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Clamp-mediated DnaA-ATP Hydrolysis™
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ATP-DnaA is the initiator of chromosomal replication in
Escherichia coli, and the activity of DnaA is regulated by the
regulatory inactivation of the DnaA (RIDA) system. In this sys-
tem, the Hda protein promotes DnaA-ATP hydrolysis to pro-
duce inactive ADP-DnaA in a mechanism that is mediated by
the DNA-loaded form of the replicase sliding clamp. In this
study, we first revealed that hda translation uses an unusual
initiation codon, CUG, located downstream of the annotated
initiation codon. The CUG initiation codon could be used for
restricting the Hda level, as this initiation codon has a low trans-
lation efficiency, and the cellular Hda level is only ~100 mole-
cules per cell. Hda translated using the correct reading frame
was purified and found to have a high RIDA activity in vitro.
Moreover, we found that Hda has a high affinity for ADP but not
for other nucleotides, including ATP. ADP-Hda was active in
the RIDA system in vitro and stable in a monomeric state,
whereas apo-Hda formed inactive homomultimers. Both ADP-
Hda and apo-Hda could form complexes with the DNA-loaded
clamp; however, only ADP-Hda-DNA-clamp complexes were
highly functional in the following interaction with DnaA. For-
mation of ADP-Hda was also observed iz vivo, and mutant anal-
ysis suggested that ADP binding is crucial for cellular Hda activ-
ity. Thus, we propose that ADP is a crucial Hda ligand that
promotes the activated conformation of the protein. ADP-de-
pendent monomerization might enable the arginine finger of
the Hda AAA™* domain to be accessible to ATP bound to the
DnaA AAA* domain.

The initiation of chromosomal replication is strictly regu-
lated during the cell cycle. In Escherichia coli, a crucial target for
this regulation is the formation of an active initiation complex,
including the ATP-bound DnaA protein (ATP-DnaA) and the
chromosomal replication origin, oriC (1, 2). The DiaA protein
directly stimulates formation of this complex, which leads to
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the unwinding of duplex DNA within the oriC (3, 4). DnaB
helicase then expands the unwound region to allow the loading
of DnaG primase and DNA polymerase (pol)® III holoenzyme
(5). The pol IIT holoenzyme consists of the pol I1I core, clamp (B
subunit), and y complex (clamp loader). The clamp forms a
ring-shaped structure as a homodimer and is loaded onto the
primed DNA by the y complex to tether the pol III core onto
DNA during DNA synthesis. After synthesis of the Okazaki
fragments, the pol III core dissociates, and the sliding clamp
remains on the DNA (5).

There are at least three systems that repress extra initiations
(2, 6, 7). First, binding of SeqA to hemimethylated oriC tempo-
rarily inhibits initiation complex formation (8 —10). The mini-
mal oriC region contains 11 GATC sequence repeats that are
available for modification by the DNA-adenine methyltrans-
ferase. Nascent strand synthesis transiently generates a hemi-
methylated oriC that is the target of SeqA. In the second system,
there is a reduction of DnaA molecules that are accessible to the
oriC. The datA locus is located near the oriC and can bind to a
considerable number of DnaA molecules (11). Titration of
DnaA molecules onto datA locus is enhanced by duplication of
the locus following initiation.

The third system involves the regulatory inactivation of
DnaA (RIDA) and promotes the hydrolysis of DnaA-bound
ATP, which yields inactive ADP-DnaA (12, 13). RIDA depends
on the Hda protein and the DNA-loaded form of the clamp. The
requirement of the DNA-loaded clamp can ensure timely inac-
tivation of DnaA during the replication cycle of the chromo-
some. The cellular ATP-DnaA level increases prior to the initi-
ation of replication and decreases depending on chromosomal
replication (12, 14). Hda-deficient cells or cells bearing a RIDA-
resistant mutant of DnaA exhibit accumulation of ATP-DnaA
levels and cause extra initiation (12, 15-17).

The clamp-mediated coupling of replication and initiation
regulation appears to be widely distributed among prokaryotes
and eukaryotes. Bacillus subtilis YabA acts as a negative regu-
lator of initiation by forming a complex with DnaA and the
clamp; however, this protein shares no obvious homology with
the primary sequence of Hda (18 -20). The eukaryotic sliding
clamp, proliferating cell nuclear antigen, interacts with the rep-
lication licensing factor Cdtl (21-23). This interaction pro-
motes ubiquitin-mediated proteolysis of Cdtl, which is associ-
ated with the blockage of re-replication.

° The abbreviations used are: pol, DNA polymerase; RIDA, regulatory inacti-
vation of DnaA; SD, Shine-Dalgarno; ATP+S, adenosine 5’-O-(thiotriphos-
phate); Fr, fraction; ntHda, nontagged form of Hda.
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In a reconstituted RIDA assay, Hda catalytically promotes
DnaA-ATP hydrolysis in the presence of the DNA-loaded
clamp (24, 25). This reaction requires the clamp binding to Hda
via its short N-terminal region that carries the QL(S/D)LF
motif conserved among clamp-binding proteins (24-27).
Besides the N-terminal region, Hda carries an AAA™ domain
that is homologous with the DnaA AAA™ domain (12). This
domain bears Walker-type nucleotide-binding motifs and sev-
eral specific motifs that are conserved in the AAA™ family (28).
A common feature of typical AAA™ proteins is the formation of
multimers in which ATP binding and hydrolysis events occur at
the inter-subunit interface and mediate a conformational
change. In this process, a conserved arginine residue called an
arginine finger plays a crucial role in the recognition of ATP
bound to the adjacent protomer (29, 30). Based on our bio-
chemical and mutational analyses of DnaA, Hda, and the DNA-
loaded clamp, the following model is provided (24, 25). The
Hda arginine finger directly promotes DnaA-bound ATP
hydrolysis upon interaction between the AAA™ domains of
DnaA and Hda. The DNA-loaded clamp mediates this interac-
tion as a platform, on which the DnaA N-terminal domain sup-
portively interacts with the Hda-clamp complex, and the DnaA
DNA-binding domain recognizes the duplex DNA flanking the
clamp.

Here we found that Hda specifically binds to ADP but not
ATP in vitro and in vivo. Apo-Hda formed a homomultimer
that is likely to consist of several protomers in the absence of
ADP. ADP binding promoted dissociation of the Hda homo-
multimers to monomers and activated Hda function in the
RIDA system in vitro. Further in vitro and in vivo analyses using
the Walker motif mutants of Hda suggested that ADP binding is
crucial for Hda function in vivo. ADP-Hda but not apo-Hda
formed a functional complex with ATP-DnaA and the DNA-
loaded clamp. The Hda arginine finger could be buried into the
inter-subunit interface of apo-Hda homomultimers, and ADP-
dependent monomerization might expose the arginine finger
on the surface, promoting interaction with ATP-DnaA.

EXPERIMENTAL PROCEDURES

Construction and Expression of Hda Derivatives for the N-ter-
minal Analyses—Plasmids pPBAD/Hda and pHda4 (an interme-
diate pBAD/Hda construction) were constructed previously
(25). pBAD/Hda-cHis was constructed by HindIII digestion
and self-ligation of a PCR fragment amplified using pHda4 as a
template and the primers 5'-GTCGGATGCGGAAGCTTGGC-3’
and 5'-CCCAAGCTTCAGTGATGGTGATGGTGATGCA-
ACTTCAGAATTTCTTTCACAAACGG-3'. For overproduc-
tion of Hda, KA450 [AoriC1071::Tnl10 dnaA107 (Am) rnhA199
(Am)] cells (15) harboring pHda4, pBAD/Hda, or pBAD/Hda-
cHis were grown at 37 °C in LB medium containing 100 ug/ml
ampicillin and 50 pug/ml thymine. When the absorbance (A¢,)
of the culture reached 0.5, arabinose (0.5%) was added, and cells
were incubated for an additional 2 h.

Determination of the N-terminal Sequence of Hda-cHis—Pu-
rification of Hda-cHis expressed using pBAD/Hda-cHis was
performed using the same method as that previously described
for a His-tagged Hda (25). Hda-cHis was separated by 15% SDS-
PAGE, blotted onto a polyvinylidene difluoride membrane
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(Millipore), and sequenced by an Edman degradation method
using a Procise 494HT protein sequencer (Applied
Biosystems).

