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SeqA and a newly identified factor, SeqB
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ABSTRACT The binding of hemimethylated oriC to Esch-
erichia coli membranes has been implicated in the prevention
of premature reinitiation at newly replicated chromosomal
origins in a reaction that involves the SeqA protein. We
describe the resolution of the membrane-associated oriC-
binding activity into two fractions, both of which are required
for the high-affinity binding of hemimethylated oriC. The
active component in one fraction is identified as SeqA. The
active component of the second fraction is a previously
undescribed protein factor, SeqB. The reconstituted system
reproduced the salient characteristics of the membrane-
associated binding activity, suggesting that the membrane-
associated oriC-binding machinery of E. coli is likely to be a
multiprotein system that includes the SeqA and SeqB pro-
teins.

In Escherichia coli and most other bacterial species, chromo-
some replication is initiated at a specific point during the cell
cycle (1). It is clear that a mechanism exists to prevent
premature reinitiation until the proper time in the cell cycle is
reached (2). Several factors have been proposed to play a role
in the sequestration of newly replicated origins to prevent
premature reinitiation during the eclipse period.

The methylation state of the chromosomal origin has been
implicated both in the binding of oriC to membranes and in the
prevention of premature reinitiation at newly replicated ori-
gins. In E. coli, adenine residues within chromosomal GATC
sequences are methylated in a reaction catalyzed by Dam
methylase. Because the methylation reactions occur after
replication, adenine residues within GATC sequences in the
newly synthesized strand remain unmethylated for a period of
time. The oriC region contains a high density of GATC sites,
and methylation of adenine residues at several of these sites is
delayed significantly relative to the time of methylation at
GATC sites elsewhere in the chromosome (3, 4). As a result,
the oriC region of newly replicated chromosomes remains
hemimethylated for about 30-40% of the cell cycle.

Evidence that hemimethylated oriC does not serve as an
effective template for initiation of replication in vivo came
from the finding of Russell and Zinder (5) that a fully
methylated oriC plasmid was unable to replicate in a Dam™
host. Under these conditions, the first round of replication in
the Dam™ host gives rise to hemimethylated oriC that is never
fully methylated because of the defect in Dam methylase. It
was suggested that the hemimethylated origin was refractory to
reinitiation, thereby explaining the defect in plasmid replica-
tion. Ogden et al. (3) then showed that hemimethylated oriC
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DNA binds preferentially to membrane fractions in vitro.
Flotation density gradient analysis showed that the oriC-
binding activity was primarily localized to a unique membrane
fraction (6).

Evidence that the association of hemimethylated oriC with
the membrane plays a direct role in preventing initiation of
replication came from the demonstration by Landoulsi et al.
(7) that binding of hemimethylated oriC to an E. coli mem-
brane preparation prevented the oriC fragment from acting as
a template for DNA replication in an in vitro replication
system. Taken together, these results support the idea that the
membrane association of hemimethylated oriC plays a key role
in the postreplication block of reinitiation that occurs during
the normal cell cycle.

SeqA is a protein that is required for both the membrane
binding of hemimethylated oriC in vitro and the refractory
period to initiation that follows replication of the origin region
indam™ cells (8—10). This is consistent with the view that SeqA
plays a role in sequestering the newly replicated origin by
making it inaccessible to the replication machinery, and sug-
gests that this may involve a SeqA-mediated oriC—-membrane
interaction. The nature of the putative membrane-binding site
for hemimethylated oriC has not been defined and it is not
known whether additional proteins in addition to SeqA may be
involved. The possible role of another protein, HobH, that has
been shown to bind to hemimethylated oriC in nuclease
protection assays, also remains to be defined (11). We there-
fore have attempted to further characterize the component(s)
of the membrane-associated oriC-binding machinery.

In this paper, we describe the dissociation of the E. coli
membrane-associated oriC-binding activity into two fractions,
both of which are required for the high-affinity binding of
hemimethylated oriC. The active component of the first frac-
tion is identified as SeqA. The active component of the second
fraction includes a previously unrecognized protein, SeqB, that
activates the oriC-binding activity of SeqA and is required for
SeqA-oriC binding at low concentrations of SeqA. This sug-
gests that the membrane-associated oriC-binding machinery of
E. coli is a multiprotein complex that includes the SeqA and
SeqgB proteins.

