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ABSTRACT

We purified an inhibitor of oriC plasmid replication
and determined that it is a truncated form of riboso-
mal protein L2 evidently lacking 59 amino acid
residues from the C-terminal region encoded by
rplB. We show that this truncated form of L2 or
mature L2 physically interacts with the N-terminal
region of DnaA to inhibit initiation from oriC by ap-
parently interfering with DnaA oligomer formation,
and the subsequent assembly of the prepriming
complex on an oriC plasmid. Both forms of L2 also
inhibit the unwinding of oriC by DnaA. These in vitro
results raise the possibility that one or both forms of
L2 modulate DnaA function in vivo to regulate the
frequency of initiation.

INTRODUCTION

In Escherichia coli, initiation of chromosomal DNA rep-
lication at the replication origin (oriC) leads to the
assembly of a replisome at each replication fork
[reviewed in (1)]. During initiation, DnaA protein recog-
nizes 9-mer motifs termed DnaA boxes, other sequences
named I- and t-sites, and possibly the AT-rich region
carrying three 13-mer motifs near the left boundary of
oriC [reviewed in (2)]. DnaA complexed to ATP then
unwinds the AT-rich region in a process that is stimulated
by other proteins (see below). Following unwinding, a
DnaA oligomer loads two DnaB helicase molecules com-
plexed to DnaC on each separated strand of oriC to form
the prepriming complex (3—7). Next upon interacting with
DnaB, primase synthesizes primers that are extended by
DNA polymerase III holoenzyme. The dynamic inter-
actions of primase, DnaB helicase and the DNA polymer-
ase advance each replication fork, which moves in
opposite directions from oriC to duplicate the circular
bacterial chromosome.

In vitro studies show that Integration Host Factor
(IHF), HU and DiaA stimulate the DnaA-dependent

unwinding of oriC (8-10). For HU and DiaA, they act
by stabilizing the DnaA oligomer (9,10). These results cor-
relate with in vivo studies, which showed that mutants of
hupA encoding the o subunit of HU or of diaA initiate at
abnormal times in the bacterial cell cycle (11-13).
Similarly, mutation of the IHF binding site within oriC
disrupts IHF binding and oriC function, and causes asyn-
chronous initiation (14,15). As the anomalous timing of
initiation is also observed with mutations in other loci to
affect either the function of DnaA or oriC (16), these ob-
servations suggest that the stimulation of oriC unwinding
by these proteins is physiologically relevant.

These findings raise the opposing possibility of factors
that negatively regulate initiation at the step of oriC un-
winding. In support, we recently found that Dps, which
protects DNA from oxidative damage (17-19), interacts
with DnaA to inhibit both the unwinding of oriC and
DNA replication of an oriC-containing plasmid (20).
Additional in vivo evidence suggests that Dps may act as
a checkpoint during oxidative stress to reduce the fre-
quency of initiation so that repair mechanisms can fix
the oxidative damage in DNA before the genome is
duplicated.

In E. coli and other free-living organisms, the initiation
of DNA replication occurs at a specific time in the cell
cycle, and is highly coordinated with cell growth.
However, the mechanism of this coordination is not
understood. Ribosome biogenesis also correlates with
cell growth [reviewed in (21)]. The prevailing view is that
the cellular concentration of ribosomes determines the rate
of protein synthesis, which controls the rate of bacterial
growth. These observations suggest that a factor that is
required to assemble ribosomes may couple the initiation
of DNA replication with cell growth.

During the purification of Dps for the work
summarized above, we detected a factor that inhibited
oriC plasmid replication. We purified it based on its in-
hibitory activity and identified it as ribosomal protein L2
by N-terminal sequence analysis and by immunoblotting
with antibody specific for L2. However, electrospray mass
spectrometry suggests that the protein isolated lacks 59
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amino acid residues from the C-terminus. Because of the
requirement of L2 for ribosome biogenesis, which is
coupled to cell growth, we considered the possibility that
it may inhibit DnaA function to affect the initiation
process. If so, this essential protein, which is one of the
most evolutionarily ancient among ribosomal proteins
(22), may act to coordinate the initiation of DNA replica-
tion with cell growth. We show that this truncated form of
L2 (hereafter called tL2) and also L2 physically interact
with DnaA, and that the ribosomal protein inhibits the
unwinding of oriC by DnaA and the assembly of the
oriC prepriming complex.

