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DNA-membrane complexes have been obtained from Escherichia coli by using
a freeze-thaw lysis procedure that avoids lysozyme and detergents. Complexes
made in this manner and containing DNA near the origin of replication are
uniquely sensitive to ionic strength, Pronase, and trypsin. There is approximately
one such complex per chromosomal origin. The sensitivities suggest that origin-
specific binding is mediated by a protein. By using these unique characteristics to
distinguish origin-specific complexes from the majority of DNA-membrane bind-
ing sites, it was found that the origin-specific binding persists after termination of

chromosomal replication.

The initiation of DNA replication in Esche-
richia coli occurs at a genetically heritable locus
that is near the ilv operon (2, 19) and most
probably is between dnaA and the bgl loci (11,
21). Despite the central role that the initiation
event plays, very little is known about the mo-
lecular events involved. In addition to the ap-
parent requirement for RNA polymerase activ-
ity (17), initiation requires protein synthesis,
including at least the dnaC (40), dnaA (40),
dnal (1), dnaP (39), and dnaE (40) gene prod-
ucts. It has also been postulated that a DNA-
cell envelope interaction plays an enzymatic
and/or regulatory role in the initiation of repli-
cation (10, 13, 14, 29, 31, 40). This hypothesis
has gained credence through the finding that the
origin of replication is specifically associated
with the cell envelope in Bacillus subtilis (38)
and E. coli (6, 27).

The present paper describes isolation of a
DNA-membrane complex containing DNA near
the origin of replication whose properties are
distinguishable from the majority of the DNA-
membrane complexes. This not only suggests
that its function may be different from that of
complexes containing other regions of the chro-
mosome, but opens the way for a separate in-
vestigation of its behavior.

MATERIALS AND METHODS

Bacterial strains and growth medium. E. coli
CT28 (requires arginine, histidine, leucine, threonine,
proline, thiamine, and thymine and carries the dnaC28
mutation) was obtained from C. I. Davern (33). The

1 Pr t address: Molecular Biology Institute, University
of California, Los Angeles, CA 90024.
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medium used was Robert minimal C-1 medium (28)

- supplemented with 0.5% Casamino Acids (Difco Lab-

oratories), thiamine (1 pg/ml), and thymine (20
ug/ml).

Radioactive labeling. To label the origin of rep-
lication, a 10-ml culture of E. coli CT28 was grown in
a shaking water bath at 30°C to a titer of about 3 X
10? cells per ml (an absorbance at 460 nm of about 0.4
in the Zeiss PMQII). The culture was then shifted to
42°C for 65 min and collected on a filter (45-um pore
size; Millipore Corp.) in a filter apparatus prewarmed
to 42°C. The cells were suspended in 2.5 ml of medium
containing 0.06 mCi of [methyl-*H]thymidine per ml
(56 Ci/mmol; Schwarz/Mann) at 30°C with forced
aeration. After 3 min the culture was refiltered and
resuspended in 10 ml of medium containing 500 ug of
unlabeled thymidine per ml. The culture was then
incubated at 30°C in a water bath shaker for 15 to 20
min before further treatment.

To label the nonorigin regions of the chromosome,
a 10-ml culture of CT28 was grown at 30°C to an
absorbance at 460 nm of 0.4. The culture was shifted
to 42°C for 65 min, then shifted back to 30°C, and 20
min later was collected by filtration and labeled for 3
min as described above.

For uniform labeling of the chromosome, an over-
night culture of CT28 was diluted 1:300 into fresh
medium containing 2.5 uCi of [*H]thymidine per ml
and 200 ug of deoxyadenosine per ml. This culture was
grown for about four generation times before further
handling.

Preparation of sheared lysates. Labeled cell
preparations (about 5 x 10° cells per ml) were added
to KCN (final concentration, 0.05 M) on ice. The cells
were collected by centrifugation (4,000 X g for 10 min
at 4°C). The cells were suspended in 0.2 ml of TES
buffer [0.05 M NaCl-0.06 M tris(hydroxymethyl)-
aminomethane base-0.005 M ethylenediaminetetra-
acetic acid, pH 8.0] and frozen and thawed eight times
in a dry ice-alcohol bath. Lysis was completed by
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diluting with 0.5 to 1.0 ml of water for osmotic shock
that resulted in maximum lysis as monitored by the
decrease in turbidity at 600 nm. Separate measure-
ments indicate that 70 + 2% of the cells were lysed, as
measured by release of DNA. The viscous lysate was
sheared by passing eight times through a 25-gauge,
0.625-inch (ca. 1.59-cm) needle, and after a low-speed
centrifugation (4,000 X g, 5 min, 4°C) to remove the
unlysed cells, the supernatant was analyzed immedi-
ately or stored at —70°C. Storage for up to several
weeks had no observable effect.

