with dnaAp2 GATC Mutations Initiate DNA Replication
Synchronously. Exponentially growing cells in either M9 minimal medium
(A) or M9 enriched medium (B) were treated with rifampicin and cephalexin
for 4 hr. Samples were then remove, fixed, stained, and analyzed by flow
cytometry.
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the dnaAp2 promoter are protected from Dam methylation
by SeqA protein (Lu et al., 1994). This period of
sequestration correlates with decreased levels of dnaA
transcription and the lack of initiation events (Bogan and
Helmstetter, 1997; Campbell and Kleckner, 1990; Lu et
al., 1994; Theisen et al., 1993). To test whether these GATC
sites are directly responsible for providing a correct amount
of DnaA protein during the cell cycle necessary for
synchronous timing of initiation, these sites were mutated
and incorporated into the chromosome. We found that cells
containing the GATC mutations still initiate DNA replication
synchronously as measured by flow cytometry.

It is known from much previous work that the overall
concentration of DnaA affects the frequency and timing of
initiation during the cell cycle. Increased levels of DnaA
protein alters the timing of initiation, and initiation events
occur earlier than normal in the cell cycle (Atlung and
Hansen, 1993; Atlung et al., 1987; Løbner-Olesen et al.,
1989; Xu and Bremer, 1988). Lower amounts of DnaA
protein result in a decreased initiation frequency and
disrupted synchrony (Skarstad et al., 1988). Even just the
deletion of the datA 1-kb segment, which contains several
DnaA-boxes, causes an asychronous initiation phenotype
because of extra initiation events (Kitagawa et al., 1998).
We predicted that if sequestration was hindered by the
GATC mutations in the dnaAp2 promoter, the concentration
of DnaA protein would no longer fluctuate during the cell
cycle resulting in increased and inappropriately timed
initiation events. Surprisingly, mutating the GATC sites in
the –35 and –10 sites of the dnaAp2 promoter had no effect
on synchrony of initiation in either minimal or enriched
media.

Our results can be explained by at least five alternative
possibilities. First, sequestration may not involve the –35
and -10 dnaAp2 GATC sites. Even though delayed
methylation occurs at the –35 GATC site (Campbell and
Kleckner, 1990; Lu et al., 1994), sequestration of this site

from methylation may involve a mechanism other than
SeqA binding to GATCs. Second, these GATC sites may
not be involved in cell cycle dependent expression of the
dnaA gene. Third, cell cycle control of DnaA expression
may occur by an alternative mechanism in the absence of
these GATCs. Fourth, proper timing of initiation may not
require cell cycle dependent dnaA expression (predicted
to be true by Løbner-Olesen et al., 1989). Fifth, the
concentration of the ATP-DnaA form may be the critical
determinant of when initiation occurs, and cell cycle control
over this concentration may be independent of
sequestration of the dnaAp2 promoter.

Three other GATC sites downstream of the dnaAp2
promoter may impede RNA polymerase movement if they
are bound by SeqA. These three GATC sites fit the criteria
for SeqA binding to hemimethylated DNA (Brendler and
Austin, 1999). If such binding did impede RNA polymerase,
this would be a new and relatively common method of
controlling gene expression because GATC sites are found
at a high frequency in the E. coli genome. We found there
are 19,131 GATC sites in the E. coli chromosome
compared to 887 CTAG sites and the number of GATC
sites separated by 23 bp or less to be 1,905. Two GATC
sites separated by 23 bp or less are predicted to be bound
by SeqA when hemimethylated (Brendler and Austin, 1999).

