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Abstract

DnaA protein binds specifically to a group of binding sites collectively called as DnaA boxes within the bacterial replication

origin to induce local unwinding of duplex DNA. The DNA-binding domain of DnaA, domain IV, comprises the C-terminal 94

amino acid residues of the protein. We overproduced and purified a protein containing only this domain plus a methionine residue.

This protein was stable as a monomer and maintained DnaA box-specific binding activity. We then analyzed its solution structure

by CD spectrum and heteronuclear multi-dimensional NMR experiments. We established extensive assignments of the 1H, 13C, and
15N nuclei, and revealed by obtaining combined analyses of chemical shift index and NOE connectivities that DnaA domain IV

contains six a-helices and no b-sheets, consistent with results of CD analysis. Mutations known to reduce DnaA box-binding activity
were specifically located in or near two of the a-helices. These findings indicate that the DNA-binding fold of DnaA domain IV is
unique among origin-binding proteins.

� 2002 Elsevier Science (USA). All rights reserved.
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DnaA protein is a key protein in the initiation of

chromosomal replication in Escherichia coli [1,2]. This
protein recognizes the replication origin, oriC, and directs

several proteins required for replication to this site. DnaA

protein specifically binds the asymmetric 9-bp sequence

TTATC/ACA
C/AA, which is called the 9-mer or DnaA

box [3–5]. When 20–40 molecules of ATP-bound DnaA

bind cooperatively to oriC, this protein causes local un-

winding of the ATP-rich repeats followed by successive

assembly of proteins at the oriC region to synthesize
primer RNA and complementary DNA strands. DnaA

protein thereby creates a specific nucleoprotein structure

in which ordered structural DNA changes and protein–
protein interactions take place. Questions about which

fold of theDnaA protein directly interacts withDNAand

how this affects DNA structure to cause unwinding of

duplex DNA remain to be answered.

DnaA homologs are widely conserved in eubacterial

species [6,7]. Based on structural similarity and specific

functions, the structure of E. coli DnaA is subdivided

into four domains [6–9]. The N-terminal domain I
(amino acids 186) and domain II (amino acids 87–134)

contain DnaA oligomerization activity [10] and DnaB

helicase binding sites [11,12]. Domain III (amino acids

135–373) contains ATP-binding/hydrolysis modules that

belong to the AAAþ ATPase family [13–16]. The C-

terminal domain IV consists of an evolutionarily con-

served structure, as do domains I and III, and bears

DNA-binding activity [8]. This DnaA domain IV (DAD-
IV) contains 94 amino acids from Val-374 to Ser-467.
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Structural analysis of DAD-IV is of crucial impor-
tance for understanding the mechanisms of DNA

structural changes that take place during replication

initiation. E. coli DnaA protein has a strong tendency to

aggregate, which makes it difficult to crystallize the full-

length protein. However, we performed the first suc-

cessful analysis of the secondary structure of full-length

DnaA by developing a new DnaA purification strategy

and using circular dichroism (CD) spectrum analysis
[17]. In the present study, we reveal for the first time the

secondary structure of DAD-IV in solution using NMR

analysis. We constructed and purified a protein that

consists of the 94 amino acid residues of DAD-IV in-

cluding the first methionine residue. This DAD-IV

protein is stable as a monomer and has DnaA box-

specific DNA-binding activity. The secondary structure

of this DAD-IV protein was analyzed by CD spectrum
and determined by NMR analysis of 1H, 13C, and 15N

resonance assignment. These results implicate a unique

DNA-binding mode for DnaA protein.

Materials and methods

Construction of an overproducer of DAD-VI protein. Plasmid pHB9

bearing the dnaA region [18] was digested with BstEII and XhoI to

isolate the DAD-IV coding region (V374–S467). The cohesive end

generated by BstEII was filled in with DNA polymerase I large frag-

ment and the resultant DNA fragment was ligated with an NcoI–XhoI

fragment of pET-21d(+) (Novagen). The resultant plasmid termed

pIU1 overexpresses a DAD-IV protein with methionine as the first N-

terminal residue. pIU1 was introduced into BL21(DE3) cells bearing

pLysS (Promega). However, we found that pLysS was not necessary

for growth of this overproducing strain (see below).