Neutral sucrose gradient sedimentation. To de-
termine the fraction of DNA present as rapidly sedi-
menting complexes (RSC), a portion (0.1 to 0.2 ml) of
the lysate was layered onto a 3.2-ml 5 to 20% sucrose
gradient in TES buffer layered over a 0.8-ml 60%
sucrose-CsCl (1.2 g/ml) in TES buffer shelf. The
gradients were prepared in a cellulose nitrate centri-
fuge tube (0.5 by 2 inches [ca. 1.27 by 5.08 cm];
Beckman no. 305050). For experiments involving dif-
ferent ionic strengths, the gradients were adjusted to
the same ionic strength as the sample with NaCl.
Centrifugation was carried out at 31,000 rpm at 20°C
for 30 min in an SW50.1 rotor. Alternatively, a larger
volume of lysate was layered on a 12-ml 5 to 20%
gradient with a 3-ml shelf of the same components as
above. These gradients were centrifuged for 90 min at
25,000 rpm in an SW27 rotor at 20°C.

Fractions were collected from the bottom of the
tube, precipitated with 10% trichloroacetic acid, fil-
tered onto nitrocellulose membrane filters, dried, and
counted in a toluene-based scintillation fluid [2,5-di-
phenyloxazole, 8 g/liter, and 1,4-bis-(5-phenyloxa-
zolyl)benzene, 0.8 g/liter]. At times, peaks were col-
lected in bulk from the top, mixed with 125 ug of
carrier RNA, trichloroacetic acid precipitated, and
treated as above. This gives a very sensitive measure
of the amount of DNA as RSC, even when low num-
bers of counts per minute are loaded onto the gradient.
Recovery was essentially 100%.

To determine the molecular weight of the frag-
ments, 0.1 ml of lysate was mixed with 0.01 ml of 10%
sodium lauryl sulfate, 0.01 ml of TES-saturated
phenol, and 0.01 ml of [*C]thymidine-labeled T7
phage. After a 10-min incubation at room temperature,
the lysate was layered on a 4-ml 5 to 20% sucrose
gradient (TES buffer) and centrifuged for 55 min at
45,000 rpm at 20°C in an SW50.1 rotor. Seven-drop
fractions were collected from the bottom onto filter
paper strips, treated with 10% trichloroacetic acid and
ethanol in succession, dried, and counted in a toluene-
based scintillation fluid. The number average molec-
ular weight was calculated after the method of Ivarie
and Péne (12), by using 25 X 10° as the molecular
weight of the T7 DNA (16) as a standard.

Chemicals and enzymes. The enzymes used were
bovine pancreatic trypsin (10,000 U/mg) from Sigma,
egg white lysozyme (29,600 U/mg) from Calbiochem,
and deoxyribonuclease I (3,840 Kunitz units/mg) from
Sigma. Spermidine was obtained from Calbiochem.

RESULTS

Preparation of rapidly sedimenting com-
plexes. A critical step in isolating DNA-mem-
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brane complexes is the lysing of the cells. We
have employed a freeze-thaw method to elimi-
nate artifacts stemming from detergents (22, 23,
30) or lysozyme (15, 35; see also Fig. 4) that have
caused misinterpretations of the data of others.
Although the efficiency of freeze-thaw lysis is
lower than that of the lysozyme and detergent
methods, any unlysed cells can be removed by
low-speed centrifugation. This procedure has re-
sulted in lysates that (after shearing, as de-
scribed above) contain DNA with a reproducible
number average molecular weight of about 8 x
105 as judged by sucrose density gradient cen-
trifugation.

The typical pattern produced by sedimenta-
tion of such a sheared lysate in a 5 to 20% neutral
sucrose gradient over a high-density shelf is
shown in Fig. 1A, where most of the DNA re-
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F1G. 1. Sedimentation characteristics of radioac-
tively labeled DNA in differently prepared cell ly-
sates. Counts per minute in fractions from a sucrose
gradient, centrifuged as described in the text and
plotted versus fraction number. (A) Cells uniformly
labeled with [*H]thymidine (O) mixed with purified
["'C]thymine DNA (®) before lysis. (B) Sheared lysate
from uniformly labeled culture, adjusted to 1% so-
dium lauryl sulfate before centrifugation. (C) Com-
posite of two gradients run in the same rotor at the
same time: (i) Lysate of a uniformly labeled culture
treated with deoxyribonuclease I (91 Kunitz units per
ml for 15 min at room temperature) (+) and (ii)
untreated control (O).
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mains at the top of the gradient and only a small
percentage moves to the shelf as an RSC. The
distribution and number average molecular
weight for DNA isolated from the RSC are
essentially the same as those of the total lysate.
Purified “C-labeled DNA, added to the cell sus-
pension before lysis, does not contribute to the
RSC fraction, showing that the DNA in the RSC
is not first released by lysis and then trapped in
cell debris. Addition of sodium lauryl sulfate (1%
final concentration) to a sheared lysate results
in a complete loss of rapidly sedimenting DNA
(Fig. 1B), consistent with the interpretation that
the RSC involves cell membrane. Figure 1C
shows that all of the detectable DNA in the
RSC fraction is sensitive to deoxyribonuclease I,
indicating that all unlysed cells have been effec-
tively removed. The sensitivity to DNase also
argues against entrapment of DNA in vesicles
formed during lysis (24). All of these results
indicate that DNA-membrane complexes ob-
tained by freeze-thaw lysis are qualitatively sim-
ilar to those found by others using lysozyme and
detergents (8, 12, 18, 27, 37).