Although the total concentration of DnaA may not
fluctuate during the cell cycle in the GATC knockouts, the
concentration of the ATP-DnaA form may be precisely
maintained and continue to fluctuate in a cell cycle-
dependent manner (Kurokawa et al., 1999). The ATP-
bound but not the ADP-bound form of DnaA is active in
initiation (Sekimizu et al., 1987), and although both forms
bind to the 9mer DnaA box with equal affinity, only the ATP-
bound form binds to a newly identified 6mer DnaA box in
the dnaA promoter region (Speck et al., 1999). The
concentration of ATP-DnaA depends on RIDA (regulatory
inactivation of DnaA; Kurokawa et al., 1999), de novo

Table 3. Cell Cycle Parameters for GATC dnaAp2 Mutants

A. Cells Grown in M9 Minimal Medium

GATC 2 ch 4 ch
Strain Mutation τa DNA/cellb mass/cellc DNA/massd (%)e (%)e

MG1655 Wild-type 49.2 1 1 1 58 39
KGC1 Wild-type 49.8 1.06 1.13 0.93 51 43
KGC2 -35 51.7 1.02 1.18 0.86 54 42
KGC3 -10 51.2 1.00 1.10 0.90 53 42
KGC4 -35, -10 51.3 1.08 1.06 1.01 55 40

B. Cells Grown in M9 Enriched Medium

GATC 4 ch 8 ch 16 ch
Strain Mutation  τa DNA/cellb mass/cellc DNA/massd (%)e (%)e (%)e

MG1655 Wild-type 25.5 1 1 1 8 87 0
KGC1 Wild-type 27.9 0.94 1.04 0.91 2 85 9
KGC2 -35 29.5 0.78 0.97 0.81 35 63 0
KGC3 -10 27.0 0.88 1.04 0.85 0 89 7
KGC4 -35, -10 27.1 0.84 1.02 0.82 0 82 13

a Generation time (min)
b DNA/cell, mean value of fluorescence light in exponentially growing cells compared to MG1655
c Mass/cell, mean value of light scattering in exponentially growing cells compared to MG1655
d DNA/mass was determined from the ratio (DNA/cell)/(mass/cell)
e % cells with completed chromosomes obtained from exponentially growing cells treated for 4 hr with rifampicin and cephalexin; (A) from flow cytometry
results shown in Figure 6A and (B) in Figure 6B; ch, chromosomes



306   Kedar et al.

synthesis of DnaA (Kurokawa et al., 1999), and phopholipid
reactivation (Kitchen et al., 1999). A mathematical model
has been proposed explaining how the relative
concentrations of ATP-DnaA and ADP-DnaA could be
controlled and could determine when in the cell cycle
initiation occurs (Mahaffy and Zyskind, 1989; Mahaffy and
Zyskind, 1990).

The DnaA-box just upstream of the dnaAp2 promoter
previously was thought to play an important role in
regulating the expression of DnaA. This DnaA-box is an
exact match to the dnaA binding sites, R1 and R4, in oriC
(Zyskind et al., 1983; Weigel et al., 1997). When this site
is replaced with a mutated sequence, dnaA820, that no
longer binds DnaA, there is no effect on autoregulation or
synchrony of initiation (Smith et al., 1997). A detectable
amount of the ATP-bound form of DnaA can still bind to a
DNA fragment containing the dnaA820 mutation because
of the presence of newly identified DnaA binding sites within
the dnaA promoter region (Speck et al., 1999). No
mutations in any of the other DnaA binding sites have been
introduced into the chromosome to test for effects on DnaA
expression and synchrony of initiation. IciA protein binding
to 2 sites within the dnaA promoter region enhances
transcription from the dnaAp1 promoter (Lee et al., 1996).
When the gene encoding IciA is deleted, synchrony of
chromosomal initiation is not affected (Erik Boye, personal
communication, quoted in Lee et al., 1996). Yoshikawa and
Ogasawara (1991) proposed that the dnaA regulatory
region is part of an ancestral origin of replication that lost
its function but retains signatures of the ancestral origin
sequence. These signatures may indeed be part of the
“evolutionary junkyard of physiologically insignificant
regulatory elements” (Polaczek, 1998) and include the
canonical DnaA box (Smith et al., 1997), IciA (Hwang and
Kornberg, 1990; Lee et al., 1996), and now the GATC sites
in dnaAp2. A Fis binding site is found in both oriC (Gille et
al., 1991) and the dnaA promoter (Froelich et al., 1996); in
the future, we may learn that a mutation of the Fis binding
site in the dnaAp2 sequence has no effect on DnaA
expression.