Overexpression and purification of DAD-IV protein. For biochemi-

cal analysis, BL21(DE3) cells bearing pIU1 and pLysS were grown at

37 �C in LB medium and 1mM IPTG was added when the optical

density (A660) of the culture reached 0.5. After further incubation for
2 h, cells were harvested, suspended in chilled buffer C (50mM Hepes–

KOH (pH 7.6), 1mM EDTA, 2mM DTT, and 15% glycerol), and

incubated in the presence of 1M KCl, 20mM spermidine–HCl, and

0.2mg/ml lysozyme for 30min on ice and for 4min at 37 �C with in-
version. The following procedures were all performed at 0–6 �C. After
chilling on ice, lysates were isolated in a Beckman Ti50-2 rotor by

centrifugation at 40,000 rpm for 40min (fraction I), proteins precipi-

tated with 0.34 g/ml ammonium sulfate were eliminated by centrifu-

gation, and the supernatants were pooled (fraction II). Dialysis was

performed until the conductivity was equivalent to that of 50mMKCl,

and then proteins in fraction II were loaded on a Hi-Trap Heparin–

agarose column (5ml, Amersham Biotech) equilibrated with buffer C

containing 50mM KCl and eluted with a linear gradient from 50 to

800mM KCl in the same buffer. Eluted DAD-IV protein was pooled

(fraction III) and further fractionated through a Superose-12 PC3.2/30

column (Amersham Biotech) equilibrated with buffer C containing

400mM KCl. Purified DAD-IV protein was pooled (fraction IV) and

stored at )80 �C.
For NMR structural analysis, the same overproducing strain de-

scribed above was used, except that pLysS was excluded. Excluding

pLysS stimulated expression of DAD-IV protein several fold. The

expression procedure was the same as described above. Soluble lysates

were obtained, precipitates formed with polyethylenimine were re-

moved, and DAD-IV protein in the soluble fraction was chromato-

graphed on a P11 cation-exchange column (Whatman), yielding a

purity >98%. The yield of purified protein was 40 and 15mg per liter

of LB medium and M9 medium, respectively. DAD-IV protein

uniformly labeled with 13C and 15N was produced by growing the

overproducing cells in M9 medium containing 15NH4Cl and [
13C-6]-

DD-glucose. Similarly, 15N-labeled DAD-IV protein was obtained by

culturing cells in M9 medium containing 15NH4Cl.

Pull-down assay for DnaA box-binding activity. Streptavidin-coated

magnet beads (Promega) were washed twice in an equal volume of

buffer C containing 100mMKCl, resuspended into an equal volume of

buffer C containing 100mMKCl and 200lg/ml bovine serum albumin,
and stored on ice. This suspension was used within 2 h for the fol-

lowing experiments. DnaA or DAD-IV protein was added to buffer C

(50ll) containing DNA oligomers (5 pmol) with or without the DnaA
box and incubated for 5min on ice, followed by incubation for 1 h on

ice after the addition of a suspension (50 ll) of washed streptavidin-
coated magnet beads. DNA and bound protein were recovered by

magnetic force, washed in buffer C containing 100mM KCl and

100lg/ml bovine serum albumin, and analyzed by tricine–SDS–poly-
acrylamide (10%) gel electrophoresis [19].

The sequence of the upper strand of the double-stranded (ds) re-

gion (29-mer) of the DnaA box-containing oligomer is AAGCCGGA

TCCTTGTTATCCACAGGGAG (DnaA box is underlined) [3,5]. The

lower strand (29-mer) is complementary to this. When used for the

pull-down assay, a 50-biotin-tagged 30-mer T stretch was added to

the 50-end of the upper strand.

The sequence of the upper strand of 15-mer dsDNA containing the

DnaA box is TTGTTATCCACAGGG. The lower strand is comple-

mentary to this.

In dsDNA oligomers lacking the DnaA box, the 9-mer DnaA box

was replaced with the sequence AACTATATC in the upper strands [5].

The lower strands were complementary to these.

Gel-shift assay for DNA-binding activity. Experiments were gener-

ally done according to the method of Schaper and Messer [5]. The

indicated amounts of the full-length DnaA or DAD-IV proteins were

incubated for 30min on ice in buffer (20ll) containing 1mM ATP and

5 pmol of 15-mer dsDNAs with or without a DnaA box. Sequences of

these 15-mer dsDNAs were the same as above. The reaction mixtures

were analyzed at 4 �C by native polyacrylamide (8% for the full-length
DnaA or 12% for DAV-IV) gel electrophoresis. DNA was detected by

staining with Gel-star (BioWhittaker Molecular Applications). Den-

sitometric quantification was done using the computer program, NIH

Image (NIH).