MATERIALS AND METHODS

Preparation of oriC Substrates. Fully methylated (+/+) and
unmethylated (—/—) oriC fragments were prepared from the
oriC plasmid pGO46, isolated from host strains UT481 (dam ™)
for +/+ oriC, and GM2929 (dam~) for —/— oriC, after
overnight growth in LB medium at 37°C. The plasmids were
digested with Aval to obtain the 467-bp oriC fragments.

Abbreviation: KSCN, potassium thiocyanate.
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Annealing of methylated and unmethylated strands was ac-
complished by heating a mixture of +/+ and —/— fragments
[40 ng/ul each in STE buffer (12)] in a heating block succes-
sively for 10 min at 90°C, 10 min at 65°C, and 120 min at 28°C.
The resulting mixture should contain approximately 50%
hemimethylated oriC and 25% each of +/+ and —/— oriC. The
+/+ and —/— fragments were removed by digestion with Mbol
and Dpnl at approximate concentrations of 1.5 X 1073 and
0.7 X 1073 units/ng DNA, respectively, for 60 min at 37°C
followed by 20 min at 65°C. Under these conditions the
enzymes were specific for —/— and +/+ DNA, respectively, as
verified independently for each experiment. The +/— oriC
fragment was reisolated by preparative agarose gel electro-
phoresis, with a final yield of approximately 85% of the
theoretical yield.

The +/—, +/+, and —/— oriC fragments were end labeled
with [3?P]CTP as previously described (6).

Gel Retardation Assay. The sample to be assayed for binding
activity (at the concentrations indicated in the figures) was
mixed in buffer B [250 mM potassium glutamate/10 mM Pipes
(pH 6.5)/2 mM EDTA] with 0.15 pg/ml sonicated calf thymus
DNA. After incubation at room temperature for 15 min, 6 pM
hemimethylated 3?P-labeled oriC was added unless otherwise
indicated. After standing at room temperature for 30 min, the
reaction mixture (10 or 20 ul) was electrophoresed in a 4% or
7% polyacrylamide gel prepared in buffer B. The gel was then
dried and analyzed by autoradiography. oriC-binding activity
was expressed as the fraction of total 32P-labeled oriC that was
recovered in the retarded band, as measured with a Packard
IntantImager.

When fraction A and/or fraction B were assayed, the
indicated amounts of each fraction [in 10 mM Pipes (pH 6.5)/2
mM EDTA/0.25 M potassium thiocyanate (KSCN)] were
mixed and allowed to stand at 30°C for 20 min and then at room
temperature for 20 min before addition to the reaction mix-
ture. KSCN concentrations higher than 70 uM began to inhibit
the binding reaction, and final thiocyanate concentrations
were therefore adjusted to 50 uM.

Fractionation of oriC-Binding Components. Membrane
preparation. E. coli PC2 (dnaCts, dnaT, thyA, leuB, rpsL) was
grown at 30°C to early stationary phase in LB medium
supplemented with 0.025% thymine. For preparation of la-
beled membranes, the medium contained 10 pCi/ml [2-3H]g-
lycerol (200 mCi/mmol). The washed cell pellet was suspended
in 20 ml of 20% sucrose in buffer A [10 mM Hepes (pH 7.4)/5
mM EDTA] and disrupted in a French pressure cell (6). DNase
(0.025 ug/ul) and MgCl, (2 mM) were added. After 30 min at
room temperature, unbroken cells were removed by centrifu-
gation at 2,000 rpm for 10 min. The supernatant fraction (cell
extract, 3 ml) was applied to the top of a step gradient (6 ml
of 20% sucrose and 2 ml of 60% sucrose in buffer A) and spun
for 3.5 hr at 4°C in a Beckman SW41 rotor (16). The material
at the 20%/60% sucrose interface (membrane) was collected,
suspended in 12 ml of buffer A, and pelleted by centrifugation
in a SW41 rotor at 40,0000 rpm for 3.5 hr at 4°C. The final
pellet was suspended in 2-3 ml of 50 mM Pipes (pH 6.5)/2 mM
EDTA.