We offer an alternative suggestion. Because
fluctuations even as little as 1.5 to 3-fold cause severe
defects in initiation rates and rates of replication (Atlung
and Hansen, 1993), transcription of the dnaA gene must
be strictly controlled during cell growth and the cell cycle.
Perhaps regulation involves redundant mechanisms such
that when individual controlling elements are mutated, there
is no effect, but as these mutations are combined,
significant loss of control over DnaA expression will be
observed. We plan to use the vector, pKGC3, developed
in this work, to introduce into the chromosome different
mutations in the dnaAp2 promoter singly and in
combination to identify the cis-acting elements that act
alone or cooperatively to control DnaA expression.

Experimental Procedures

Plasmids
Plasmid pVN1 (Figure 2) is identical to pDYK11 (Kalabat
et al., 1998) except that the p15A origin is replaced by the
pMB1 origin. It was constructed by ligating the 834 bp NotI
pMB1 origin fragment from pdnaA116 (Krause et al., 1997)
into the 5,254 bp NotI fragment of pDYK11. In addition to
the dnaA-chb fusion, pVN1 contains an attP site for

integration at the chromosomal attB site when provided
with λ integrase in trans from pLDR9 (Diederich et al.,
1992). Plasmids pFO35 and pFO10 were consructed by
PCR-based site-directed mutagenesis. Plasmid pAC17
(Chiaramello and Zyskind, 1990) served as template with
the forward primer, 5'-CAT GCA TGC ATG AAA CGA TGG
ACA CC-3' (SphI Primer I; Kalabat et al., 1998) together
with either Primer35, 5'-GCA AAA CGA TCG GGA CCG
CGG ATC ATA GCC TAA ACT GCC CAA GAA ATC TTC
TG-3', or Primer10, 5'-GCA AAA ACG ATC GGG ACC GCG
CAT CAT AGC CT-3', to produce PCR products 413 bp
long. Primer35 contains the mutated GATC site in the –35
sequence and Primer 10 contains the mutated GATC site
in the –10 sequence. The PCR products were cloned into
the SmaI site of pBluescript II (pKSII+, Stratagene). The
DNA fragment containing the -35 GATC mutation was
released with SphI and SacII and the DNA fragment
containing the -10 GATC mutation was released with SphI
and PvuI and cloned into pVN1 cut with the same enzymes
to produce plasmids pFO35 and pFO10, respectively.

Plasmid pFO3510, containing the -10 and the -35
GATC mutations, was created by digesting pFO10 and
pFO35 with FspI which cuts between -10 and -35 as well
as at 5524 bp on pVN1 producing two fragments 3,346 bp
and 2,746 bp in size. The 3,346 bp FspI fragment of pFO10
harboring the -10 GATC mutation was ligated to the 2,746
bp FspI fragment of pFO35 containing the -35 GATC
mutation to form pFO3510. The loss of the SacII site, which
occurs at the -10 sequence and overlaps the GATC site,
was diagnostic of the –10 mutation and loss of the BglII
site was diagnostic of the -35 GATC mutation.

To construct pDYK10, pAC17 (Chiaramello and
Zyskind, 1990) served as template with the forward primer
(SphI primer I, Kalabat et al., 1998) containing an SphI
site, 5'-CAT GCA TGC ATG AAA CGA TGG ACA CC-3',
and the reverse primer (KpnI primer) containing a KpnI
site 5'-CGG GGT ACC AAC TCA TCC TGC AAT CG-3' to
produce a PCR product 616 bp long that contains 598 bp
from the rpmH-dnaA regulatory region (bases 338 to 935,
numbering according to Hansen et al., 1982). This was
cloned into the EcoRV site of the pBluescript II (pKSII+,
Stratagene) plasmid.