CD spectrum analysis. Purified DAD-IV protein was dissolved in

buffer containing 5mM Tris–HCl (pH 7.5), 0.1mM EDTA, 10%

glycerol, and 125mM or 400mM KCl, or in the same buffer used for

NMR analysis (described below). Protein concentration was calculated

by the Bradford method using bovine serum albumin as a standard, or

by measuring absorption at 275 nm using an extinction coefficient of

2780 liters/mol/cm which was deduced from the amino acid composi-

tion of the DAD-IV protein. CD spectra were recorded at the indicated

temperature using quartz cells of 1mm optical path length with a CD

spectropolarimeter JASCO J-720W [17]. The molar ellipticity (h) ex-
pressed in degree� cm2/dmol was calculated on the basis of a mean
residue molecular weight of 110Da. Dozens of spectra were measured

for each sample. A program for the secondary structural analysis, SSE-

338W (Japan Spectroscopy), which was based on a method developed

by Yang et al. [20], was used for calculation of the structural compo-

sition of DAD-IV protein.

NMR analysis. NMR samples typically contained approximately

2mM DAD-IV protein in 20mM potassium phosphate buffer (pH 6.0)

containing 100mMKCl and 10mMDTT inH2O=D2O (90%/10%, v/v).

All NMR experiments were performed at 30 �C on a Varian Unity
INOVA 600MHz spectrometer equipped with a pulsed-field-gradient

unit and a triple resonance probe with an actively shielded Z-gradient.

Using the unlabeled DAD-IV protein samples, we recorded NOESY

spectra, with mixing times of 80 and 150ms, and TOCSY spectra, with
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45ms mixing times. For the 15N-labeled DAD-IV protein, we acquired

the following spectra for assignment purposes: 1H–15N HSQC [21], 1H–
15N NOESY–HSQC (150ms mixing time), and 1H–15N TOCSY–

HSQC (50ms mixing time). HNCA, HN(CO)CA, CBCA(CO)NH,

CBCANH, HNCACB, HNCO, HN(CA)CO, C(CO)NH, and HC(CO)

NHwere used for assignments on the 13C/15N-labeled DAD-IV protein.

All spectra were processed with the NMRPipe package [22] on a Sun

Microsystems and Silicon Graphics workstation. 1H and 15C chemical

shifts were referenced to the methyl proton resonance of an external

DSS standard. Chemical shifts of the 1H, 13Ca, 13Cb, 13C0, and 15N

resonance of DAD-IV have been deposited in the BioMagResBank

(http://www.bmrb.wisc.edu) database under Accession No. 5200.

Results and discussion

Overproduction and purification of DAD-IV protein

For structural analysis of the DNA-binding domain

of DnaA, we overproduced and purified a protein con-
sisting of only DAD-IV plus the first methionine resi-

due. The coding region of this module (V374–S467) was

inserted into pET-21d(+) (see Materials and methods

for details). The resulting plasmid, pIU1, was intro-

duced into BL21(DE3) cells bearing pLysS. When these

cells were grown at 37 �C and further incubated for 2 h
in the presence of 1mM ITPG, DAD-IV protein accu-

mulated to make up about 3% of the total cellular
protein as measured by SDS–polyacrylamide gel elec-

trophoresis and Coomassie brilliant blue staining.

When wild-type DnaA protein is overproduced, large

amounts (about 60–90%) are present as insoluble forms.

In contrast, the majority of the DAD-IV protein that we

recovered was in the soluble lysate of overexpressed

cells. Even when ammonium sulfate was added to a

saturating level in this lysate, the DAD-IV protein re-
mained soluble. Through further purification using

heparin–agarose affinity chromatography and a Supe-

rose 12 gel-filtration column, purity of this protein

reached about 98% (Fig. 1A). Determination of the N-

terminal sequence by Edman degradation and of the

molecular mass using MALDI–TOF-MASS demon-

strated that the entire DAD-IV protein was indeed ob-

tained (data not shown). In the final fraction (Fr IV),
this protein was present as a monomer (Fig. 1B). Similar

results were obtained when this module was gel-filtrated

in the presence of 125mM KCl instead of 400mM KCl

(data not shown).

Activity of DAD-IV protein

Purified DAD-IV protein has a specific binding af-

finity for the DnaA Box (Fig. 2). In a pull-down assay

that we developed for this study, a 29-mer dsDNA

fragment with or without a DnaA box (9-mer) derived

from the oriCDnaA box R1 was tagged with biotin [3,5].