MATERIALS AND METHODS
Reagents, proteins and DNAs

Commercial reagents and replication proteins have been
described (9,20,23,24). L2 was a gift from Dr Knud
Nierhaus at the Max-Planck-Institut fiir Molekulare
Genetik. For experiments to assemble the prepriming
complex, DnaA protein joined at its N-terminus to
polyhistidine was used (25). This protein is essentially
identical to wild-type DnaA based on the following
evidence. We showed that a plasmid encoding wild-type
dnaA joined at its N-terminal coding region to a DNA
sequence for polyhistidine, or this plasmid lacking the
sequence for polyhistidine equivalently maintained an
oriC plasmid (pCM959-CmR) in a strain lacking the
chromosomal dnad gene [MS3898 (genotype: asnB32
relAl spoTl thi-1 ilv-192 zia::pKN500
(pKN500=mini-R1)  Adnad mad-2 (F-) recAl
(Aimm434)]. The size of colonies was similar. We also
showed that polyhistidine-tagged DnaA is essentially iden-
tical to wild-type DnaA in vitro in assays of oriC plasmid
replication, duplication of MI13 A-site ssDNA, ATP
binding, ATPase activity, sequence-specific binding to a
DNA fragment carrying oriC, Form 1* formation, un-
winding of oriC as measured by sensitivity to Pl
nuclease, prepriming complex assembly and interaction
with DnaB measured by enzyme-linked immunosorbent
assay (ELISA) or surface plasmon resonance [(4,25,26),
Makowska-Grzyska and Kaguni, unpublished data].
Bovine carbonic anhydrase Il and P1 nuclease were
obtained from Sigma Chemical Co., St Louis, MO,
USA. Hda carrying a polyhistidine
tag (MGHHHHHHHHHHSSGHIQGRH) at its
N-terminus, GrpE and Drosophila melanogaster topo-
isomerase I were laboratory stocks. Purified DnaAA129
lacking the N-terminal 129 residues (27) and
DnaAA220-294 lacking residues 220-294 (27) are
described in the cited references. Purified recombinant
murine galectin-3 (28) and rabbit antiserum that specific-
ally interacts with murine galectin-3 were gifts from Dr
John Wang at Michigan State University. Rabbit anti-
serum that recognizes the C-terminal region (amino
acids 370—467) of DnaA, affinity-purified rabbit poly-
clonal antibody for DnaB and L2 and the monoclonal
antibody named M43 that recognizes DnaA (29) were
prepared in our laboratory. M130riC2LBS supercoiled
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DNA contains the E. coli chromosomal origin inserted
into the vector, MI3AE101 (30). M13 A-site single-
stranded DNA carries a DnaA box in a hairpin structure
(31). pUCI19 DNA was a laboratory stock.

Purification of an inhibitor of oriC plasmid replication

Replication of an oriC-containing plasmid requires that it is
negatively supercoiled. Because topoisomerase I relaxes
supercoiled DNA to inhibit oriC plasmid replication, we
purified tL2 from a log phase culture of E. coli DM700
[A(topA-cysB)217 acrA1l] (32) grown in Luria Bertani
(LB) media at 37°C and harvested at a turbidity of 0.6
(595nm). The cell pellet was resuspended in Buffer A
(50mM Tris—=HCI, pH 8.0, 0.1mM ethylenediamine-
tetraacetic acid (EDTA), 5SmM dithiothreitol (DTT) and
10% glycerol) supplemented with 1.5 M NacCl, lysed with a
French press, and the lysate supernatant was obtained by
centrifugation for 30 min at 14000 rpm in a Sorvall SS-34
rotor. All operations at this step and beyond were per-
formed at 0-4°C. A solution of PEG 6000 was added to
the supernatant with stirring to a final concentration of 8%
(w/v). After 2 h of continuous stirring, the precipitate was
collected by centrifugation as described above, resus-
pended in Buffer A containing 1.5 M NaCl and dialyzed
against Buffer A. The dialyzed sample was then clarified by
centrifugation as above but for Smin, and applied to a
heparin  Sepharose  (Amersham) column (72ml)
equilibrated in Buffer A. The column was washed exten-
sively with Buffer A, and eluted with a 360 ml linear
gradient of 0—1 M NaCl in Buffer A. Based on an assay
of DNA replication of an oriC-containing plasmid, heparin
Sepharose chromatography separated tL2 from two other
inhibitory activities attributed to PepA and HU. Relative
to the total inhibitory activity applied to the column, about
20% of this activity was due to tL2, which elutes between
PepA and HU. Fractions containing tL.2 were pooled and
dialyzed overnight against Buffer B [25mM N-(2-
hydroxyethyl)-N’-(2-ethanesulfonic ~ acid) (HEPES)—
KOH, pH 8, 1mM EDTA, ImM DTT and 10% (v/v)
glycerol] supplemented with 50 mM NaCl. The insoluble
material was collected by centrifugation at 18 000 rpm for
15min in a Sorvall SS-34 rotor, and resuspended in a
minimal volume of Buffer B containing 1 M NaCl.
Compared with the supernatant that contained about 4%
of the activity, this fraction contained about 14% relative
to the activity in the sample before heparin Sepharose chro-
matography. After fractionation in a Superdex 75 HR 10/
30 column (GE Healthcare) equilibrated in Buffer B sup-
plemented with 400mM NaCl, about 2% of inhibitory
activity was recovered relative to the total activity in the
fraction before heparin Sepharose chromatography. One
unit of activity corresponds to that which causes 70% in-
hibition of in vitro DNA replication.