Plasmid pKGC1 contains XmaI and XbaI sites inserted
between the rpmHp3 and the dnaAp1 promoters in pRB100
(Braun et al., 1985). To construct pKGC1, two PCR
fragments were amplified from pDYK10 as a template using
either primers SphI primer I (Kalabat et al., 1998) and Kgc2
primer, 5'-ATC TAG ACC CGG GAG ACA AAA ATT GGC
TTA A-3' or Kgc1 primer, 5'- CTC CCG GGT CTA GAT GGT
CAT TAA ATT TTC C- 3' and KpnI primer (Kalabat et al.,
1998). The resulting two PCR fragments were 266 and
376 bp long, respectively. A longer PCR fragment was
amplified using these two PCR products as templates with
the SphI primer I and the KpnI primer. The 627 bp PCR
product was digested with NcoI and BglII and cloned into
pRB100 digested with the same enzymes. The resulting
plasmid, pKGC1, contains new XmaI and XbaI sites cloned
between nucleotides 581 and 582 of the dnaA promoter
sequence.

pKGC2 contains the omega (Ω) interposon (SpR/SmR)
on an XmaI fragment of pHP45Ω (Prentki and Krisch, 1984;
Prentki et al., 1991) cloned into the new XmaI site of
pKGC1. pKGC3 (Figure 3) consists of a counter selectable
marker, sacB, cloned into pKGC2. To construct pKGC3,
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the SalI-NdeI sacB fragment of pRL271 (Maldener et al.,
1991) was ligated with the larger NdeI and XhoI fragment
of pKGC2. The GATC mutations in pFO35, pFO10, and
pFO3510 were moved to pKGC3 by PCR amplifying the
mutations from pFO35, pFO10, and pFO3510 with the
primers Kpn1 and Kgc1 then cutting with XbaI and PshA1
and ligating to pKGC3 cut with the same enzymes to create
pKGC5, pKGC6, and pKGC4, respectively. The dnaA
alleles in these plasmids are called dnaA822, dnaA823,
and dnaA824, respectively. The mutated promoters were
PCR amplified using primers Kgc1 primer (see above) and
KpnI primer (Kalabat et al., 1998). The PCR products were
cut with XbaI and PshAI and cloned into pKGC3 cut with
the same enzymes.

The nucleotide sequence of all PCR products was
determined by the Microchemical Core Facility at San
Diego State University.

Bacterial Strains
A list of bacterial strains used in this study is shown in
Table 4. The E. coli strain, DH5α, was used in all
experiments requiring plasmid construction, isolation, and
amplification. Strains containing dnaA-chb in-frame fusions
located at attB were constructed by self-ligating the 5225
bp NotI fragments containing the dnaA-chb fusion and the
cat resistance gene of plasmids pFO35, pFO10, and
pFO3510, then introducing these fragments into DH5α
containing pLDR8 (Diederich et al., 1992), and following

the steps described previously (Kalabat et al., 1998). The
location of the fusions was confirmed by P1 bacteriophage
transduction (Zyskind and Bernstein, 1992); chitobiase
activity co-transduced with Cmr and galactokinase activity
encoded by galK. The fusions were moved by transduction
to strains LE392 and DS1310 to create a set of dam+ (FO1
through FO4) and dam- (FO5 through FO8) isogenic
strains.

The bacterial strains containing the chromosomal
mutations at the dnaAp2 -35 and -10 GATC sites and the
Ω spectinomycin/streptomycin (SpR/SmR) resistance
marker (Prentki and Krisch, 1984; Prentki et al., 1991)
integrated between the dnaAp1 and rpmH3 promoters
(KGC1 through KGC4, Table 4) were constructed by
transfoming the polA- mutant strain, JZ294, with plasmids
pKGC3, pKGC4, pKGC5, and pKGC6, containing wild-type
and mutated dnaA promoters. The pMB1 plasmid origin
requires DNA polymerase I so the plasmids will not replicate
in this strain; spectinomycin resistance was used to select
for cells with an integrated plasmid. After electroporation
of pKGC3, pKGC4, pKGC5, and pKGC6 into JZ294, the
cells were mixed with 1 ml of chilled SOC (2% Bacto
tryptone, 0.5% Bacto yeast extract, 10 mM NaCl, 2.5 mM
KCl, 10 mM MgCl2, 10 mM MgSO4, 20 mM glucose) and
incubated at 37°C for 1 hr. The volume of this culture was
increased to 5 ml SOC and spectinomycin (50 µg/ml) was
added. After overnight incubation at 37°C, culture was
diluted 1:100 in LB (0.5% Yeast Extract, 1% Bacto-Peptone)

Table 4. Strains used in this study.