When the tagged DNAs were recovered using strepta-
vidin-coated beads, DAD-IV protein was co-recovered

in a DnaA box-dependent manner (Fig. 2A). Twenty to

25% of the input DAD-IV protein specifically bound to

the DnaA box. Similar results were obtained using the

wild-type DnaA protein (data not shown). Binding of

DAD-IV protein to the DnaA box was specifically in-

hibited by addition of competitor DNA containing the

same DnaA box (Fig. 2B) as well as that of wild-type
DnaA (data not shown). This binding competition was

seen also when a 15-mer dsDNA containing a 9-mer

DnaA box and two 3-mer sequences at the 50- and 30-ends

was used as a competitor, which also supports DnaA

box-specific binding of DAD-IV protein (Fig. 2B).

Binding affinity for the DnaA box was further

quantified by gel-mobility retardation assays [5]. The

results suggest that the affinity of DAD-IV protein for
the DnaA box is only slightly less than that of the full-

length DnaA protein (Fig. 3). In the course of this

study, Messer et al. [23] reported similar results using

surface plasmon resonance analysis. As all of these data

support the idea that the isolated DAD-IV protein

maintains a conformation that confers specific DnaA-

box recognition, we decided to use this protein for

structural analyses.

Fig. 1. Purification and gel-filtration analysis of DAD-IV protein. (A)

DAD-IV protein was overproduced and purified as described in Ma-

terials and methods. Briefly, fraction I (Fr I) was a supernatant of the

cell lysates, fraction II (Fr II) was a supernatant obtained from am-

monium sulfate (0.34 g/ml) fractionation, fraction III (Fr III) was a

pool of active fractions eluted from heparin–agarose column chro-

matography, and fraction IV was a pool of active fractions obtained

from Superose-12 gel-filtration. DnaA box-specific DNA-binding ac-

tivity of each fraction was assessed by a pull-down assay described in

Fig. 2. Proteins (5.0lg for Fr I and II, 0.5 lg for Fr III and IV) were
analyzed by tricine–SDS–polyacrylamide (10%) gel electrophoresis and

Coomasie brilliant blue staining. DAD-IV protein is indicated by an

arrow. M, molecular mass markers (kDa). (B) DAD-IV protein in

fraction III (7.1 lg) was analyzed by a Superose-12 PC3.2/30 gel-fil-
tration column (Amersham Biosciences) equilibrated with buffer C

containing 125mMKCl (see Materials and methods). Eighty to 90% of

DAD-IV protein in fraction III was recovered under these conditions.

Similar results were obtained when buffer C containing 400mM KCl

or buffer used for CD analysis was used (data not shown). The elution

peak of DAD-IV protein and the estimated molecular mass are indi-

cated by a dark line and an arrowhead, respectively. Marker proteins

were bovine serum albumin (66 kDa), carbonic anhydrase (29 kDa),

cytochrome c (12.6 kDa), and aprotinin (6.5 kDa).
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CD analysis of the DAD-IV

The secondary structure of DAD-IV protein was

analyzed by circular dichroism (CD) spectrum analysis

(Fig. 4). Results revealed that domain IV of the DnaA

protein has a high content of a-helices and no b-sheets.
At 4 �C in the presence of 125 or 400mM KCl, DAD-IV
protein was composed of about 50–53% a-helices, 0% b-
sheets, and 47–50% random structures. This composi-

tion was not changed by incubation at 30 �C in the

presence of 125mM KCl. In the presence of 400mM

KCl, the composition of a-helices slightly decreased to
41%, but that of b-sheets remained at 0%.

Fig. 2. Purified DAD-IV protein maintains DnaA box-specific DNA-

binding activity. (A) DAD-IV protein was used for a pull-down assay

using biotin-tagged oligo-DNAs. Indicated amounts of DAD-IV

protein were incubated in buffer containing biotin-tagged DNA with

or without a DnaA box (see Materials and methods). Streptavidin-

coated magnet beads were added to recover the tagged DNA and

bound protein. Proteins recovered were analyzed by tricine–SDS–

polyacrylamide (10%) gel electrophoresis and silver-staining. IP, the

same amount of input DAD-IV protein is shown. The biotin-tagged-

DNA bearing a DnaA box (5.0 pmol) in the duplex region (29-mer) (A)

or bearing non-specific sequence in the duplex region (29-mer) (N) was

used. Migration positions of DAD-IV protein and bovine serum al-

bumin (BSA) included in buffer are indicated. Several minor bands

corresponding to 40–60 kDa were derived from the magnetic bead

stock buffer and did not affect this assay. Similar results were obtained

when 125mM KCl was included in the reaction (data not shown). (B)