Electrospray ionization mass spectrometry

Analysis of purified tL2 isolated in Figure 1 was per-
formed with a Waters Q-TOF Ultima APT spectrometer
coupled to a Waters Alliance 2795 HPLC system. Samples
were loaded onto a 5 pore size 10 x 1 mm Beta Basic CN
column, followed by gradient elution starting with 0.1%
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Figure 1. Purification of a protein that inhibits DNA replication of an
oriC-containing plasmid. (A) The indicated column fractions obtained
by a Superdex 75 chromatography (GE Healthcare) were analyzed in a
Coomassie blue-stained SDS—polyacrylamide gel (15% acrylamide).
The elution volumes of monomeric DnaC (27.9kDa) and other
proteins were also determined for this column. (B) The amount of
tL2 in (A) was quantified by densitometric analysis and expressed as
net intensity, which is the background-subtracted pixel value for each
band on the gel. (C) The extent of DNA synthesis was measured as
described in ‘Materials and Methods’ section. DNA synthesis for an
uninhibited reaction corresponds to about 320 pmol.

formic acid in water and ending with acetonitrile. Data
were collected in the positive ion mode with a capillary
voltage of 3kV, with a source temperature of 90°C and a
cone voltage of 35¢eV.

In vitro DNA replication of an oriC-containing plasmid

Each reaction mixture (25 pul) to measure DNA replication
contained 40mM HEPES-KOH, pH 7.6, 40mM

potassium glutamate, 10 mM magnesium acetate, 4 mM
dithiothreitol, 0.1 mg/ml bovine serum albumin (BSA),
4% (w/v) sucrose, 2mM ATP, 0.25mM each of cytidine-
S'-triphosphate (CTP), guanosine-5'-triphosphate (GTP)
and uridine-5-triphosphate (UTP), 100uM each of
dATP, dCTP, dGTP and [methyl-*H]-TTP (25-30 cpm/
pmol), M130riC2LBS DNA (46 fmol; 200ng) and the
required purified replication proteins including DnaA
(1 pmol; 50ng) as described (33). The reactions were
assembled at 0°C, and incubated at 30°C for 30 min to
measure DNA synthesis after adding tL2 or L2. Total nu-
cleotide incorporation of DNA (as pmol) was measured by
liquid scintillation spectrometry after trichloroacetic acid
precipitation onto glass fiber filters (Whatman GF/C).

DNA topology assays

To measure the sequestration of negative supercoils of a
plasmid, reactions (23 ul) contained M130riC2LB5 super-
coiled DNA (46 fmol; 200ng) in 25mM HEPES-KOH,
pH 7.6, 15% (v/v) glycerol, I mM DTT, 0.1 mM EDTA,
0.1 mM magnesium acetate, 2mM ATP and the indicated
amounts of either form of L2 or HU. After incubation at
30°C for 20min with D. melanogaster topoisomerase I
(9ng), Sul of 40% sucrose, I0mM EDTA, 3% sodium
dodecyl sulfate (SDS) and 0.25% bromophenol blue was
added to each reaction, followed by incubation at 86°C for
Smin. The samples were then electrophoresed at room
temperature for about 12 h in a 0.8% agarose gel contain-
ing 90 mM Tris-borate buffer and 2 pg/ml chloroquine. To
measure the production of Form 1* DNA, reactions (25 pl)
were assembled essentially as described (6,9), and con-
tained 40 mM HEPES-KOH, pH 7.6, 20 mM Tris—-HCI,
pH 7.5, 4% (v/v) sucrose, 4mM DTT, 2mM ATP,
10mM magnesium acetate, 6 mM creatine phosphate,
0.1 pg/ml creatine kinase, M130riC2LB5 DNA (200 ng,
46fmol), HU (5ng, o dimer), DnaA (0.8 pmol; 40ng
except as noted), DnaB (50ng), DnaC (50ng), single-
strand DNA binding protein (SSB) (320 ng), DNA gyrase
A subunit (360 ng), DNA gyrase B subunit (510 ng) and the
indicated amounts of tL2 or L2. After incubation at 30°C
for 25 min, the reactions were stopped by the addition of
EDTA and SDS to final concentrations of 10 mM and 1%
(w/v), respectively, followed by incubation at 65°C for
Smin and agarose gel electrophoresis. To measure the
localized unwinding of oriC, assays (10pl) contained
25mM HEPES-KOH, pH 7.6, 12% (v/v) glycerol, 1 mM
CaCl,, 0.2mM EDTA, 5mM ATP, 0.1 mg/ml BSA,
M130riC2LB5 (23fmol; 100ng), HU (5ng, o dimer),
DnaA (0.5pmol; 25ng unless noted) and the indicated
amounts of tL2 as described (9,34,35). Incubation at
38°C was for 15min, followed by the addition of 2 U of
P1 nuclease, as noted, and incubation for 40 s. The reac-
tions were stopped as described above for the Form 1*
DNA assay followed by agarose gel electrophoresis.