Construction and Purification of Hda-cHis—A fragment
bearing the Hda-cHis coding region was amplified by PCR
using pPBAD/Hda-cHis as a template and the primers 5'-CGT-
CTAGAAGGAGATATACATATGAACACACCGGCACAG-
CTCTC-3' and 5'-CTCTCATCCGCCAAAACAGCCAAG-
3’, and cloned into the Ndel and HindIII sites of pET21a
(Novagen), resulting in pET/Hda-cHis. BL21(DE3) cells har-
boring pET/Hda-cHis were grown at 37 °C in LB medium con-
taining 100 pg/ml ampicillin until the A, of the culture
reached 0.8; isopropyl 1-thio-B-p-galactopyranoside (1 mm)
was added, and cells were further incubated for 2 h. All the
following procedures were performed at 0—6 °C. Isolation of a
soluble fraction from cell lysates and nickel column chromatog-
raphy were performed by the same method as that previously
described for a His-tagged Hda (25), yielding Hda-cHis Fr IL

To isolate the multimers and monomers, Hda-cHis Fr II (55
png) was loaded using a flow rate of 5 ul/min onto a Superdex-
200 PC 3.2/30 column equilibrated with buffer A containing 20
mM Tris-HCl (pH 7.5), 10% glycerol, 8 mm dithiothreitol, 0.01%
Brij-58, 0.5 mMm EDTA, 5 mMm magnesium acetate, and 120 mMm
potassium glutamate.

For dissociation of ADP, Hda-cHis Fr II (3.5 mg/ml, 220 ul)
was incubated on ice for 30 min in the presence of 5 mm EDTA.
Precipitates were collected by centrifugation, dissolved in
buffer A containing 6 M urea, and loaded onto a Superdex-200
HR 10/30 column equilibrated with buffer A at a flow rate of 0.5
ml/min, yielding Hda-cHis Fr IIL

Purification of Hda-cHis and Its Mutant Derivatives from an
Insoluble Fraction—Hda-cHis was purified from an insoluble
fraction of BL21(DE3) cell lysate harboring pET/Hda-cHis. The
insoluble cell lysate fraction was washed, and protein pellets
were obtained by the same method as that previously described
for nontagged Hda (25). The pellets were dissolved in buffer A
containing 6 M urea and loaded onto a Superdex-200 HR 10/30
column using the same method as that described for Hda-cHis
Fr III. Plasmids for overexpressing mutant Hda-cHis were con-
structed using the QuikChange site-directed mutagenesis kit
(Stratagene) and pET/Hda-cHis. Purification of these deriva-
tives was performed using an insoluble cell lysate fraction and
the same method as described above.

Construction and Purification of nHis-Hda—The plasmid for
overexpressing nHis-Hda was constructed by Xhol digestion
and self-ligation of a PCR fragment amplified using pBAD/His-
Hda as a template and the primers 5'-CCACTCTCGAGCTC-
GGATCC-3'" and 5'-GGCTCGAGAAACACACCGGCACAGC-
3'. Expression and purification were performed by the same
method as that previously described for His-tagged Hda (25),
yielding nHis-Hda Fr II. nHis-Hda Fr II (28 ug) was loaded onto
a Superose-12 PC 3.2/30 column equilibrated with buffer A ata
flow rate of 40 ul/min, and fractions including the multimers or
monomers were pooled.

Western Blot Analysis—Western blot analyses were per-
formed as described previously (25), except that SDS-PAGE
was performed until the 6.5-kDa prestained marker protein had
migrated out of the gel.
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ADP Binding Assay—Hda proteins were incubated for 20
min at 30 °C or on ice in buffer A (12.5 or 25 ul) containing 0.1
mg/ml bovine serum albumin and the indicated concentrations
of PH]ADP. Samples were passed through nitrocellulose mem-
branes (Millipore HA, 0.45 um), followed by washing and quan-
tification of the radioactivity that was retained on the mem-
branes (31).

Purification of a Purchased ATP Sample—ATP (Sigma) was
applied onto a Mini-Q column equilibrated with buffer con-
taining 20 mm Tris-HCI (pH 8.0), 7 M urea, and 50 mm NaCl and
eluted with alinear gradient of NaCl from 50 to 400 mm. Elution
of ATP and ADP was monitored at A,g,. The peak fraction of
ATP was pooled, diluted in water, and applied onto a Mini-Q
column equilibrated with 50 mm NH,HCO,. ATP was eluted
with 1 M NH,HCO, and dried under a vacuum.

Reconstituted RIDA Assay—The staged RIDA reconstituted
system was used essentially as described previously (25). In the
first stage, the clamp (50 pmol) and ¢$X174 nicked circular
DNA (1.75 ug, 0.5 pmol, circular) were incubated for 20 min at
30 °Cin 25 ul of buffer B (20 mm Tris-HCI (pH 7.5), 10% glyc-
erol, 8 mm dithiothreitol, 0.01% Brij-58, 8 mm magnesium ace-
tate, and 20 mMm potassium glutamate) containing 1 mm ATP
and y complex (225 ng). The resulting DNA-loaded clamp was
isolated in a void volume by a spin-column method using
Sephacryl S-400 HR (0.63 ml; GE Healthcare) equilibrated with
buffer B. In the second stage, the isolated DNA-loaded clamp
(100 molecules of the clamp per DNA circle) was incubated for
20 min at 30 °C in buffer B (25 ul) containing 120 mMm potassium
glutamate, 0.1 mg/ml bovine serum albumin, [a-**P]ATP-
bound DnaA (0.5 pmol), and Hda in the presence or absence of
ATP (2 mm) or ADP (30 or 200 um). Nucleotides bound to
DnaA were recovered on a nitrocellulose filter and analyzed
using polyethyleneimine TLC and a BAS2500 Bio-imaging ana-
lyzer (Fuji Film).

In Vivo Analysis of Hda Activity in DnaA-ATP Hydrolysis—A
fragment containing an hda-coding region and its upstream
sequence (1.5 kb) was amplified by PCR using genome DNA
and the primers 5'-CGGGATCCCGCTCTCTTTCGCAAT-
GGG-3" and 5'-CCGCTCGAGCCGCATCCGACAATAA-
ACACC-3’, before being cloned into the BamHI and Xhol
sites of pACYC177, resulting in pHCS4-1. The kan gene
derived from pUC4K (GE Healthcare) was inserted into the
BamHI site of pHCS4-1, resulting in pACYC/ntHda. pACYC/
ntHdaA1B1, pACYC/ntHdaB2, or pACYC/ntHdaA1B2 was
constructed using the QuikChange site-directed mutagenesis
kit (Stratagene). These hda mutants bear substitutions of
R56A/D102A (for A1B1), D102A/N103A (for B2), and R56A/
D102A/N103A (for A1B2). MK86 [rnhA17:Tn3 AoriC:TcR
Ahda:Cm®] cells (12) harboring pACYC177, pACYC/ntHda,
pACYC/ntHdaA1B1, pACYC/ntHdaB2, or pACYC/
ntHdaA1B2 were grown at 37 °C in modified TG medium con-
taining [**P]orthophosphate (0.4 mCi/ml) and kanamycin (100
png/ml) but lacking NaCl and Na,SO, to an Ay, of 0.15 as
described previously (13). DnaA was isolated by immunopre-
cipitation from cleared lysates, and the nucleotides bound to
the recovered DnaA were separated using polyethyleneimine
TLC, followed by BAS2500 analysis.

36120 JOURNAL OF BIOLOGICAL CHEMISTRY

In Vivo Detection of ADP-Hda—Labeled cells and cell lysates
were prepared using the method described above for the in vivo
analysis of DnaA nucleotide forms. MC1061 cells harboring
pBAD/nHis-Hda were grown at 37 °C in modified TG medium
containing [**P]orthophosphate (0.1 mCi/ml), ampicillin (100
pg/ml), and 0.2% glycerol instead of glucose. When A, of the
culture reached 0.1, arabinose (0.5%) was added and incubation
continued for 10 min. Cells in the culture (0.5 ml) were col-
lected by a brief centrifugation, washed in 0.9% NaCl (0.5 ml),
incubated on ice for 15 min in the presence of lysozyme (5
mg/ml) in buffer C (0.2 ml) containing 20 mm Tris-HCl (pH
7.5), 500 mm NaCl, 0.1% Triton X-100, 10% glycerol, 10 mm
2-mercaptoethanol, 5 mM magnesium acetate, 10 mm imidaz-
ole, 0.1 mm ATP, and 0.1 mm ADP, and frozen in liquid nitro-
gen. These lysates were thawed on ice, clarified by centrifuga-
tion, and incubated at 4 °C for 15 min with rotation in the
presence of MagneHis nickel particles (7.5 ul, Promega). The
beads were collected and washed four times in buffer C (50 ul),
and the bead-bound materials were recovered in buffer C (5 wl)
containing 1 M imidazole. Radiolabeled nucleotides in the
recovered fraction were separated using polyethyleneimine
TLC and a solvent consisting of 1 M HCOOH and 0.7 m LiCl or
one consisting of 0.5 M KH,PO,, followed by BAS2500 analysis.