Competition experiments showing that DAD-IV maintains DnaA box-

specific binding. DAD-IV protein (8.0 pmol) was incubated in buffer

containing the biotin-tagged-DNA bearing a DnaA box (5.0 pmol) in

the duplex region (29-mer) and the indicated amounts (0, 5.0, 25, and

125pmol) of 29-mer dsDNA (Box-29mer) with or without DnaA box

(No Box). dsDNA (15-mer) bearing a DnaA box (Box-15mer) was also

used as a competitor (see Materials and methods). The tagged DNA

and bound protein were recovered and analyzed as above. Amounts of

DAD-IV protein were determined using a silver-stained gel with

quantitative standards.

Fig. 3. Affinity of DAD-VI and full-length DnaA to a DnaA box.

Indicated amounts of DAD-IV protein (A) or full-length DnaA pro-

tein (B) were incubated for 30min on ice in buffer containing 5 pmol of

15-mer dsDNA with DnaA box (DnaA box) or without DnaA box

(No Box) (see Materials and methods). Binding of proteins to DNA

was assessed by a gel-mobility retardation assay. Amounts of DNA

not bound by protein (Free DNA) were determined using a gel-star-

stained gel with quantitative standards. These data are representative

of several independent measurements.

Fig. 4. CD spectra of DAD-IV. CD spectra of DAD-IV protein

(1.2lM) were assessed at 4 �C in buffer containing 125mM KCl (see

Materials and methods). Similar data were obtained when assessed in

buffer incubated at 30 �C (data not shown).
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NMR assignment of 1H, 13C, and 15N nuclei of the DAD-

IV protein

In the NMR analysis of DAD-IV protein, pulse se-

quences including HNCA, HN(CO)CA, HNCO, HN

(CA)CO, CBCA(CO)NH, CBCANH, and HNCACB

were used to sequentially assign the backbone and Cb-
and Hb-atoms (see Materials and methods). This proce-
dure determined a sequential 1H, 13C, and 15N resonance
assignment for the majority of the DAD-IV protein

backbone. This assignment accounts for most of the

main-chain amide cross peaks in the 1H–15N HSQC

spectrum (Fig. 5).

Ambiguities in the assignment were well resolved by

inspection of the 1H–15N NOESY–HSQC spectrum

where sequential NOEs pointed to the amide proton

frequency of the adjacent residue. Additionally, NOE
connectivities were used to bridge gaps in the assignment

that occurred at Pro-406 and Pro-423. Only a few sig-

nals were missing in the triple-resonance spectra. It is

likely that the lack of observable signals in the triple-

resonance spectra primarily resulted from the combi-

nation of 1H and 15N line broadening. The chemical

shifts of the other side chain atoms (except the Cb side
chain resonance that was assigned during the sequence-
specific backbone assignment) were obtained from

C(CO)NH and HC(CO)NH experiments recorded on

the double-labeled protein. High separations of cross

peaks in the 1H–15N HSQC spectrum will enable us to

investigate the interaction between DAD-IV and its li-

gand as was shown in our previous study [24,25].

Determination of the secondary structure of the DAD-IV

protein

The secondary structure of DAD-IV was inferred

from a combination of weighted average secondary

chemical shifts (WASS [26]) and characteristic NOEs

[27]. Based on the 1Ha, 13Ca, 13Cb, and 13C0 chemical

shift assignments, the WASS method allowed the de-

lineation of the secondary structure elements. From this
analysis, six a-helices were identified along the poly-
peptide chain (Fig. 6). Additional information about the

secondary structure was provided by analysis of se-

quential and medium-range NOEs involving backbone

Ha, side chain Hb, and amide protons as observed in the
1H–15N NOESY–HSQC experiments (data not shown).

These results further suggested that the dominant

structural feature of DAD-IV is the presence of six
major a-helices.
The combined evidence of the WASS analysis and

networks of sequential NOEs between HN(i) and

HN(i+1) and medium-range NOEs involving Ha(i),
HN(i+3), and HN(i+4) thus determined the region of

the six a-helices as follows: Ile-376–Tyr-386 (Helix-A),
Lys-390–Leu-394 (Helix-B), Ala-404–Leu-417 (Helix-

C), Ser-421–Ala-428 (Helix-D), Asp-433–Glu-450 (He-
lix-E), and Lys-455–Leu-465 (Helix-F) (Fig. 6). In the

full-length DnaA protein, Helix-A may be connected to

an amphipathic a-helix that is postulated to be imme-
diately upstream [7].