Strain Genotype Source/Reference

DH5α supE44 lacU169 [φ80 lacZ∆M15] hsdR17 recA1 endA1 gyrA96 thi1 relA1 StratageneTM

JZ294 F - polA1 argH hsdR rpsL thyA36 Harding et al., 1982
JZ1101 W3110 tnaA262::Tn10 Charles Yanofsky
MG1655 λ- F - Mary Berlin
KGC1 MG1655 with SpR/SmR Ω interposon (Prentki and Krisch, 1984; Prentki et al., 1991) This study

inserted between rpmHp3-dnaAp1 promoters
KGC2 MG1655 with Ω interposon inserted between  rpmHp3-dnaAp1 promoters, dnaAp2 This study

-35 GATC → GATT (dnaA822)
KGC3 MG1655 with Ω interposon inserted between rpmHp3-dnaAp1 promoters, dnaAp2 This study

-10 GATC → GATG (dnaA823)
KGC4 MG1655 with Ω interposon inserted between rpmHp3-dnaAp1 promoters, dnaAp2 This study

-35 GATC → GATT, -10 GATC → GATG (dnaA824)
LE392 F -, metB1 trpR55 lacY5 galK2 galT22 supE44 supF58 hsdR51 Cathy Joyce
KGC5 LE392 with Ω interposon inserted between rpmHp3-dnaAp1 promoters This study
KGC6 LE392 with Ω interposon inserted between rpmHp3-dnaAp1 promoters, dnaAp2 - This study

35 GATC → GATT (dnaA822)
KGC7 LE392 with Ω interposon inserted between rpmHp3-dnaAp1 promoters in LE392, This study

dnaAp2 -10 GATC → GATG (dnaA823)
KGC8 LE392 with Ω interposon inserted between rpmHp3-dnaAp1 promoters, dnaAp2 This study

-35 GATC → GATT, -10 GATC → GATG (dnaA824)
DS1313 LE392 dam-13::Tn9 (CmR) Smith et al., 1985
KGC9 DS1313 with Ω interposon inserted between rpmHp3-dnaAp1 promoters This study
KGC10 DS1313 with Ω interposon inserted between rpmHp3-dnaAp1 promoters, dnaAp2 -35 GATC → GATT This study
KGC11 DS1313 with Ω interposon inserted between rpmHp3-dnaAp1 promoters, dnaAp2 -10 GATC → GATG This study
KGC12 DS1313 with Ω interposon inserted between rpmHp3-dnaAp1 promoter, dnaAp2 -35 GATC → GATT, This study

-10 GATC → GATG
FO1 LE392 with dnaA-chb fusion integrated at attB This study
FO2 LE392 with dnaA-chb fusion (dnaAp2 -35 GATC → GATT, dnaA822) integrated at attB This study
FO3 LE392 with dnaA-chb fusion (dnaAp2 -10 GATC → GATG, dnaA823) integrated at attB This study
FO4 LE392 with dnaA-chb fusion (dnaAp2 -35 GATC → GATT, -10 GATC → GATG, dnaA824) integrated at attB This study
DS1310 LE392 dam-3 SmR Smith et al., 1985
FO5 DS1310 with dnaA-chb fusion integrated at attB This study
FO6 DS1310 with dnaA-chb fusion (dnaAp2 -35 GATC → GATT, dnaA822) integrated at attB This study
FO7 DS1310 with dnaA-chb fusion (dnaAp2 -10 GATC → GATG, dnaA823) integrated at attB This study
FO8 DS1310 with dnaA-chb fusion (dnaAp2 -35 GATC → GATT, -10 GATC → GATG, dnaA824) integrated at attB This study
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without salt, but supplemented with 5% sucrose, 5 mM
CaCl2, and spectinomycin (50 µg/ml). This culture was
incubated at 42°C overnight. This culture was diluted 1:100
in LB broth without salt but with 5% sucrose, spectinomycin
(50 µg/ml) and 5 mM CaCl2 and grown at 42°C until the
OD450 reached 0.4. From these exponentially growing cells,
a bacteriophage P1 lysate was prepared according to
Zyskind and Bernstein (1992). The P1 lysate was used to
transduce strain MG1655. The transductants were selected
on spectinomycin (50 µg/ml) containing LB agar plates
without salt, but with 5% sucrose at 42°C. The colonies
were replica plated to LB agar plates containing ampicillin
(100 µg/ml) and checked for ApS. Representative colonies
which were Spr, 5% sucroseR at 42°C, but ApS were
selected and further analyzed by Southern hybridization
and cotransduction. The following strains were constructed
in this manner, KGC1 (with pKGC3), KGC2 (with pKGC5),
KGC3 (with pKGC6), and KGC4 (with pKGC4). The dnaA
region containing SpR was transduced from KGC1, KGC2,
KGC3, and KGC4 to LE392 (dam+) and DS1313 (dam-)
resulting in isogenic strains KGC5 through KGC8 and
KGC9 through KGC12, respectively.