Spin-column Assay for Association of DnaA and Hda with the
DNA-Clamp Complex—For a large scale preparation of the
DNA-loaded clamp, the clamp (2 nmol) and M13mp18 nicked
circular DNA (95 pg, 20 pmol, circular) were incubated for 20
min at 30 °Cin buffer B (1 ml) containing 1 mm ATP and 9 pg of
v complex. The reaction was loaded onto a Superose-6 10/30
column equilibrated with buffer B at a flow rate of 0.2 ml/min,
yielding the DNA-loaded clamp in the void fraction (60 mole-
cules of the clamp per DNA circle). The isolated DNA-loaded
clamp was incubated on ice for 15 min in buffer A (12.5 or 25 ul)
containing Hda, followed by a brief incubation in the presence
of ATP-DnaA (2 pmol or the indicated amount) and immediate
spin-column isolation as follows. Buffer A (12.5 ul) was added
only when the reaction was 12.5 ul, and the sample was applied
onto a Sephacryl S-400 HR spin column (0.63 ml; GE Health-
care) equilibrated with buffer B, and the DNA and bound pro-
teins were isolated into the void by a brief centrifugation
(3000 X g, 3 min) at 4 °C.

Pulldown Assay for Association of DnaA and Hda with the
DNA-Clamp Complex—The DNA-loaded clamp was prepared
using the same method as described for the spin-column anal-
ysis. nHis-Hda (5 pmol or the indicated amount) was incubated
on ice for 15 min in the presence of Co®"-conjugated magnet
beads TALON (120 pg, Invitrogen) in buffer D (12.5 ul) con-
taining 5 mm Tris-HCI (pH 7.5), 10% glycerol, 8 mm 2-mercap-
toethanol, 0.01% Brij-58, 8 mm magnesium acetate, and 100 mm
potassium glutamate. The Hda-bound beads were further incu-
bated on ice for 5 or 15 min in the presence of the DNA-loaded
clamp and 20 mm imidazole, followed by incubation for 10 min
in the presence of ATP-DnaA, collection by magnetic force,
and washing in buffer D (25 pl) containing 20 mm imidazole.
The bead-bound materials were eluted in buffer (10 ul) con-
taining 10 mm Tris (pH 8.0), 1 mm EDTA, and 1% SDS.
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pBAD/ex-Hda GCTAGAAGGAGATATACAT ATG GTA AAC TTC TCG CGA TTT TGT GAA ATC
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FIGURE 1. Identification of the Hda initiation codon. A, hda upstream DNA sequences within pBAD/ex-Hda
and pHda4. pHda4 carries the chromosome-derived original upstream region. pBAD/ex-Hda carries the mod-
ified upstream region (underlined). SD sequence derived from the T7 phage gp10, the positions corresponding
to the annotated GUG, and identified CUG initiation codons are shaded. The N-terminal amino acid sequence
determined by Edman degradation is also shaded. The clamp-binding motif is indicated. B, Western blot anal-
ysis of Hda. KA450 [AoriC rnhA dnaA] cells carrying the indicated plasmids were grown, followed by induction
of Hda as described under the “Experimental Procedures,” and Western blot analysis was performed (0.013 ul
for pBAD/ex-Hda or 2.5 ul for pHda4, pHda4-CTT, and pBAD18) (left and right panels). Left panel, MG1655 (hda™)
cells and MG1655 derivative MK86 (Ahda) cells were grown at 37 °C in LB medium until the A4, was equal to
0.5; aliquots (80 wl) of the cultures were also used for the indicated lanes with or without mixing with the
indicated KA450 sample. As the amount of the KA450 sample was minimal, Hda expressed from the KA450
chromosome was below the detectable level. MK86 was used as a negative control. Also the MK86 sample was
mixed with the KA450 samples to normalize the total protein amount. The migration positions of the Hda
proteins (arrows) and molecular weight standards (Mw) are indicated. In pHda4-CTT, the CUG initiation codon
of Hda was substituted to CUU. pBAD18 was a vector used. G, structures of Hda derivatives used in this study.
CB and Hg indicate the clamp-binding motif and hexahistidine tag, respectively. Hda is the same as ntHda.

and pBAD/ex-Hda) was slightly
higher than that of native Hda
expressed from the chromosomal
gene (Fig. 1B). We could not detect
this slight size difference under the
previous Western blot conditions;
however, in this study, we extended
the electrophoresis time and were
able to observe small variations.
pBAD/ex-Hda carried modifica-
tions in the sda upstream region to
enhance expression as follows: the
annotated initiation codon GUG
(32) and the original Shine-Dal-
garno (SD) sequence were replaced
with AUG and the T7 phage gp10
SD sequence, respectively (Fig. 14)
(25). To determine whether the size
difference was attributed to these
modifications, we analyzed the sizes
of Hda expressed by the chromo-
somal gene, pBAD/ex-Hda and
pHda4, which bears the original
chromosomal upstream region of
the hda gene (Fig. 1A). The size of
pHda4-derived Hda was similar to
that of the chromosomal gene-de-
rived Hda and lower than that of ex-
Hda (Fig. 1B). In these experiments,
Hda was overexpressed in KA450
cells [AoriC rnhA dnaA). Overex-
pression of Hda inhibits normal cell
growth, which is suppressed by
deletions of oriC and rnhA (12). The
rnhA mutation activates alternative
origins to replicate the chromosome
in a manner independent of DnaA
and oriC (33). To determine the
N-terminal residues of the native
Hda, we constructed pBAD/Hda-
cHis, a pHda4 derivative expressing
a C-terminally hexahistidine-tagged
form of Hda (Hda-cHis; Fig. 1C).
Edman degradation using purified
Hda-cHis revealed that the N-ter-
minal amino acid sequence was
MNTPA, which suggests that the
initiation codon used in vivo is the
CUG sequence that is located 45
nucleotides downstream from the
annotated GUG initiation codon

RESULTS (Fig. 1A). A substitution of the CUG sequence to CUU inhibited

The hda Initiation Codon CUG Is Located Downstream of the  Hda expression (Fig. 1B). Like CUU, CUG usually codes for
Annotated GUG Initiation Codon—Previously, we constructed leucine. The size of the Hda translated from the CUG sequence
an Hda-overproducing plasmid (pBAD/Hda) based on the was calculated to be 26.6 kDa; this means that the size of the
annotated coding region of the ida gene (Fig. 14) (25). In the native Hda was ~2 kDa smaller than the size of ex-Hda (Fig.
course of analyses, we noticed that the size of Hda expressed by ~ 1C), which is consistent with the results of the Western blot
pBAD/Hda (the protein and the plasmid are designated ex-Hda  analysis (Fig. 1B). These results support the idea that the CUG
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FIGURE 2. Purification and RIDA activity of Hda-cHis. A, Hda-cHis Fr Il (1
g) was analyzed by SDS-PAGE and Coomassie Brilliant Blue staining. B,
Hda-cHis Fr Il (55 ng) was analyzed using Superdex-200 PC 3.2/30 gel
filtration. Eluted proteins were collected in 30-pul fractions, and portions
(0.5 pl) were analyzed by SDS-PAGE and silver staining. The positions of
the void volume (Vo) and molecular size markers were determined under
the same conditions and are indicated at the top of the gel. Arrows indicate
the peak fractions of Hda-cHis. C, activity for DnaA-ATP hydrolysis was
assessed using a staged RIDA reconstituted system as described under
“Experimental Procedures.” [a-*?P]JATP-DnaA (0.5 pmol) was incubated for
20 min at 30 °C in the presence or absence (—clamp) of the DNA-loaded
clamp (20 fmol as clamp) in buffer containing 2 mm ATP and the indicated
amounts of Hda-cHis Fr Il or nHis-ex-Hda Fr II.

sequence uniquely functions as the initiation codon of Hda.
The extra N terminus in ex-Hda is rich in hydrophobic residues
(Fig. 1A4), which might expedite the migration of this protein in
SDS-PAGE and might result in a reduced difference in the
apparent molecular sizes between ex-Hda and the native Hda.