Structure–function relationship of DAD-IV

Although the secondary structure of DAD-IV has

only been postulated using several computer programs,

Fig. 5. 1H–15N HSQC spectrum of DAD-IV. 1H–15N HSQC spectrum

of 2.0mM DAD-IV in H2O=D2O (90%/10%, v/v), 20mM potassium

phosphate (pH 6.0), 100mM KCl, and 10mM DTT at 30 �C is shown.
Backbone NH resonance data are labeled with their single letter codes

and residue numbers. The region within the pointed square in the

middle of the spectrum is magnified in the inset.

Fig. 6. Determination of DAD-IV secondary structure. Results of the

WASS analysis of 1Ha, 13Ca, 13Cb, and 13C0 are shown. When the

index number is >1, an a-helical secondary structure is predicted, and
when the index number < �1, a b-sheet secondary structure is pre-
dicted [26]. The identified secondary structure elements are indicated at

the top. Corresponding amino acid residues are shown at the bottom.
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here we have obtained concrete evidence using NMR

analysis that DAD-IV contains six a-helices. In DnaA
protein, mutational analyses revealed amino acid resi-

dues of DAD-IV that dramatically reduce DnaA box-

binding activity when substituted with other residues
[9,28]. These residues seem to be specifically located in

or near Helices-C and -E (Fig. 7). Therefore, these he-

lices most likely play crucial roles in DNA-binding. A

group of DNA-binding proteins bears the helix–loop (or

turn)–helix motif for direct interaction with DNA [29].

Two helix–loop (or turn)–helix motifs including Helices-

C and -E could potentially form a DnaA-specific DNA-

binding fold in DAD-IV.
Initiation activity of DnaA protein depends on ATP

binding [30–32]. DnaA domain III contains an AAAþ

family-type ATP-binding fold. Binding of ATP, but not

ADP, enables this protein to unwind duplex DNA in the

oriC region. We recently found that in a complex of

DnaA protein and pyridoxal–ATP, an ATP analog that

contains a pyridoxal moiety bound to the c-phosphate
of ATP, the pyridoxal binds to Lys-415 residue of DnaA
protein [33]. This suggests that the c-phosphate of ATP
is located near this residue, which is in Helix-C. As

binding of ATP to DnaA protein affects the sequence

specificity of DNA-binding [34,35], interaction of ATP

could affect the conformation of this helix, leading to a

change in the DNA-binding mode.

So far, only a few of the replication initiation protein

structures have been solved. The crystal structure of
RepE protein, an initiation factor for F plasmid, con-

tains two DNA-binding domains that are topologically

similar to each other [36]. Each domain forms a winged-

helix motif that includes two or three b-sheets and three
a-helices, which is also found as a conserved fold in the
DNA-binding domains of Histone H5 and catabolite

activating protein (CAP) [36,37] as well as in the puta-

tive DNA-binding domains of Saccharomyces cerevisiae

Orc4, a subunit of the origin-binding protein complex,
and of archeal Pyrobaculum aerophilum Cdc6/Orc1

protein, which is an Orc4 homolog [38]. DNA-binding

cores of viral initiation proteins, including the papillo-

mavirus E2 protein, Epstein–Barr virus EBNA1 protein,

and the simian virus 40 large T-antigen, share structural

similarity in folds that contain four conserved antipar-

allel b-sheets and two a-helices [39–42]. The DNA-
binding domain of the papillomavirus E1 protein that
forms a complex with the origin DNA and the E2

protein also contains four antiparallel b-sheets and a
DNA-binding helix [43]. The secondary structure of the

DNA-binding domain of DnaA protein, which has been

elucidated in this study, is therefore unique overall,

although the a-helix-including motif is conserved.
Just before submission of this manuscript, the crystal

structure of domains III–IV of the thermophilic bacte-
rium Aquifex aeolicus DnaA homolog was published

[44]. This DnaA-homolog domain IV structure was ba-

sically consistent with the results of our present study on

the E. coliDAD-IV solution structure. Determination of

the three-dimensional structure of DAD-IV bound to

DNA will further contribute to the understanding of the

mechanisms involved in initiator function.
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