KSCN extraction. Five-tenths milliliter of the membrane
suspension, containing approximately 4 mg of protein, was
added to 0.5 ml of 1 M KSCN/20 mM Pipes (pH 6.5). After
standing for 60 min at room temperature, the sample was
centrifuged for 90 min at 4°C in a Beckman TL100 rotor and
the supernatant and pellet (KSCN pellet) fractions were
collected. The supernatant fraction was diluted with 4 volumes
of 0.19 M KSCN/20 mM Pipes (pH 6.5) to give the KSCN
extract.

Preparation of fractions A and B. The KSCN extract was
dialyzed overnight at 4°C against 250 ml of 10 mM Pipes (pH
6.5)/2 mM EDTA, and the cloudy suspension that formed
within the dialysis bag was centrifuged in a TL100 rotor at 4°C
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for 90 min. The supernatant was called fraction B. The
precipitate was washed once in the same Pipes/EDTA buffer
and recentrifuged. The final pellet (fraction A) was solubilized
by suspension in 0.5 M KSCN/10 mM Pipes (pH 6.5)/2 mM
EDTA. Fractions A and B were each adjusted to 0.255 M
KSCNin a final volume of 2.2 ml so that 0.55 ul of each fraction
corresponded to the amounts obtained from 1 ul of the KSCN
extract.

Analytic Procedures. Immunoblot analysis was performed
after SDS gel electrophoresis in 12% polyacrylamide gels (13)
using a polyclonal rabbit anti-SeqA antibody preparation.

Materials. Purified SeqA (14) and anti-SeqA antibody were
kind gifts from J. Epstein and N. Kleckner (Harvard Univer-
sity, Boston) and from E. Boye (Institute of Cancer Research,
Norweigan Radium Hospital, Oslo), respectively.

RESULTS

Solubilization of Membrane-Associated oriC-Binding Activ-
ity. As previously described (3, 6, 9), a crude E. coli membrane
fraction was capable of binding hemimethylated 3?P-labeled
oriC. The membrane preparation showed significant oriC-
binding activity at concentrations of 0.1 wg/ml of membrane
protein or lower as measured in a gel retardation assay (Fig.
la). This corresponds to a SeqA concentration of approxi-
mately 1-1.5 nM in the binding assay mixture based on
quantitative immunoblot analysis of the membrane sample
(data not shown). At this concentration, purified SeqA fails to
show detectable binding of hemimethylated oriC (see Fig. 5
and ref. 9).

To further characterize the membrane component(s) re-
sponsible for oriC binding, we used several approaches to
separate the membrane-associated binding activity from other
membrane components. Greatest success was achieved with
the use of chaotropes, agents that disrupt hydrophobic inter-
actions (15, 16). Efficient release of the oriC-binding activity
from the residual particulate membrane material was achieved
by treatment of the membrane preparation with the moderate
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FiG. 1. Reconstitution of membrane-associated oriC-binding ac-
tivity. (a) The gel retardation assay mixture (20 ul) contained either
no additional components (lane a), membrane (2 ug, lane b), or KSCN
extract (0.4 ug, lane c), representing the amount extracted from 2 ug
of membrane. The arrow indicates the position of hemimethylated oriC
in the absence of other components. (b) The gel retardation mixtures
contained aliquots of: lane b, KSCN extract (1 ul); lane c, fraction B
(1.65 pl); lane d, fraction A (0.55 ul); and lanes e—g, mixtures of
fraction A (0.55 pl) and fraction B prepared as described in Materials
and Methods; the amounts of fraction B in reactions e, f, and g were
0.55, 1.1 ,and 1.65 pl, respectively. The amounts of the binding
components are expressed relative to the equivalent concentration of
the KSCN extract (e.g., 1.0 corresponds to the amount of fraction A
or B that was obtained from the amount of KSCN extract that was
present in binding reaction b). oriC bound is defined as (cpm in the
retarded band) X 100/(cpm in the retarded band + cpm in the
unretarded oriC band).
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chaotropic agent KSCN at a concentration of 0.5 M (Fig. 1a,
lane b). This solubilized 10-20% of the membrane protein and
0.4% of membrane lipid as determined by measurements on
samples prepared from cells labeled with [2-*H]glycerol. Ap-
proximately 60% of the original membrane-associated oriC-
binding activity was recovered in the KSCN extract, as shown
by assays with limiting amounts of membrane and extract.