ELISA

ELISAs were performed essentially as described (9,20). As
indicated, tL2, L2 or HU was added to one set of wells of
a microtiter plate in 100ul of PBS buffer (10mM
Na,HPO,, 1.76 mM KH,PO,4, 2.7mM KCI and 0.137 M



NaCl). After incubation for 1 h at 20°C, unbound protein
was removed with three changes of 200 ul of PBS buffer
supplemented with 0.05% (v/v) Tween-20 and 2% (w/v)
non-fat milk; the last buffer change was incubated for
30min. The indicated amounts of wild-type DnaA,
galectin-3, and also the various mutant DnaAs at 50 ng
each were then added in triplicate in 100 pul of PBS buffer
to wells containing tL2, L2 or HU, followed by incubation
for 1 h at 20°C. As controls, the indicated amounts of
wild-type DnaA, murine galectin-3 (50ng) and the
mutant DnaAs (50ng) were immobilized in triplicate to
separate wells of the microtiter plate that lacked tL2, L2
or HU. After removing unbound protein as described
above, the wells containing DnaA, the mutant DnaAs or
galectin-3 were incubated overnight at 4°C with antisera
diluted in PBS buffer that recognize either the C-terminal
region of DnaA or galectin-3, respectively. After removing
the unbound antibody as described above, immune
complexes were detected colorimetrically at 490 nm with
goat anti-rabbit antibody conjugated to horseradish
peroxidase.

Isolation of the prepriming complex

The prepriming complex was assembled with 10-fold
greater amounts of DnaA, DnaB, DnaC, HU and the
oriC-containing plasmid than in a standard DNA replica-
tion reaction as described (4,6,9,26), but with 0.25mM
magnesium acetate, and either tL2 or L2 protein as
indicated. Where indicated, tL2 (2.8 pg) or L2 (2 ug) was
added prior to the isolation at 10-fold higher amounts
than that of a standard DNA replication reaction. SSB
was omitted at this stage. After incubation for 10 min at
37°C, the prepriming complex was isolated in the void
volume of a Sepharose CL-4B (Pharmacia) gel filtration
column equilibrated in 40mM HEPES-KOH, pH 8.0,
40mM potassium glutamate, 0.25mM magnesium
acetate, 4% (w/v) sucrose, 4mM dithiothreitol,
100 pg/ml BSA and SmM ATP at room temperature. To
measure DNA replication, the indicated void volume frac-
tions (20 ul) were supplemented with SSB, primase, DNA
polymerase III holoenzyme, DNA gyrase, magnesium
acetate (10mM final concentration) and other required
components at standard amounts for DNA replication
in a final volume of 25ul followed by incubation at
30°C for 30 min. Portions of the void volume fractions
were also electrophoresed in an agarose gel in parallel
with known amounts of M130riC2LB5 DNA, which was
used to prepare a standard curve. After ethidium bromide
staining, the amount of DNA in the isolated prepriming
complex was quantified. The amounts of DnaA and DnaB
in the isolated complex were determined by quantitative
immunoblotting relative to the known amounts of the re-
spective proteins, which were electrophoresed and
transferred in parallel. M43 monoclonal antibody was
used to detect DnaA protein (29), and affinity-purified
polyclonal antibody was used for DnaB. The chemilumin-
escent signal (SuperSignal, Pierce) of horseradish peroxid-
ase conjugated to the secondary antibody in immune
complexes was quantified with a Kodak 4000R imaging
system.
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RESULTS

Isolation and identification of a factor that inhibits oriC
plasmid replication in vitro

We discovered a factor that inhibited oriC plasmid repli-
cation in vitro, and purified it by standard liquid chroma-
tographic methods based on this assay (see ‘Materials and
Methods’ section). By gel permeation chromatography
(Superdex 75, GE Healthcare), the inhibitory activity cor-
relates with a polypeptide that elutes at the position of
DnaC, a monomer of 28kDa (Figure 1). Automated
Edman degradation revealed that the N-terminal
sequence (AVVKXKPTSPGRRHYV where X represents
an unknown amino acid) of the protein corresponds to
that of ribosomal protein L2, but lacking the first methio-
nine encoded by rp/B.

We confirmed the identity of the polypeptide by
immunoblot analysis with an affinity-purified antibody
that reacts specifically with L2 (Figure 2A). However,
the polypeptide isolated has an electrophoretic mobility
that is greater than L2 obtained as a gift from the
Nierhaus laboratory. Its position is very similar to one
of two polypeptides in a whole-cell lysate of a log phase
culture of E. coli DM700 from which we purified this form
of L2, but only the larger L2 was detected in a stationary
phase culture. We also detected this truncated form of L2
(tL2) in log phase cultures of E. coli MG1655 and W3110
(data not shown), suggesting that tL.2 is present in many
other E. coli strains. Hence, tL2 does not apparently arise
by proteolysis during purification. These findings raise the
possibility that L2, like other ribosomal proteins
summarized in the ‘Discussion’ section, has dual roles.
We do not know if all log phase cells contain a basal
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Figure 2. Immunoblot analysis reveals that the purified protein is a
truncated form of L2, which exists in log phase cells. In (A), L2
(25ng) from the Nierhaus laboratory, purified tL2 (15ng) and
whole-cell lysates from stationary (0.4 ODsgs,y,) and log phase cells
(0.3 ODs95nm) Were analyzed by immunoblotting with affinity-purified
polyclonal antibody that specifically recognizes L2. Electrophoretic sep-
aration was in a 15% SDS-polyacrylamide gel. In (B), electrospray
ionization mass spectrometry of purified tL2 isolated in Figure 1 was
performed as described in ‘Materials and Methods’ section.