RIDA Activity of Hda-cHis—To analyze the activity of Hda-
cHis in the RIDA system, we overproduced Hda-cHis using
pET/Hda-cHis. Approximately 50% of the expressed Hda-cHis
was recovered in a soluble cell lysate fraction and was used for
purification by nickel-affinity column chromatography. The
purity of the resultant fraction (Hda-cHis Fr II) was >90% (Fig.
2A). Gel filtration analysis of Hda-cHis Fr I revealed major and
minor peaks with a ratio of ~9:1 (Fig. 2B). Taking into consid-
eration the calculated mass (27.5 kDa) of Hda-cHis, the major
peak (~25 kDa) corresponded to the size of monomers, and the
minor peak (150-200 kDa) corresponded to the size of homo-
multimers consisting of 6 -7 protomers.

We next assessed the activity of Hda-cHis Fr II for DnaA-
ATP hydrolysis in a staged RIDA-reconstituted system (25).
To eliminate the possible action of Hda in a clamp-loading
process, we first prepared the DNA-loaded form of the
clamp. Gel filtration column chromatography was per-
formed after a clamp-loading reaction using the clamp, the
clamp loader, and nicked circular form of ¢$X174 DNA as
described previously (25). The DNA-loaded clamp was then
added to a reaction containing ATP-DnaA, Hda, and 2 mMm
ATP. Hda-cHis Fr II efficiently promoted DnaA-ATP

hydrolysis depending on the
DNA-loaded clamp (Fig. 2C). The
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FIGURE 3. Role for ADP in Hda-cHis activity. A, ADP binding activity of Hda. [*H]ADP was incubated at
30 °C or on ice for 20 min in the presence or absence (—Hda) of Hda-cHis Fr Il (1 pmol as a monomer),
followed by retention on a nitrocellulose filter. The bound ADP molecules per Hda monomer are pre-
sented. B, dissociation of Hda-cHis-bound ADP. Hda-cHis Fr Il (18 pmol) was incubated at 30 °C for 20 min
in buffer (5 ul) containing 5 um [*H]JADP. A portion (0.28 wl) of the reaction was diluted in buffer (25 ul)
containing 1 um nonradiolabeled ADP and was further incubated at 30 °C or on ice for the indicated time,
followed by the filter-retention analysis. C-E, DnaA-ATP hydrolysis activity was analyzed in a staged RIDA
reconstituted system. The DNA-loaded clamps (20 fmol as clamp) were incubated in buffer containing
[a->?P]ATP-DnaA (0.5 pmol) in the presence (+ADP) or absence (—ADP) of 30 um ADP. Hda-cHis monomers
and multimers were isolated by gel filtration of Hda-cHis Fr Il (see Fig. 2B). C, Hda-cHis Fr Il. D, Hda-cHis
monomers. E, Hda-cHis multimers.
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bearing an N-terminal hexahisti-
dine tag; this protein was used pre-
viously and was designated His-
Hda (25). The extra N terminus
could be detrimental to Hda
activity in nHis-ex-Hda (see
below). nHis-ex-Hda Fr II was
purified by a similar method to
Hda-cHis Fr II.

ADP Specifically Binds to Hda—
Most proteins carrying AAA™
domains possess an activity for
nucleotide binding. We therefore
examined the nucleotide binding
activity of Hda-cHis Fr II using a fil-
ter-retention assay. When a binding
reaction was performed at 30 °C for
20 min, considerable binding for
ADP was detected (Fig. 34). The
dissociation constant and the maxi-
mum binding stoichiometry were
deduced from a Scatchard plot,
resulting in ~0.4 pum and ~0.5 per
Hda monomer, respectively. Effi-
cient binding of ADP requires incu-
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bation at 30 °C and is considerably inhibited on ice (Fig. 3A).
When [*H]ADP-bound Hda was formed and further incubated
in the presence of nonradioactive ADP, dissociation of
[PH]ADP was observed in a temperature (30 °C)-dependent
manner (Fig. 3B). These results indicate that the association
and/or dissociation of Hda from ADP requires heat, which
might be related to a conformational change in Hda. To analyze
the binding specificity of Hda for ADP, competition of various
nucleotides was assessed by a filter-retention assay using Hda-
cHis Fr II. The concentration of competitor nucleotides was
200-fold higher than that of [’H]ADP. There were no obvious
competitor nucleotides with the exception of ADP itself (Table
1). Approximately 55% inhibition of ADP binding was observed
in the presence of 100 um ATP, which suggests that the affinity
of Hda for ATP is ~200-fold lower than that of ADP. We used
a purified ATP sample with a contaminated ADP level of

TABLE 1
Nucleotide specificity of Hda-cHis Fr I

Hda-cHis Fr Il was incubated at 30 °C for 20 min in buffer containing [PH]JADP (0.5
M) and competitor nucleotide (100 um), before a filter retention assay was per-
formed. The error range with each experiment was 0.5—6.5%.

<0.5%, but we were not able to rule out the possibility that
inhibition was attributed to an undetectable level of contami-
nated ADP. Given that the intracellular concentration of ATP is
only ~12-fold higher than that of ADP (34), the high specificity
of Hda in binding is consistent with the idea that even in vivo
Hda molecules would predominantly complex with ADP (see
below).

ADP Promotes the Activity of Hda Multimers—To analyze
the effect of ADP on Hda activity in DnaA-ATP hydrolysis, we
performed the reconstituted RIDA assay. The isolated DNA-
loaded clamps were transferred and incubated in buffer con-
taining Hda and ATP-DnaA in the presence or absence of ADP.
When Hda-cHis Fr II was used, Hda activity was stimulated
~2-fold depending on ADP (Fig. 3C). We further examined the
effect of ADP using Hda multimers and monomers that were
isolated from Hda-cHis Fr II (Fig. 2B and Fig. 3, D and E). The
specific activity of the monomers was similar to that of ADP-
stimulated Hda-cHis Fr II (Fig. 3, C and D) and was not signif-
icantly stimulated in the presence of ADP (Fig. 3D). In contrast,
the specific activity of the multimers was ~20-fold lower than
that of the monomers in the absence of ADP (Fig. 3E). More-

Competitor Bound ADP Competitor Bound ADP over, the presence of ADP stimulated the activity of the mul-

% control % control timers by ~10-fold. These results suggest an idea that the ADP

fgrrl,e (1298) &AAI\% gg form of Hda is monomeric and active in the DnaA-ATP hydrol-

ATP 44 dGTP 105 ysis, whereas the multimers are the ADP-free inactive form.

g_f,g igz j%g lgg This idea is consistent with the observation that the monomer

UTP 97 pPGpp 93 form was predominant in Hda-cHis Fr II (Fig. 2B) and was basi-

ggg gg cAMP 103 cally active in DnaA-ATP hydrolysis. It is conceivable that the

UDP 104 multimers contained in Fr II were activated by ADP, resulting

in a 2-fold stimulation (Fig. 3C). A
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Z 40 reaction (Fig. 3D). The specific
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ADP (uM) Time (min) ADP-preincubated Hda (ng) RIDA. This presumption is consist-