Dissociation of Binding Activity into Two Components. The
KSCN extract was further fractionated by exploiting its dif-
ferential solubility characteristics. When KSCN was removed
by dialysis, a precipitate formed that included approximately
50% of the total protein in the extract. The insoluble material
recovered from the dialysis bag was resolubilized by treatment
with KSCN and was used as fraction A in subsequent assays.
The material that remained soluble after the dialysis procedure
was called fraction B. The protein profiles of the two fractions
were different, as shown by SDS gel electrophoretic analysis
(data not shown).

Neither fraction A nor fraction B showed detectable oriC-
binding activity when assayed at concentrations that were
equivalent to the concentrations of the crude KSCN extract
that showed strong binding activity in the same assay (Fig. 1b).
However, when fraction A and fraction B were recombined
prior to dilution into the binding mixture, oriC-binding activity
was restored. Optimal binding occurred at a ratio of fraction
A to fraction B of 1:2 (Fig. 1b, lanes e—g). Under these
conditions, approximately 90% of the original activity of the
KSCN extract was recovered in the reconstituted system (Fig.
1b, lane f).

Characterization of Fraction A and Fraction B. The follow-
ing evidence indicated that SeqA was the active component of
fraction A. (i) Immunoblot analysis with anti-SeqA antibody
revealed that fraction A contained essentially all of the SeqA
that was recovered from the original membrane preparation
whereas fraction B contained no detectable SeqA (Fig. 2a). (ii)
Anti-SeqgA antibody inhibited oriC binding in the reconstituted
system whereas control antiserum did not (Fig. 2 b and ¢). (iif)
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FiG. 2. Effect of anti-SeqA antibody. (a) Anti-SeqA immunoblot
analysis was performed on samples of cell extract (CE), membrane
(M), fraction A (A), and fraction B (B). The amount of each sample
applied to the gel corresponded to the amount of cell extract applied
to the first lane to permit recoveries in each fraction to be estimated
directly from the intensities of the SeqA bands. The arrow indicates the
position of purified SeqA that was run on the same gel and stained with
Coomassie brilliant blue. The band in the upper portion of the gel
represents a cross-reacting component present in cell envelope prep-
arations. The positions of molecular mass standards, expressed in kDa,
are indicated on the left. (b and c¢) Gel retardation assays were
performed on the KSCN extract (8 ng/ul, lanes a—c) or on a mixture
of fraction A (Fx A, corresponding to 3 ng/ul of KSCN extract) and
fraction B (Fx B, corresponding to 12 ng/ul of KSCN extract) (lanes
d-h). Anti-SeqA antibody (lanes c, g, and h) or normal rabbit serum
(lanes b, e, and f) was added to the sample to be assayed, in the assay
buffer, and allowed to stand for 30 min at 4°C before being added to
the assay mixture. Antisera were present at dilutions of 1:10 (lanes e
and g) or 1:20 (lanes b, f, and h).
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As further described below, purified SeqA was capable of
substituting for fraction A in the reconstituted system.