4184 Nucleic Acids Research, 2011, Vol. 39, No. 10

level or if tL2 only appears in a subpopulation of cells in
response to a signal (see ‘Discussion’ section).

To estimate the size of the truncation, we analyzed tL2
by SDS-—polyacrylamide gel electrophoresis (Supple-
mentary Figure S1). Migrating more rapidly than the
Nierhaus laboratory’s L2 that has a predicted mass of
29860 Da, tL2 has a similar electrophoretic mobility as
Hda (30899 Da) and bovine carbonic anhydrase (28982
Da). Because SDS-polyacrylamide gel electrophoresis
only approximates the molecular weight of a protein, we
determined the mass of tL2 by the more sensitive method
of electrospray ionization mass spectrometry, which has
an accuracy of about 0.02% or 4-5 Da for a protein of
23 kDa. The most abundant polypeptide has an observed
mass of 23176 Da (Figure 2B), which correlates with a
mass of 23171 Da for a polypeptide lacking the
N-terminal methionine and 59 C-terminal residues of the
intact form of L2. Despite our efforts to identify the mech-
anism that gives rise to tL2 (see ‘Discussion’ section), we
have not determined if tL2 arises via a protease or by
premature termination of translation, possibly via
ribosome frameshifting. Under either mechanism,
post-translational modification of the truncated polypep-
tide may play a role. Experiments to purify tL2, and to
characterize its effect on DNA replication of the oriC-con-
taining plasmid in comparison with L2 that are described
herein were reproducible.

tL2 specifically inhibits oriC plasmid replication

The inhibitory effect of tL2 on DNA replication of the
oriC-containing plasmid suggests that L2 is also inhibi-
tory, which we confirmed (Figure 3A). We also
compared both proteins in other DNA replication
assays. In a replication system that includes RNA poly-
merase and any plasmid DNA, but does not require DnaA
(36,37), both forms of L2 were modestly stimulatory
(Figure 3B). In contrast, only L2 inhibited DNA replica-
tion of a single-stranded DNA carrying a DnaA box in a
hairpin structure (Figure 3C). With this single-stranded
DNA for which only a subset of DnaA functions is neces-
sary (38), DnaA bound to the hairpin loads the DnaB—
DnaC complex (38). After DnaC dissociates from
DnaB, primase interacts with DnaB to form primers
that are extended by DNA polymerase III holoenzyme
to convert the single-stranded DNA to a duplex
molecule. These results indicate that tL2 specifically
inhibits oriC plasmid replication, whereas L2 additionally
inhibits DNA replication of the single-stranded DNA.
The following experiments investigate their mechanism
of inhibition.

tL2 does not inhibit oriC plasmid replication by
sequestering negative supercoils

Because DNA binding proteins such as HU or FIS at an
equal weight ratio to DNA inhibit oriC plasmid replica-
tion by sequestering its negative superhelicity (39—41), we
considered whether this mechanism could explain the in-
hibitory effect of the ribosomal proteins. To test this pos-
sibility, we incubated the oriC plasmid with increasing
amounts of either form of L2, and included a
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Figure 3. tL2 specifically inhibits DNA replication of an
oriC-containing plasmid. In (A), assays to measure DNA replication
of an oriC plasmid (M130riC2LB5 DNA; 46 fmol or 200 ng) were per-
formed with DnaA (1 pmol; 50ng), and the indicated amounts of tL2
or L2 as described in “Materials and Methods’ section. In (B), reactions
were assembled as in (A) but lacked DnaA and instead were supple-
mented with RNA polymerase (0.56 pg), which supports DNA synthesis
that is independent of DnaA and the oriC sequence. Reactions in (C)
were assembled as in (A), but contained a single-stranded DNA
carrying a DnaA box in a hairpin (M13 A-site DNA; 17fmol or
80ng) instead of the oriC-containing plasmid and lacked HU and
DNA gyrase. Reactions were incubated at 30°C for 20 (A and B) or
10min (C) to measure DNA synthesis.
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topoisomerase to stabilize any topological alteration
followed by electrophoresis in an agarose gel containing
chloroquine. Like HU, we found that L2 but not tL2 se-
questered the negative supercoils of the oriC plasmid in
proportion with the amount added (Figure 4), which
could explain L2's ability to inhibit DNA replication of
the oriC plasmid. However, the results described below
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Figure 4. Compared with L2, tL2 does not sequester the supercoils of
a plasmid DNA. The change in DNA topology of a supercoiled
plasmid was measured as described in ‘Materials and Methods’
section. The figure shows the reverse contrast image of DNAs with
different superhelix densities that were visualized by ethidium
bromide fluorescence.

suggest that both forms of L2 interfere with initiation
in vitro by an independent mechanism.