Bacteriophage P1 Transduction
Transduction with P1 bacteriophage (Zyskind and
Bernstein, 1992) was used to construct strains and to
confirm the chromosomal location of the dnaA-chb fusions
at attB and the replacement of the wild-type dnaAp2
promoter sequence with the GATC mutations at the
chromosomal location of the dnaA gene. Cotransduction
of Cmr (carried by the fusion) and galK (linked to attB)
indicated that Cmr and galK are linked on the chromosomes
of strains FO1 through FO8. Cotransduction of Spr on the
Ω interposon (inserted between the rpmHp3 and the
dnaAp1 promoters) with the tnaA gene (linked to dnaA)
was evidence of linkage between Spr and the tnaA gene in
strains KGC1 through KGC4.

Chitobiase Assay
Chitobiase activity was assayed as previously described
except cells were sonicated rather than treated with toluene
(Kalabat et al., 1998) to release chitobiase from the
cytoplasm. One unit of chitobiase activity is the amount of
enzyme that catalyzes the formation of 1 pmol of p-
nitrophenol per min at 28°C.

Southern Analysis
Chromosomal DNA from mutant and wild-type strains was
digested with either BglII or SacII and separated on a 0.8%
agarose gel (1x TBE) overnight at 80 volts at 4°C. The gel
was washed briefly with water, and the DNA was denatured
by soaking the gel twice in 100 ml of denaturing buffer (0.5
N NaOH, 1.5 M NaCl), 20 min each with occasional
shaking, then neutralized 2X by soaking in 100 ml of
neutralizing buffer (0.5 M Tris, pH 7.5, 1.5 M NaCl), for 20
min each with occasional shaking. The DNA was then
transferred onto a nylon membrane using capillary action
as described in Sambrook and Maniatis (1989). After
completion of the transfer process, the transferred DNA
was cross-linked to the nylon membrane by exposing the
membrane to UV-light for 1 min in a UV-cross linker
(StratageneTM).

A DNA probe was amplified from the dnaA promoter
region of pFO3510 using the Kgc1 and Kpn1 primers and

continuously labeled with α32P-dATP producing a PCR
product 376 bp long. Hybridization of the probe with the
blot was performed according to Sambrook and Maniatis
(1989). The radioactive bands were detected with a
Molecular Dynamics phosphorimager. ImageQuant™
software was used to quantify the intensity of bands by
volume integration. Computer-generated images were
created with Adobe Photoshop™.