The active component of fraction B was nondialyzable, heat
stable, and protease sensitive. When fraction B was preincu-
bated with Pronase, oriC-binding activity was completely lost
(Fig. 3, lanes d and i). When fraction B was treated identically
but in the presence of a 10-fold lower concentration of Pronase
(Fig. 3, lane c), there was no loss of activity. In a parallel
experiment, fraction B that had not been protease treated was
added to the reaction mixture after addition of the protease-
treated fraction B (Fig. 3, lane j). This led to complete
restoration of the binding activity, confirming that the appar-
ent loss of activity of the protease-treated fraction B did not
result from inactivation of SeqA by residual protease in the
reaction mixture. These results indicate that the active com-
ponent of fraction B is likely to be a protein. We tentatively
name this factor SeqB. Fraction B had no detectable oriC-
binding activity of its own when assayed at concentrations
between 2.5 and 20 ng/ul in the absence of fraction A.

Direct evidence that SeqA was the active component of
fraction A came from the finding that fraction A could be
replaced by purified SeqA in the reconstituted binding system
(Figs. 3 and 4). Binding of hemimethylated oriC at low SeqA
concentrations showed an absolute dependence on the pres-
ence of SeqB over a 25-30-fold range of SeqA concentrations
(Fig. 4). At high concentrations, SeqA was capable of binding
hemimethylated oriC in the absence of added SeqB, as previ-
ously described (9). These and similar experiments established
that SeqB increased the apparent affinity of hemimethylated
oriC for SeqA by at least 30-fold.

SeqB-dependent binding to hemimethylated oriC was de-
tectable as a shift of the 3?P-labeled oriC band at oriC
concentrations as low as 10 pM, the lowest concentration that
was tested. In contrast, there was no detectable binding to fully
methylated or unmethylated oriC at oriC concentrations up to
200 pM, the highest concentration that was tested (Fig. 5).
Therefore, the affinity of the SeqA/SeqB system for fully
methylated oriC is at least one to two orders of magnitude
lower than for hemimethylated oriC.
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FiG. 3. Effect of Pronase on activity of fraction B. Gel retardation
assays were performed in the presence or absence of SeqA (0.03 ng/ul)
and/or fraction B (FxB, 10 ng/ul), as indicated. Pronase-treated
fraction B (FxB* and FxB**) was prepared by incubating a mixture of
fraction B (0.11 pg/ul) and Pronase in 10 mM Pipes (pH 6.5) for 30
min at room temperature followed by heating at 100°C for 6 min. In
reaction ¢ (FxB*), the concentration of Pronase was 0.009 ug/ul; in
reactions d, i, and j (FxB**), Pronase concentration was 0.09 pg/ul. In
reaction j, untreated fraction B was added to the reaction mixture after
the addition of FxB**. Lanes a—d and e—j represent experiments done
on separate days with different exposure times during autoradiogra-

phy.
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FiG. 4. Effect of fraction B on oriC-SeqA interaction. Gel retar-
dation assays were performed on the components indicated. Concen-
trations of SeqA (as nM) are indicated; fraction B (Fx B) was present,
where indicated, at a concentration of 20 ng/ul.

At higher SeqA concentrations that do not require SeqB for
binding to hemimethylated oriC, it has ben shown that SeqA
can bind hemimethylated lacZ and, at even higher concentra-
tions, SeqA can bind fully methylated oriC (9). The effect of
SeqB under these conditions has not been examined.

Fraction B could not be replaced in the reconstituted system
by 2-10 mM MgCl, and the binding reaction was not affected
by 2-10 mM EDTA, demonstrating that SeqB did not function
by simply providing Mg?* to the system.

DISCUSSION

We conclude from the present study that the high-affinity
binding of hemimethylated oriC to E. coli membranes, which
has previously been implicated in prevention of premature
reinitiation at newly replicated chromosomal origins, requires
both SeqA and a previously unrecognized factor, SeqB. The
reconstituted SeqA/SeqB system retained the salient charac-
teristics that distinguish the activity of the membrane-
associated system. These include the ability to bind oriC at low
SeqA concentrations and the high specificity for hemimethy-
lated DNA. Taken together with the fact that most of the
oriC-binding activity of the membrane preparation was recov-
ered in the reconstituted SeqA/SeqB system, these observa-
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F1G. 5. Specificity of reconstituted system for hemimethylated
oriC. Gel retardation assays were performed in the presence or
absence of SeqA (2.9 nM) (a, ¢, and ¢) and/or fraction B (FxB, 40
ng/ul) (b, d, and f), as indicated. The concentrations of hemimethyl-
ated (a and b), fully methylated (¢ and d), or unmethylated (e and f)
32P-labeled oriC were 50 pM (lanes a—d) and 200 pM (lanes e-h).
Autoradiograms were exposed for 12 hr (lanes a—d) or 3 hr (lanes e—h).
Arrows indicate position of free oriC.
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tions provide the first evidence that the specific binding of
hemimethylated oriC is likely to be mediated by a multiprotein
complex that includes SeqA and SeqB or occurs in a localized
membrane domain that includes these two components. The
possibility that additional components may also be part of the
high-affinity binding system cannot be excluded.