Both tL2 and L2 interfere with the production of Form 1*
DNA at the stage of DnaA-dependent unwinding of oriC

We examined tL2 and L2 in assays that measure specific
events in the initiation process. One involves the forma-
tion of a highly negatively supercoiled DNA named Form
1* (42), which requires the localized unwinding of a region
within oriC by DnaA (5,6,34). DnaB helicase from the
DnaB-DnaC complex binds to the unwound region, and
then unwinds the parental duplex DNA. The inclusion of
DNA gyrase to remove the positive superhelicity that
would otherwise accumulate in the duplex portion of the
oriC plasmid leads to the appearance of Form 1* DNA.
Detected by agarose gel electrophoresis (Figure 5), the
production of Form 1* DNA was inhibited by tL2 and
L2. At the higher levels of tL2 and all but the highest level
of L2, the increased amounts of nicked and linear DNA
suggest that a nuclease is responsible. However, other ex-
periments failed to detect a nuclease in various prepar-
ations of purified tL2 or L2 (Figure 6; data not shown).
Instead, we ascribe the increase of these DNAs to DNA
gyrase because their appearance was dependent on both of
its subunits (data not shown) that introduce breaks in
DNA during strand passage that are revealed by treat-
ment with SDS [see (43) and references therein]. The
effect of tL2 or L2 on the level of nicked and linear
DNA suggests that the ribosomal protein may stabilize
DNA gyrase complexed to DNA at the step of strand
cleavage, but we have not tested this idea.

Speculating that the ribosomal proteins may inhibit
DnaA to interfere with the production of Form I*
DNA, we assessed their effect on the localized opening
of oriC. As the single-stranded region within oriC is sen-
sitive to cleavage by P1 nuclease, which linearizes the oriC
plasmid, we quantified the amount of linear DNA after
nuclease treatment and agarose gel electrophoresis. We
confirmed by restriction mapping that Pl nuclease
digested the plasmid within oriC (data not shown). Our
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results show that both proteins inhibit the
DnaA-dependent unwinding of oriC (Figure 6). As the
production of Form 1* DNA requires an oriC-containing
plasmid that is supercoiled, which tL2 fails to sequester,
the inhibition by tL2 in Figure 6 suggests a separate mech-
anism of inhibition.

ATP binding by DnaA and the hydrolysis of ATP bound
to DnaA are unaffected by tL2 or L2

Because the ATP-bound form of DnaA is more active in
the unwinding of oriC than DnaA complexed to ADP or
the nucleotide-free form of DnaA (44), the ribosomal
proteins may either interfere with the binding of ATP to
DnaA or stimulate the hydrolysis of the bound ATP.
Testing the former possibility, we found that tL2 and L2
at levels that inhibit oriC plasmid replication, Form 1*
formation, and the unwinding of oriC had a negligible
effect on ATP binding (Supplementary Figure S2). ATP
hydrolysis by DnaA was also essentially unaffected.
Neither tL2 nor L2 alone could bind ATP (data not
shown).

tL2 and L2 bind non-specifically to DNA

The ribosomal protein may inhibit oriC plasmid replica-
tion by binding specifically to oriC to disrupt the binding
of DnaA to one or more DnaA boxes and/or I-sites. To
test this possibility, we performed gel mobility shift assays
and compared a DNA fragment carrying oriC with a
DNA encoding part of the ampicillin-resistance gene
from pUCI19 (Supplementary Figure S3). As a control,
we showed that DnaA (2 and 4ng) formed discrete
complexes with the oriC-containing DNA fragment, re-
flecting the binding of DnaA to respective DnaA boxes
of oriC (45). At the highest DnaA level, the oriC-contain-
ing DNA fragment was retained at the top of the gel. In
contrast, DnaA bound negligibly to the other DNA
(Supplementary Figure S3). At 12 and 17ng with either
DNA, tL2 produced heterogeneous complexes that
migrated as a smear, suggesting non-specific DNA
binding. At these levels of L2, the complexes were near
the wells of the gel. Thus, neither protein appears to bind
specifically to oriC to obstruct the binding of DnaA.
Although their non-specific binding to DNA suggests
that this activity may contribute to the inhibition of oriC
plasmid replication, neither form of L2 inhibited
non-specific DNA replication (Figure 3B), which presum-
ably requires the recognition of promoters by RNA poly-
merase (36,37). In support, overproduced L2 does not
inhibit but stimulates transcription from the rrnD Pl
promoter in vivo (46), so L2 apparently does not occlude
the binding of RNA polymerase. Hence, non-specific DNA
binding may have a small or even marginal inhibitory
effect on DNA replication of the oriC-containing plasmid.