FIGURE 4. ADP dissociates Hda-cHis multimers to monomers. A, gelfiltration analysis. Hda-cHis Fr Il (Fr //,0.5
1g) was analyzed using a Superdex-200 PC 3.2/30 column. Hda-cHis Fr Il (0.5 ug) was incubated at 30 °C for 20
min in the presence of 100 um ADP and analyzed in a similar manner (Fr Ill+ADP). Eluted proteins were
collected in 30-ul fractions, followed by analysis by SDS-PAGE and silver staining. Arrows indicate the peak
fractions of Hda-cHis. B, DnaA-ATP hydrolysis activity of Hda-cHis Fr Ill was analyzed in a staged RIDA reconsti-
tuted system in the presence (+ADP) or absence (—ADP) of 30 um ADP, as described for Fig. 3C. C, ADP binding
activities of Hda-cHis Fr Il and Hda-cHis Fr IIl. These fractions were incubated at 30 °C for 20 min in the presence
of the indicated concentration of [HJADP, before the filter-retention assay was performed. Bound ADP mole-
cules per Hda monomer are presented. D, Hda-cHis Fr IIl (55 ng or 2 pmol as monomers) was incubated at 30 °C
or on ice for the indicated time in the presence of 0.8 um [*HJADP, followed by the filter-retention assay.
E, Hda-cHis Fr Il and Hda-cHis Fr Ill were incubated at 30 °C for 20 min in the presence of 30 um ADP, followed
by a DnaA-ATP hydrolysis activity assay using a staged RIDA reconstituted system in the presence of the
DNA-loaded clamp (20 fmol as clamp), [a->P]ATP-DnaA (0.5 pmol), and 30 um ADP.
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ent with the fact that ADP-Hda
complexes are stable at 0 °C (Fig. 3),
and also with the idea that ADP-
Hda complex formed in vivo was
preserved during the purification
that was performed at 0—6 °C. To
further clarify this presumption, we
prepared apo-Hda using Hda-cHis
Fr II. As the monomers were pre-
dominantly included, Hda-cHis Fr
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FIGURE 5. Nucleotide-bound state of Hda in vivo. MC1061 cells harboring pBAD/HisB (Vector) or pBAD/
nHis-Hda (nHis-Hda) were grown at 37 °C in a minimum medium containing [**Plorthophosphate. Ali-
quots (0.5 ml) were collected before (—) or after (+) incubation for 10 min in the presence of 0.5%
arabinose, and used for a pulldown analysis (A and B) and Western bolt analysis (C). A and B, nHis-Hda was
recovered from the cell lysates using a nickel pulldown method, resulting in the pulldown fractions (5 wl).
Portions (0.25 wl) of the fractions were analyzed for Hda-bound nucleotides by TLC using a solvent
consisting of 1 m HCOOH and 0.7 m LiCl (A) or 0.5 m KH,PO, (B). The migration positions of various
nucleotides were analyzed on the same TLC plate and detected by UV exposure and are indicated. Signals
corresponding to ADP were quantified, and the amounts as a [>*?Plorthophosphate were deduced using a
quantitative standard of [*?Plorthophosphate spotted on the same TLC plate (Deduced ADP signal) (A). C,
expression level and recovered amounts of nHis-Hda were determined by Western blot analysis. Labeled
cellsin the culture (5 ul) were used to determine the expression level, and pulldown fractions (0.2 ul) were
isolated and used to determine the amount of recovered nHis-Hda. Intensities corresponding to nHis-Hda
were quantified, and the amounts were deduced using a quantitative standard of purified nHis-Hda
(Deduced amount). The deduced amount of nHis-Hda in the cells was used to calculate a relative value
(Expression level) compared with the cellular amounts of Hda in MG1655 (25). The deduced amount of
nHis-Hda in the pulldown fraction was used to calculate the recovery (Hda recovery in pull down), which is
also shown. Based on the amount of [*?P]JADP determined in A, the ratio of ADP molecules per nHis-Hda
monomer in the pulldown fraction was determined (ADP/Hda).
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II was incubated on ice in the pres-
ence of 5 mm EDTA to dissociate
any ADP that was potentially asso-
ciated with the Hda monomers.
During this incubation, most of the
Hda molecules formed insoluble
aggregates, which were dissolved in
buffer including 6 M urea. To refold
Hda, the dissolved protein was
loaded on a gel filtration column
equilibrated with buffer excluding
ADP and urea. Hda was predomi-
nantly eluted in a peak fraction cor-
responding to ~70 kDa (2—3-mer as
Hda-cHis) and was stored at —80 °C
(Hda-cHis Fr III). When we ana-
lyzed the stored Hda-cHis Fr III
using gel filtration, Hda was eluted
as a peak at a position correspond-
ing to ~200 kDa (Fig. 4A, upper
panel). In the first gel filtration, the
time for protein association would
not be sufficient, resulting in the
elution of an intermediate, unstable
form of Hda oligomers. The size of
the multimers (~200 kDa) corre-
sponds to 6 =7 Hda-cHis protomers,
but the multimers might consist of
fewer number of Hda molecules if
Hda in the multimers is partially
unfolded.

Like the multimers obtained from
Fr II (Fig. 3E), Hda-cHis Fr III was
basically inactive and profoundly
stimulated in an ADP-dependent
manner (Fig. 4B). When Hda-cHis
Fr I1I was incubated in the presence
of ADP and analyzed by gel filtra-
tion, the majority of Hda was eluted
as a peak in the position of the
monomers (Fig. 44, lower panel).
These observations are consistent
with the notion that apo-Hda was
formed by treatment with EDTA,
urea and refolding, resulting in
Hda-cHis Fr III. Similar results
in ADP-dependent DnaA-ATP
hydrolysis were obtained when the
multimers isolated in the second gel
filtration were used (data not
shown).

ADP binding and the ADP-
dependent RIDA activities of Hda-
cHis Fr III were further assessed in
comparison with those of Fr II (Fig.
4, C-E). Hda-cHis Fr III retained
ADP binding activity at a level sim-
ilar to that of Fr II (Fig. 4C). Efficient
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ing activity of nHis-Hda Fr II was
significantly higher than that of
nHis-ex-Hda Fr II (supplemental
Fig. S1A), indicating that ADP bind-
ing is inhibited by the extra region.
This result was supported by the
observation that nHis-Hda Fr II but
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protein (WT) or mutant Hda-cHis proteins (A1B1, B2, or A1B2).

binding of ADP was observed at 30 °C but took ~10 min (Fig.
4D). These results are consistent with the data obtained using
Fr II (Fig. 3, D and E). In contrast, ADP binding was severely
inhibited on ice (Fig. 4D). As ADP-Hda complex was stable on
ice (Fig. 3B), at the low temperature Hda would take an inactive
conformation that inhibits association of ADP in addition to
dissociation of ADP once bound at 30 °C. Unlike Hda-cHis Fr
111, Hda-cHis Fr II showed a slight ADP binding activity even on
ice (Fig. 3A4), which might attributed to a predominance of Hda
monomers in Fr II. The specificity for ADP was similar to that of
Fr II (supplemental Table S1). When Hda-cHis Fr III was pre-
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50
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FIGURE 6. In vitro analysis of Walker motif mutants of Hda. A, amino acid (a.a.) sequence of the Hda Walker
Aand B motifs and their consensus sequences are shown. The amino acid substitutions in the mutant Hda used
in this study are also indicated. B, wild-type (WT) and mutant (A7B7, B2, and A1B2) Hda-cHis proteins (0.5 ng)
were purified from insoluble cell lysate fractions (see “Experimental Procedures”) and analyzed by SDS-PAGE
and Coomassie Brilliant Blue staining. C, indicated concentrations of [°H]JADP were incubated at 30 °C for 20
min in the presence or absence (None) of wild-type (WT) or mutant (A7B1, B2, or A1B2) Hda-cHis proteins (20
pmol), followed by retention on a nitrocellulose filter. The bound ADP molecules per Hda monomer are pre-
sented. The inset shows an expanded view of the data from the mutant Hda-cHis proteins. D and E, DnaA-ATP
hydrolysis activity of the wild-type Hda-cHis protein (WT) and the mutant Hda-cHis proteins (A71B7, B2, and
A1B2) was assessed in a staged RIDA reconstituted system (30 °C, 20 min) in the presence of 0.5 pmol of
[a->2P]ATP-DnaA and 200 um ADP. D, DNA-loaded clamp (100 fmol as clamp) was included. E, indicated
amounts (as clamp) of the DNA-loaded clamp were incubated in the presence of 20 ng of wild-type Hda-cHis

not nHis-ex-Hda Fr II contained
monomers and multimers (supple-
mental Fig. S1, B and C, upper
panel). The isolated nHis-Hda mul-
timers retained the activity for
DnaA-ATP hydrolysis at a level
comparable with that of Hda-cHis
Fr III in the presence of ADP (sup-
plemental Fig. S1D).
Nucleotide-bound Form of Cellular
Hda Protein—W e next attempted to
detect nucleotides bound to Hda
proteins in vivo. Cells bearing
the nHis-Hda expression plasmid
(pBAD/nHis-Hda) were grown in **P-labeled culture and fur-
ther incubated for 10 min in the presence of 0.5% arabinose.
nHis-Hda was collected using a nickel bead pulldown method,
and the Hda-bound nucleotides were analyzed by TLC. The
presence of a single spot corresponding to ADP correlated with
nHis-Hda expression (Fig. 5, A and B). This result is consistent
with the in vitro data showing that Hda specifically binds to
ADP rather than ATP and the other nucleotides (Table 1). The
Hda content in nHis-Hda expressing cells was ~350-fold
higher than that in the native cells as determined by Western
blot analysis (Fig. 5C) (25). Recovery of nHis-Hda from the