The results indicate that the role of SeqB is to activate the
intrinsic oriC-binding activity of SeqA since SeqA at high
concentrations was capable of binding hemimethylated oriC in
the absence of SeqB. The requirement for SeqB could not be
eliminated by increasing the concentration of hemimethylated
oriC, suggesting that SeqB probably acts on SeqA rather than
on the oriC substrate. Although it appears likely that the
SeqA/SeqB system represents all or part of the machinery that
normally sequesters hemimethylated oriC within the cell, proof
of this will require identification and disruption of the segB
gene and characterization of the segBnull phenotype.

The possible role of the membrane in the SeqA/SeqB-
mediated sequestration process has not been fully character-
ized. The membrane association of SeqA and SeqB has thus far
been defined primarily by their presence in a low-density crude
membrane fraction. Although the membrane association of
the hemimethylated oriC-binding activity of the crude mem-
brane preparation had previously been rigorously established
by sedimentation and flotation equilibrium analysis (6), a
more rigorous characterization of the apparent membrane
association of the SeqA/SeqB machinery will be needed to
firmly establish the role of the membrane in the sequestration
process.

Newly replicated chromosomal origins are refractory to the
initiation of another round of replication until the appropriate
time in the next cell cycle is reached. Support for the idea that
this sequestration involves the association of hemimethylated
oriC with membrane-associated SeqA includes the fact that
sequestration of hemimethylated oriC in vivo and the ability of
isolated E. coli membranes to bind hemimethylated oriC in
vitro are both lost in AsegA cells (8, 9). However, it is striking
that most of the cellular SeqA in broken cell preparations from
growing cultures is recovered in the soluble fraction. In our
hands, this accounts for approximately 70-90% of the total
cellular SeqA, depending on growth conditions (unpublished
data). The soluble material presumably represents cytosolic
SeqA, although it could reflect membrane-associated SeqA
that has been displaced from the membrane due to mechanical
forces or to other factors in the preparative procedure.

The possibility that soluble and membrane-associated SeqA
carry out different biological functions remains to be explored.
Newly replicated oriC remains hemimethylated for about
30-40% of the cell cycle (4), and it seems clear that binding
of hemimethylated oriC to SeqA plays a key role in its
sequestration from premature reinitiation. On the other hand,
initiation continues to be suppressed until the remaining
60-70% of the cycle has passed. The explanation for the
continued eclipse period after oriC has become fully methyl-
ated is unknown. The continued failure of initiation could
reflect unavailability of DnaA or other components required
to trigger initiation (17) or could result from the association of
fully methylated oriC with another oriC-binding protein. Al-
ternatively, the continued sequestration of oriC from the
initiation machinery could reflect a continued association of
oriC with SeqA even after the new daughter strand is meth-
ylated, implying a possible role for cytosolic SeqA in this
second-stage sequestration process.

In this regard it may be relevant that although purified SeqA
has a strong preference for hemimethylated DNA, fully meth-
ylated oriC can bind to SeqA when the protein is present at
higher concentrations (9). The binding to fully methylated oriC
appears to be sequence specific since it was shown that SeqA
fails to bind to fully methylated lacZ DNA. It has been
suggested that the interaction of SeqA with fully methylated
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oriC may play a role in modulating initiation (9). If this is
correct, it could explain the suppression of initiation that
continues after oriC has been completely methylated.
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