tL2 and L2 interact with the N-terminal region of DnaA

In other work, we discovered that a DnaA affinity column
and not a BSA column specifically retained L2 from a
soluble lysate (Vicente and Kaguni, data not shown).
DnaA was also found to interact with L2 via a proteomics
approach (47). To extend these observations, we showed
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in a solid phase binding assay that tL.2 and L2 interacts
with  wild-type DnaA, or a mutant DnaA
(DnaAA220-294) lacking residues 220-294, but that this
interaction was reduced by about 4-fold with DnaAA129
lacking the N-terminal 129 amino acids (Figure 7).
DnaAA129 was also defective in interaction with HU,
confirming previous results (9). We know that the prepar-
ation of DnaA A 129 is as active as DnaA™ in oriC unwind-
ing, and in binding to ATP or to an oriC-containing DNA
fragment (20,35), so the mutant DnaA is not grossly
misfolded. As negative controls, we showed that tL.2 or
L2 does not bind to DnaB (data not shown) or murine
galectin-3 (Figure 7A), which is involved in pre-mRNA
splicing and is not expected to interact (48). These
results suggest that both forms of L2 inhibit DNA repli-
cation of the oriC-containing plasmid by interacting with
the N-terminal region of DnaA. As described above, it is
possible that their non-specific DNA binding activity may
also contribute to the inhibition.

tL2 or L2 interferes with prepriming complex
assembly at oriC

Recent work indicates that HU or DiaA stabilizes the
DnaA oligomer by interacting with DnaA’s N-terminal

region (9,10), which acts in self-oligomerization (4,26).
We considered the converse possibility that both forms
of L2 inhibit initiation by destabilizing DnaA
oligomerized at oriC. To test this idea, we assembled the
prepriming complex in the presence and absence of tL2 or
L2 as described (6,26). After separating the complex from
unbound proteins by gel filtration chromatography, we
quantified the amounts of DnaA and DnaB in the
complex by immunoblotting relative to a standard curve
prepared with known amounts of each protein (Figure 8).
We quantified DnaC in a separate study (7). Relative to
the amount of supercoiled oriC plasmid in the complex
(data not shown), both ribosomal proteins led to
reduced amounts of DnaA and DnaB in the isolated
complex. Hence, the interaction of tL2 or L2 with
DnaA’s N-terminal region apparently destabilizes the
DnaA oligomer to inhibit the loading of DnaB at oriC.
We also measured the replication activity of the isolated
prepriming complex by incubating it with other necessary
components, and replication proteins (SSB, primase,
DNA polymerase III holoenzyme and DNA gyrase) that
act at the subsequent stage of DNA synthesis (Figure 8B
and D). Compared with the activity of the isolated
complex assembled in the absence of tL2, its inclusion
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Figure 1.

during assembly was inhibitory. The addition of either to
the isolated complex formed in the absence of the riboso-
mal protein also inhibited DNA replication, suggesting
that they destabilize DnaA already bound to oriC. The
results suggest that DnaA must remain oligomerized
after DnaB has loaded at oriC for initiation to occur.

For these experiments, DnaA with an N-terminal
polyhistidine sequence was used. As tL.2 or L2 similarly
inhibits the prepriming complex when assembled with
either form of DnaA, the polyhistidine tag does not
seem to interfere with the interaction between DnaA and
tL2 or L2.
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DISCUSSION
Dual functions for proteins needed for translation

Our observations strongly suggest that tL2 and L2
modulate the activity of DnaA in DNA replication of an
oriC-containing plasmid in vitro. Of interest, a recent
study described that L2 interacts with the alpha subunit
of RNA polymerase to enhance transcription from the
rrnD promoter (46). Other ribosomal proteins that have
dual roles are S10 (NusE) [reviewed in (49)] and S4 (50)
that act as antitermination factors in transcription, and S1
that is a subunit of QP replicase (51). Whereas in vivo
evidence has not been obtained to validate the importance
of the following biochemical studies, other examples are
L14 that stimulates unwinding by Rep helicase (52), S9
that may interact with UmuC (53) and S3 that is identical
to H protein and may be a component of the nucleoid
(54). As E. coli grown in rich media contains substantial
amounts of free ribosomal proteins (55), they are available
to perform auxiliary functions. Although not a ribosomal
protein, an isoform of IF2 named IF2-2 that lacks the
N-terminal end of full-length IF2-1 was isolated by its
requirement during bacteriophage Mu DNA replication
in vitro (56). IF2-2 but not IF2-1 appears to remove
MuA transposase from Mu DNA integrated at the
target site. Transposase disassembly is necessary to
permit the binding of PriA in the PriA-PriC pathway of
Mu DNA replication.

How does tL2 arise?