100 150

JOURNAL OF BIOLOGICAL CHEMISTRY 36125


http://www.jbc.org/cgi/content/full/M803158200/DC1
http://www.jbc.org/cgi/content/full/M803158200/DC1
http://www.jbc.org/cgi/content/full/M803158200/DC1
http://www.jbc.org/cgi/content/full/M803158200/DC1
http://www.jbc.org/cgi/content/full/M803158200/DC1
http://www.jbc.org/cgi/content/full/M803158200/DC1
http://www.jbc.org/cgi/content/full/M803158200/DC1
http://www.jbc.org/cgi/content/full/M803158200/DC1

ADP Activates Hda for Clamp-mediated DnaA-ATP Hydrolysis

A ATP / (ADP + ATP) (%)
73 20 22 26 50

L £

~ADP

-

i L ¥ [ATP
i “—origin
&

%
6]

L
Lé?
® -~
5 S

ntHda

100

o]
o
T

(2]
o
1
A

N
o
1
_|

ATP / (ADP + ATP) (%)
N
o
HH
HH
—

o

S
%,
A

Hda-cHis

Deduced %
amount (ng) ©

FIGURE 7. In vivo analysis of the Walker motif mutants of Hda. A, MK86 [Ahda
AoriC rnhA] cells harboring pACYC177 (Vector), pACYC/ntHda (WT), pACYC/
ntHdaA1B1 (A1B7), pACYC/ntHdaB2 (B2), or pACYC/ntHdaA1B2 (A1B2) were
grown at 37 °Cin the presence of [*>P]orthophosphate. Nucleotide-bound DnaA
protein was immunochemically isolated from cell lysates, and the recovered
nucleotides were analyzed as described under “Experimental Procedures.” Pro-
portions (%) of ATP-DnaA included in the total amount of ATP/ADP-DnaA mole-
cules are shown (ATP/(ADP+ATP)). The origin and the migration positions of ATP
and ADP are indicated. The asterisk indicates a nonspecific signal, which was seen
in the samples prepared using pre-immune serum. B, experiments shown in A
were independently repeated three times, and the results with standard devia-
tions are shown. C, expression levels of cells used in this experiment. Western
blotting was performed using the indicated cells (Ag,, 0f 0.15, 67 wl). The amount
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expressing cells was deduced to be 30 —-35%, and the ratio of the
recovered ADP per Hda monomer was deduced to be ~0.54
(Fig. 5C). In the pulldown experiments used for Fig. 5C, Hda
was specifically isolated (supplemental Fig. S2). Taken together,
these results suggest that Hda complexed with ADP is present
in vivo.

Walker Motif Mutants of Hda Are Defective in ADP Binding
in Vitro—T o investigate the in vivo significance of ADP binding
to Hda, we constructed three Hda mutants bearing amino acid
substitutions in the Walker A and B motifs. Hda A1B1, Hda B2,
and Hda A1B2 bear mutations of R56A/D102A, D102A/
N103A, and R56A/D102A/N103A, respectively (Fig. 6A).
These Hda mutants were expressed as forms equivalent to Hda-
cHis using the pET/Hda-cHis-derivative plasmids. The
expressed mutant Hda proteins predominantly formed insolu-
ble aggregates, whereas ~50% of wild-type Hda-cHis were
recovered in a soluble fraction. The wild-type and mutant Hda-
cHis proteins in the insoluble fractions were dissolved with
urea, and urea in the samples was excluded by gel filtration. In
the resulting fractions, the purity of these proteins was >90%
(Fig. 6B). Most likely the expedited migration rate of the mutant
proteins in SDS-PAGE was caused by substitutions of the
charged amino acid residues to those with smaller and non-
charged side chains rather than degradation of protein termini,
as these proteins retained in the N-terminal clamp binding
activity (see below) and the C-terminal nickel beads binding
activity (data not shown). Further gel filtration analyses showed
that the wild-type and mutant proteins formed multimers
(~200 kDa) (data not shown). The purified wild-type Hda-cHis
was active in DnaA-ATP hydrolysis and ADP binding at levels
comparable with those of Hda-cHis purified from a soluble
fraction (supplemental Fig. S3).

The filter-retention assay revealed that Hda A1B2 was
severely impaired in ADP binding (Fig. 6C). In accordance with
this, DnaA-ATP hydrolysis activity of Hda A1B2 in the pres-
ence of 0.2 mm ADP was severely inhibited (Fig. 6, D and E). The
clamp binding activity was retained in Hda A1B2 (see below),
indicating the possibility that complete denaturation of this
mutant protein is unlikely.

In contrast to Hda A1B2, Hda A1B1 and Hda B2 had residual
activities in ADP binding and DnaA-ATP hydrolysis (Fig. 6,
C-E). The ADP binding activity of Hda A1B1 was ~10-fold
lower than that of the wild-type protein (Fig. 6C). Concurrent
with this, the specific activity of Hda A1B1 in DnaA-ATP
hydrolysis was ~10-fold lower than that of the wild-type pro-
tein (Fig. 6, D and E). In addition, the ADP binding activity of
Hda B2 was inhibited, but its residual activity was only ~2-fold
higher than that of Hda A1B1 (Fig. 6, C-E). The DnaA-ATP
hydrolysis activity of Hda B2 was inhibited, but a residual activ-
ity was seen at a level similar to that of Hda A1B1. These results
suggest a correlation between the ADP binding and RIDA activ-
ity of Hda.

of ntHda was quantified and deduced using a quantitative standard of puri-
fied Hda-cHis (Deduced amount). ntHda is the nontagged form of Hda. The
relative level of wild-type ntHda was 180-fold increased compared with that
of MG1655 (25).
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FIGURE 8. Interaction of apo-Hda and ADP-Hda with the DNA-loaded clamp. A, spin-column analysis.
Hda-cHis multimers (apo-Hda-cHis, apo) were preincubated at 30 °C for 20 min in the presence of 100 um ADP,
resulting in ADP-Hda-cHis (ADP). The indicated amounts of apo-Hda-cHis or ADP-Hda-cHis were incubated on
ice for 15 min in the presence (DNA-clamp) or absence (—) of the DNA-loaded clamp (4 pmol as clamp, 320 ng
as M13mp18nicked circular DNA). Proteins associated with the DNA were isolated by gel filtration spin column
into the void fraction. 1/10th of the void fraction was analyzed by SDS-PAGE and silver staining. The same
experiment was performed using M13mp18 nicked circular DNA (320 ng) instead of the DNA-loaded clamp
(DNA only). B, clamp binding activity of the Hda A1B2 mutant. Wild-type (WT) and A1B2 mutant (A782) Hda-cHis
multimers were used as the apo-form (apo) or were preincubated in the presence of ADP as above (ADP). The
indicated amounts of apo-Hda-cHis or ADP-preincubated Hda-cHis were incubated on ice for 15 min in the
presence (+) orabsence (—) of the DNA-loaded clamp (1 pmol as clamp). The void fraction was isolated by a gel
filtration spin column and analyzed as described for A. C, pulldown assay. nHis-Hda multimers were used as the
apo-form (apo) or were preincubated in the presence of ADP as above (ADP). TALON beads were incubated in
the presence or absence (—) of 5 pmol of apo-nHis-Hda or ADP-nHis-Hda, followed by incubation on ice for 15
min in buffer containing the indicated amounts of the DNA-loaded clamp. The bead-bound materials were
recovered, washed, and eluted in 1% SDS. An aliquot of the elution was analyzed by SDS-PAGE and silver
staining (upper panel). The remaining elution was used for analysis of DNA recovery by 1% agarose gel elec-
trophoresis and ethidium bromide staining (lower panel). D, various amounts of apo-nHis-Hda or ADP-nHis-

. DNW-\—

Hda were analyzed by a similar pulldown assay in the presence of the DNA-loaded clamp (1 pmol).
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Role for ADP Binding to Hda in
Vivo—The overall ATP-DnaA level
is repressed to ~20% of the total
ATP/ADP-DnaA in an Hda-
dependent manner in a culture con-
taining asynchronously dividing
cells (12, 14). hda disruption leads to
accumulation of the ATP-DnaA
level up to ~70%. To investigate
whether ADP is required for the
function of Hda in vivo, we assessed
the ATP-DnaA levels in cells bear-
ing the Walker motif mutations
within hda. pACYC177 derivatives
carrying the nontagged form
(ntHda) of wild-type or mutant
hda allele were introduced into
MKS86 [Ahda AoriC rnhA] cells.
pACYC177, alow copy plasmid, was
used to minimize expression of Hda.
Asexpected, the derivative plasmids
did not cause growth inhibition of
the host cells.