Immunoblot Analysis of DnaA Protein
Overnight cultures of different cell lines were diluted 1:100
into LB containing spectinomycin (50 µg/ml). When the
OD450 reached 0.2, 40 ml of culture was removed, and
200 µg/ml chloramphenicol was added to inhibit further
protein synthesis. After centrifugation, the supernatant was
removed, and each pellet was resuspended in 0.5 ml of
iced 10% trichloracetic acid, placed on ice for 30 min, then
centrifuged. The pellets were resuspended in 100 µl of
solubilization buffer (125 mM Tris-Cl, pH 6.8, 1% SDS ,
0.1 N NaOH, and 1mM phenol red). Loading buffer (2X
contains 100 mM Tris-Cl, pH 6.8, 200 mM dithiothreitol,
4% SDS, 0.2% bromophenol blue, and 20% glycerol) was
added. Total protein was determined using the BCA protein
assay kit (Pierce) following the provided protocol.

Protein samples and standards were boiled 3 min,
mixed, centrifuged then separated on an SDS
polyacrylamide gel containing a 4% stacking gel above a
10.5% gel for 2 hr at 25 mA and 21°C. Kaleidescope size
markers (Bio-Rad) were included. The separated proteins
were transferred to a PVDF transfer membrane (NEN-
Dupont) using the Bio-Rad Mini Trans-Blot® apparatus at
250 mA, 4°C, for 90 min in transfer buffer (25 mM Tris-Cl,
pH 8.3, 192 mM glycine, 20% methanol).

After completion of protein transfer, the membrane was
rinsed with water and blocked with 100 ml of 6% nonfat
milk in low salt PBST (150 mM NaCl, 80 mM Na2HPO4,
20 mM NaH2PO4 H20, 0.1% Tween -20) for 1 hr with
shaking. The membrane was then washed with 100 ml of
high salt PBST (500 mM NaCl, 80 mM Na2HPO4, 20 mM
NaH2PO4 H20, 0.1% Tween -20) three times for 15 min
each. Antisera to DnaA protein prepared in this laboratory
(Froelich et al., 1996), was diluted 1:7500 in 50 ml high
salt PBST, and added to the membrane for 1 hr with
shaking. The membrane was washed with 100 ml of high
salt PBST four times for 15 min each and incubated in 50
ml of the secondary antibody, GAR-HRP (Bio-Rad, diluted
1:7500 in high salt PBST containing 3% nonfat milk for 1
hr. After the membrane was washed with 100 ml of high
salt PBST 4X for 15 min each and in 10 ml of low salt
PBST for 15 min, NEN-Dupont™ Renaissance
Chemiluminescence Reagent was added to the blot, and
the light emitted was visualized with film. A Molecular
Dynamics™ densitometer was used to scan the film, and
ImageQuant™ software was used to quantify the intensity
of bands by volume integration. Computer-generated
images were created with Adobe Photoshop™.

Flow Cytometry
Overnight cultures were grown either in M9 minimal
medium containing 1X M9 salts (Miller, 1992) and 0.4 %
glucose, 1 mM MgSO4, 5 µg/ml thiamine, 20 µg/ml uracil
(Jensen, 1993), and 5 µg/ml thymine (Molina et al., 1998)
or in M9 enriched medium (M9 minimal medium plus 0.2%
yeast extract and 0.2% casamino acids) at 37°C. The
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overnight cultures were diluted 1:500 and grown at 37°C
until the OD450 reached 0.15-0.2 at which time 400 µl of
the culture was mixed with 7 ml of 74% EtOH and stored
at 4°C. At the same time, an aliquot of the culture was
mixed with 150 µg/ml of rif and 50 µg/ml of cephalexin.
After 4 hr at 37°C, sampling was performed as above.

Centrifugation of 1.5 ml of the samples in EtOH was
followed by resuspension of the pellet in 1 ml of ice cold
staining buffer (10 mM Tris-Cl, pH 7.4, 10 mM MgCl2). The
sample was recentrifuged and resuspended in 75 µl of
staining buffer and 75 µl of staining solution (40 µg/ml
ethidium bromide, Sigma, and 200 µm mithramycin A, ICN).
The cell suspension was left on ice in the dark for at least
1 hr and the cells then analyzed using the Flow Cytometer
Bryte-HS (Bio-Rad) by passing the stained cells through
the focus of a fluorescence microscope using an excitation
wave length of 395-440 nm. Each cell gave rise to a pulse
of fluorescent light, the intensity of which was proportional
to the cellular DNA content.
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