The combined results from N-terminal sequence analysis
and electrospray mass spectrometry suggest that the
C-terminal residue of tL2 is arginine 214. Hence, a
trypsin-like protease may be responsible for cleavage,
but enzymes such as protease I, protease In or protease
IV are not specifically expressed during log phase growth,
which is when we detected tL2. Based on the crystallo-
graphic structure of the E. coli ribosome and biochemical
studies (57-59), the part of L2 containing arginine 214 is
accessible from the solvent with the distal C-terminal
region interacting with the 23S rRNA. Thus, cleavage
may occur when L2 is assembled in the ribosome, but
the protease may act prior to assembly. Alternatively,
tL2 may arise during translation by premature termin-
ation of rp/B, which may also involve ribosomal frame-
shifting and post-translational modification by covalent
addition of small molecules.

tL2 apparently does not coordinate the stringent response
with inhibition of initiation of DINA replication

A number of stress conditions induce the stringent
response [reviewed in (60,61)], which also inhibits the ini-
tiation of DNA replication (62,63). Because tL2 may
inhibit initiation from oriC during the stringent
response, we tested if such stress conditions led to a
relative increase of tL2. Specifically, we added valine
(0.5mg/ml) to a log phase culture grown in supplemented
M9 media to inhibit isoleucine biosynthesis, or transferred
the culture into M9 media lacking glucose, phosphate or
ammonium ion. We also exposed the culture to nitrogen
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gas to promote anaerobiosis, or changed the ionic strength
of the media. With an antibody that specifically recognizes
both L2 and tL2, we were unable to identify conditions
that changed the relative level of tL2 to L2 to implicate
tL2 in inhibition of initiation during the stringent
response.

DnaA as a sensor

Like tL.2 or L2, Dps inhibits the unwinding of oriC by
DnaA and its activity in initiation (20). In contrast, HU
and DiaA appear to stimulate initiation by stabilizing the
DnaA multimer at oriC, which is necessary for helicase
loading (4,24,35,64). Hence, one set of proteins has the
opposing effect as the second set on DnaA function,
enhancing or impairing DnaA to modulate initiation
under certain conditions. As these proteins interact with
the N-terminal region of DnaA (9,20,65), this region may
act as a sensor in responding to these proteins. These ob-
servations evoke the B clamp, which interacts via a
C-terminal domain with MutS, DNA ligase, Hda and
several E. coli DNA polymerases (66). MutS and DNA
ligase may exploit the B clamp bound to DNA to access
and repair lesions in DNA. For Hda, studies show that
Hda complexed with the B clamp stimulates the hydrolysis
of ATP bound to DnaA to inhibit DnaA function in ini-
tiation [reviewed in (1)]. The B clamp also interacts with
E. coli DNA polymerases that act in chromosomal DNA
replication or translesion DNA synthesis (67). It is

interesting to consider that dnad and dnaN, which
encodes the P clamp, are in the same operon, and
interact with other proteins via a specific region during
the different stages of DNA replication.

Supporting the biochemical evidence summarized
above, physiological results suggest that Dps, HU and
DiaA affect DnaA function to modulate the initiation
process in vivo (11,12,20). For either form of L2, we at-
tempted to demonstrate that its interaction with DnaA is
physiologically important. First using a plasmid encoding
the respective alleles under araBAD promoter control, we
showed that an elevated level of tL2 or L2 reduced the
frequency of colony formation of E. coli MC1061 by
>10%-fold compared with the non-induced control
(Felczak and Kaguni, unpublished data). We also
determined that an increased tL2 level lowered the
frequency of colony formation by >4 x 10*fold or
>4 x 10°-fold in isogenic ArecA::kan® or ArecB:kan®
strains, respectively. In contrast, the frequency of
colony formation under comparable conditions was un-
affected for these strains bearing the empty vector or a
plasmid encoding isoleucine for Thr129, and cysteine for
Argl75 of tL2. This plasmid was isolated from one of
the spontaneously arising transformants that were viable
in the presence of arabinose. We then examined the
effect of an elevated tL2 level in a strain synchronized
to initiate DNA replication. We did not test L2. Briefly,
we shifted an exponentially growing dnaC2(Ts) mutant
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Figure 8. tL2 and L2 destabilize DnaA bound to oriC. The prepriming complex was assembled as described in ‘Materials and Methods’ section.
After isolation of the complex, the amounts of DnaA and DnaB in the complex assembled in the presence or absence of tL2 (A) or L2 (C) were
measured by immunoblot analysis. In (B) and (D), the activity of the isolated prepriming complex was measured by the addition of required reagents
and proteins needed for DNA synthesis to 20 ul of the indicated column fractions. After adjusting the concentration of magnesium acetate to 10 mM
in a reaction volume of 25 ul, DNA synthesis was measured. Where indicated, tL2 (190ng) or L2 (180 ng) was added to determine its effect on the

isolated prepriming complex that was assembled in its absence.

from 30°C to 42°C for 1 h. At 42°C, ongoing replication
forks proceed to completion but new initiations are
blocked (68). After returning the dnaC mutant to per-
missive temperature, we measured new initiations at
various time intervals by the ratio of oriC to relE, a
locus in the terminus region of the chromosome, by
quantitative real-time PCR analysis. In recent work
with Dps, we showed that an elevated level reduced
the frequency of initiation after the temperature down-
shift (20). However, we were unable to show that an
increased level of tL2 inhibits initiation in vivo, but the
conditions may not have been appropriate. For example,
the inhibition of initiation by tL2 may require a signal
that causes neutralization of a factor that otherwise
counterbalances the effect of tL2. As we do not know
the nature of this signal or the factor, the negative
evidence described above does not demonstrate that
tL2 is unimportant in vivo.
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