In comparison with cells lacking
Hda, the cellular ATP-DnaA level was
repressed to ~20% in a manner that
was dependent on the cellular wild-
type ntHda (Fig. 7, A and B, Ist and
2nd lanes). In cells expressing ntHda
A1B2, the ATP-DnaA level was ele-
vated to ~50% (Fig. 7, A and B, 5th
lane), indicating that this Hda mutant
was defective in DnaA-ATP hydroly-
sis in vivo. This is consistent with the
in vitro results indicating severe
defects in ADP binding and DnaA-
ATP hydrolysis in this mutant Hda
(Fig. 6). Cells expressing either ntHda
A1B1 or ntHda B2 showed an ATP-
DnaA level that was similar to that
seen in cells expressing wild-type Hda
(Fig.7, A and B, 3rd and 4th lanes). It is
likely that the residual activities of
Hda A1B1 and Hda B2 that were
observed in vitro (as shown in Fig. 6)
support their function in cells. The
Hda levels in the strains bearing the
hda plasmids were elevated com-
pared with that in a wild-type strain
(Fig. 7C). Furthermore, cells contain
chaperone proteins and 200-300 um
levels of ADP (34).

The cellular content of ntHda A1B2
was comparable with that of ntHda B2
and ntHda A1B1 (Fig. 7C). Thus, the
higher ATP-DnaA level in ntHda
Al1B2-expressing cells could not be
attributed to a reduction in cellular
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To further assess the role of ADP,
we performed a similar spin-col-

5 10 20

umn analysis using Hda A1B2. Hda
A1B2 exhibited clamp binding
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activity at a level similar to that of
wild-type Hda (Hda-cHis multim-
ers) in the absence of ADP (Fig. 8B).
The recovery of wild-type Hda, but
not Hda A1B2, was decreased when
Hda was preincubated with ADP.

Hda-cHis > This is consistent with the fact that

Hda A1B2 is inactive in ADP bind-

c ) ing and thus stably forms
DNA Clamp-loaded C'ff;”ep multimers.

We further performed a pull-
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FIGURE 9. Spin-column analysis for complex formation of ADP-Hda, ATP-DnaA, and the DNA-loaded
clamp. Apo-Hda-cHis (apo) and ADP-Hda-cHis (ADP) were prepared as described for Fig. 8A. A, apo-Hda-cHis or
ADP-Hda-cHis (10 pmol) was incubated on ice for 5 min in the presence of the DNA-loaded clamp (Clamp-
loaded) (1 pmol as clamp, 80 ng as M13mp18 nicked circular DNA) or M13mp18 nicked circular DNA (Clamp-
free) (80 ng). ATP-DnaA (2 pmol) was then added to the reaction, followed by immediate spin-column gel
filtration, isolation of the void fraction, and analysis by SDS-PAGE described for Fig. 8A. —, no DNA nor protein.
B, indicate amounts of apo-Hda-cHis or ADP-Hda-cHis were similarly analyzed using the DNA-loaded clamp (1
pmol as clamp) and ATP-DnaA (2 pmol). C, indicated amounts of ATP-DnaA were similarly analyzed using the
DNA-loaded clamp (1 pmol as clamp) and apo-Hda-cHis or ADP-Hda-cHis (20 pmol). Two independent exper-
iments were preformed, and similar data were obtained. Representative data are shown. In the experiments
using 4 pmol of ATP-DnaA, the mean molar ratios of recovered DnaA/Clamp (B dimer) and Hda/Clamp were
deduced using quantitative standards and are indicated below the gel image.

Hda molecules. Taken together, these results support the idea that
Hda requires ADP for its cellular activity.

Effect of ADP on Complex Formation of Hda with the DNA-
loaded Clamp—W e next addressed the mechanism by which
ADP promotes Hda activity in the RIDA system. First, we used
a spin column to analyze the activities of ADP-Hda and apo-
Hda in a complex formation with the DNA-loaded clamp. In
this assay, we used wild-type apo-Hda-cHis and Hda A1B2 that
were obtained in the experiments shown in Fig. 6. ADP-Hda-
cHis was formed by incubating apo-Hda-cHis in the presence of
ADP. In a spin-column analysis, both apo-Hda-cHis and ADP-
Hda-cHis were recovered in a clamp-dependent manner (Fig.
8A). The recovered number of apo-Hda-cHis per clamp mole-
cule was 2—4-fold higher than that of ADP-Hda-cHis. Most
likely this difference is attributed to the fact that apo-Hda-cHis
forms homomultimers, whereas ADP-Hda-cHis is monomeric
(Fig. 4A). The spin column-isolated complexes of ADP-Hda-
cHis and the DNA-loaded clamp were active in the DnaA-ATP
hydrolysis, whereas those of apo-Hda-cHis and the DNA-
loaded clamp were inactive (data not shown).
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jugated TALON beads. nHis-Hda
multimers (apo-nHis-Hda) (supple-
mental Fig. S1B) were incubated at
30 °C for 20 min in the presence of
ADP, resulting in the ADP form.
Recovery of the clamp and DNA
were comparable between the apo-
nHis-Hda and ADP-nHis-Hda (Fig.
8, C and D). These results suggest
that ADP does not significantly
affect the affinity of Hda for the
DNA-loaded clamp.

ADP-dependent Complex Forma-
tion of Hda with DnaA Mediated by
the DNA-loaded Clamp—Based on
analyses of the RIDA reaction, we
have implicated that DnaA-ATP
hydrolysis takes place upon the for-
mation of a dynamic complex in which ATP-DnaA interacts
with Hda in a manner dependent on the DNA-loaded clamp.
To assess the role of ADP binding to Hda during complex
formation, we first performed spin-column analysis. To
reduce the rate of the catalytic ATP-hydrolysis reaction, the
DNA-loaded clamp and Hda-cHis were incubated on ice,
and ATP-DnaA was added, followed by immediate spin-col-
umn analysis. DnaA was recovered in a manner that was
dependent on the DNA-loaded clamp and ADP-Hda-cHis
(Fig. 9). Apo-Hda-cHis was impaired in the DnaA recovery.
The recovered amounts of apo-Hda-cHis were higher than
those of ADP-Hda-cHis. These differences were similarly
observed for the data of Fig. 8, A and B, and are most likely
attributed to the multimer formation of apo-Hda. Only a
slight recovery of DnaA and Hda was detected even when the
clamp-free DNA was used (Fig. 9, A and C), which is most
likely attributed to a very weak, nonspecific DNA binding
activity of these proteins. These results suggest that ADP
stimulates Hda activity in clamp-dependent interactions
with DnaA.
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1

in ADP binding was inactive in
repression of the cellular ATP-

DnaA level. Moreover, for the first
time we have demonstrated in vitro

that ATP-DnaA, ADP-Hda, and the
DNA-loaded clamp can physically
form a complex. Like ADP-Hda,
apo-Hda can form a complex with
the DNA-loaded clamp. In contrast,
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FIGURE 10. Pulldown assay for complex formation of ADP-Hda, ATP-DnaA, and the DNA-loaded clamp.

ADP-Hda, but not apo-Hda, is the
active form for the subsequent
ATP-DnaA interaction with the
Hda-clamp complex. Thus, we have
revealed ADP-dependent activation
of Hda and its underlying mecha-
nism. Hda might be able to act as a
regulatory switch for the RIDA
system in vivo via the ADP-medi-
ated monomerization of inactive
multimers.

One of the findings in this study is
that the hda initiation codon is
CUG (Fig. 1). In E. coli, the usage of
AUG, GUG, UUG, and AUU as ini-
tiation codons is approximately
~90, ~8, ~1, and <1%, respectively
(35). In contrast, no gene has been
previously reported to use CUG as
an initiation codon in E. coli. The

Apo-nHis-Hda (apo) and ADP-nHis-Hda (ADP) were conjugated to TALON beads as described for Fig. 8C.

A, bead-conjugated apo-nHis-Hda or ADP-nHis-Hda (5 pmol) was incubated on ice for 5 min in buffer contain-
ing the DNA-loaded or DNA-free clamp (2 pmol as clamp), and ATP-DnaA (4 pmol) was included and incubated
for 10 min. The bead-bound materials were analyzed as described for Fig. 8C. B, indicated amounts of DnaA
were similarly analyzed using the pulldown assay in the presence of the DNA-loaded clamp (2 pmol as clamp)
and nHis-Hda (5 pmol). G, indicated amounts of nHis-Hda were similarly analyzed using the pulldown assay in
the presence of the DNA-loaded clamp (1 pmol as clamp) and ATP-DnaA (2 pmol).

To provide independent evidence, we further performed a
pulldown assay using nHis-Hda. ATP-DnaA was incubated on
ice in buffer containing apo-nHis-Hda or ADP-nHis-Hda in the
presence or absence of the DNA-loaded clamp, followed by the
recovery of nHis-Hda using TALON beads. ADP-nHis-Hda but
not apo-nHis-Hda assisted the recovery of DnaA (Fig. 10), con-
sistent with the above observation. DnaA was recovered in a
manner depending on the DNA-loaded clamp but not the
DNA-free clamp, consistent with the fact that RIDA requires
the DNA-loaded clamp. The recovered amounts of the clamp,
DNA, and Hda were not affected by ADP binding to Hda. Alto-
gether, these results demonstrate that ADP binding of Hda
stimulates stable interaction with ATP-DnaA when Hda is
complexed with the DNA-loaded clamp.

DISCUSSION

In this study, we demonstrate that Hda is associated with the
unusual property of specific binding to ADP but not ATP, and
that ADP is the crucial activator of Hda. Unlike apo-Hda, ADP-
Hda functions to hydrolyze DnaA-ATP. This activation is
mediated by dissociation of apo-Hda multimers into ADP-Hda
monomers. In addition, we have demonstrated that ADP-Hda
can be formed in vivo and that an Hda mutant severely deficient
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artificially introduced CUG initia-
tion codon starts translation ineffi-
ciently; experiments using the lacZ
fusion indicate that the activity of
CUG in translational initiation is
1-3% that of AUG (36, 37). In
eukaryotic cells and viruses, several genes are reported to use
CUG as an initiation codon. For example, the 34-kDa isoform of
human fibroblast growth factor 2 and the p27 coat protein of
Hibiscus chlorotic ringspot virus are naturally translated from
the CUG initiation codon (38, 39). In these cases, the CUG
initiation codon is known to be used for restrained expression
of the proteins. We have previously determined that the cellular
content of the Hda monomer is only ~100 per cell (25). The
CUG initiation codon might therefore be used to maintain the
low level of cellular Hda molecules as overexpression of Hda is
detrimental to cell viability (12, 40).

We have previously used nHis-ex-Hda bearing the N-termi-
nal extra 15 amino acid residues that were derived from a pre-
viously annotated coding region (Fig. 1). nHis-ex-Hda exhib-
ited a lower affinity for ADP than nHis-Hda, indicating that the
N-terminal extra region was inhibitory in ADP binding (sup-
plemental Fig. S1A4). The crystal structure of several AAA™ pro-
teins has revealed that the N terminus of the AAA™ domain is
located at a position close to the nucleotide-binding pocket
(41). The N-terminal extra region is rich in hydrophobic amino
acid residues (42), which might cause improper interactions
with the nucleotide-binding pocket, thereby resulting in the
inhibition of ADP binding. Like Hda-cHis, the DnaA-ATP
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hydrolysis activity of nHis-ex-Hda depends on ADP (data not
shown). Thus, unlike the tight affinity for ADP, ADP-depend-
ent activation of Hda was preserved in nHis-ex-Hda. In previ-
ous in vitro RIDA assays, 2 mM ATP was constantly contained
(12,13, 15, 16, 24, 25). The ATP sample contained a slight ADP
contamination (4%) that was probably generated by degrada-
tion of ATP. Thus, the previous RIDA assays included 80 um
ADP, which was high enough to support ADP binding of Hda
(Fig. 34; supplemental Fig. S14).

nHis-ex-Hda predominantly formed insoluble aggregates
when overproduced in cells, (25), unlike Hda-cHis and nHis-
Hda. The hydrophobic moiety of the extra N terminus might be
related to the insoluble feature. In the presence of 0.1% Triton
X-100 and the absence of ADP, nHis-ex-Hda formed com-
plexes predominantly containing homodimers (supplemental
Fig. S1C), as also shown in our previous study (25). This deter-
gent was required for the stable maintenance of nHis-ex-Hda
activity in storage solution (25). In the presence of 0.1% Triton
X-100 and the absence of ADP, Hda predominantly formed
homodimers regardless of the extra N terminus (data not
shown).

Unlike most other AAA™ proteins, Hda can only bind ADP
but not ATP (Table 1 and Figs. 3 and 5). This unique feature
could be consistent with the structure within the Hda Walker A
motif, in that Hda bears the sequence GRS instead of the typical
sequence GKT. The conserved lysine residue within GKT inter-
acts with the B and vy phosphate oxygens (43). The correspond-
ing residue of Hda is arginine, and its bulky side chain might
interfere with ATP entry into the binding pocket.

Among AAA™ proteins, the §' subunit of pol III y complex
lacks the conserved Walker A motif as well as affinity for ATP
and ADP (44). The &' subunit carries an arginine residue cor-
responding to the AAA™ arginine finger motif and supplies this
residue for ATP that is bound on the neighboring y subunit
included in the y complex, leading to ATP hydrolysis (45). The
arginine finger of Hda is crucial for catalyzing DnaA-ATP
hydrolysis (25). In this sense, the &' subunit and Hda might
share a common feature that they do not bind ATP and supply
the arginine finger with ATP bound to another protein (y sub-
unit or DnaA). Energy from ATP is not required for the func-
tion of these proteins.

ADP binding of Hda was required for the stable monomeric
state. In typical cases of AAA™ proteins, the inter-protomer
interface includes a surface of the nucleotide-binding pocket.
ADP binding might cause a physical obstacle or a conforma-
tional change in this interface, resulting in inhibition of the
interaction between Hda protomers. In several AAA™ proteins,
ADP inhibits the formation of multimers. For example, the
ADP form of Katanin, a microtubule-severing factor, and
Vpsdp, an endosomal sorting factor, are composed of
homodimers, whereas their ATP forms are homomultimers
(46, 47). Origin recognition complex-Cdc6 association is sup-
ported by ATPvS but not ADP (48).

In vitro, apo-Hda is inactive for DnaA-ATP hydrolysis,
whereas ADP-Hda is active (Figs. 3 and 4). Apo-Hda assembles
into homomultimers consisting of several protomers; this is
similar to many AAA™ proteins that are able to form multim-
ers, including 5—7 protomers. As seen for typical AAA™ protein
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multimers, the arginine finger of apo-Hda multimers might be
buried in the interface of the protomers, resulting in inhibition
of the interaction with DnaA. Upon ADP binding, the Hda
homomultimers dissociate into monomers, exposing the argi-
nine finger on the protein surface, thereby allowing interaction
with DnaA.

Mutant analysis suggested that ADP binding is crucial for
Hda activity in vitro and in vivo (Figs. 6 and 7). There is thus a
possibility that Hda activity might be controlled by association
and dissociation of ADP in vivo. As the cellular ADP concen-
tration has been determined to be 200 -300 uMm (34), there is no
reason to assume the presence of a factor stimulating ADP
binding to Hda. In contrast, it would be worthwhile to consider
whether a factor inhibiting ADP binding of Hda is present. In
rapidly growing E. coli cells, a new round of replication initia-
tion takes place before completion of the previous round (49).
Under these situations, RIDA might be restrained even in the
presence of the DNA-loaded clamps for assisting an increase in
the ATP-DnaA level. It is possible that a factor dissociating the
ADP-Hda complex plays a regulatory role by inhibiting RIDA in
a timely manner. It would be interesting to search for such a
factor and to investigate whether the cellular ratio of apo-Hda/
ADP-Hda varies depending on the cell cycle in rapidly growing
cells.
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