To determine the number of DNA-membrane
binding sites present, cultures of CT28 were
labeled continuously with [*H]thymidine for
about four generations at 30°C and used to
prepare sheared lysates. The fraction of DNA as
RSC under these growth conditions was 0.08 +
0.002 (see Table 1). By using the number average
molecular weight of the fragments (8 x 10%) and
the molecular weight of the E. coli chromosome
(2.7 % 10°), we calculate at least 27 attachments
per chromosome. This agrees well with esti-
mates obtained for other strains of E. coli (5)
and for B. subtilis (12).

Labeling of the origin. The origin of repli-
cation can be preferentially labeled by aligning
DNA replication in a culture so that all chro-
mosomes initiate within a very short period of
time. This can be accomplished with the dnaC
mutant CT28 by holding it at the nonpermissive
temperature (42°C) until it completes all the
rounds of replication in progress and accumu-
lates the products necessary for initiating new
rounds (32) when subsequently returned to the
permissive temperature (30°C). Completion of
all rounds of replication after shifting to 42°C
was shown by a plateau of [*H]thymidine incor-
poration. Rapid reinitiation of [H]thymidine
incorporation took place upon the shift back to
30°C, as demonstrated earlier by Schubach et
al. (34). The origin region was preferentially
labeled, as described above, by a 3-min pulse-
labeling of cells that had reached their plateau
period and had then been shifted back to 30°C.
Replication forks were chased away from the
origin by washing the radioactivity, replacing it
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TABLE 1. Fraction of DNA as RSC after various

labeling schemes
Fraction Enrich-
Lysate of DNA Avg + SD* ment ra-
as RSC tio®
Uniformly la-
beled in
expt: -
1 0.082
2 0.080
3 0.078
) 0.079 0.080 + 0.002 1.0
5 0.081
6 0.077
Random pulse®
in expt:
0.081
2 0078 0.079 £0.002 0.99
3 0.079
Nonorigin pulse
in expt:
1 0.076
2 0.081
3 0.080 0.079 £ 0.002  0.99
4 0.079
Origin pulse in
expt:
1 0.32
2 0.30
3 0.31 0.30 + 0.01 3.75
4 0.29
5 0.30

2 SD, Standard deviation.

®Enrichment ratio = percent DNA as RSC
(pulse)/percent DNA as RSC (uniform).

¢ An exponential culture of CT28 was pulse-labeled
at 30°C in an identical fashion as the nonorigin pulse.

with nonradioactive thymidine, and growing the
cells an additional 15 to 20 min. It has been
shown that the above protocol does, in fact, label
the origin of replication in CT28 (20).

Membrane binding of the origin. Prefer-
ential labeling of the origin region in CT28 re-
sults in about 30% of the label being represented
in the RSC fraction (Table 1). In contrast, the
fraction of DNA as RSC from uniformly labeled
chromosomes or randomly labeled chromo-
somes was about 8%. Pulse-labeled nonorigin
regions of the chromosome were also repre-
sented in the RSC fraction at about 8%. The
enrichment for origin-labeled fragments was
thus about 3.75-fold, compared to no enrichment
for non-origin-labeled regions.

Sensitivity of DNA-membrane complexes
to ionic strength. Increased ionic strength has
a different effect on complexes involving the
origin of replication than on complexes involving
other chromosomal regions. When portions of a
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single lysate adjusted to the desired ionic
strength were compared for the amount of DNA
appearing as RSC, the majority of the DNA-
membrane complexes (represented effectively
by uniformly labeled chromosomes) were vir-
tually unaffected by ionic strengths up to 1.0 M
NaCl (Fig. 2). Complexes specifically removed
from the origin of replication (by labeling 20 min
after chromosomal alignment) also were not af-
fected by increases in ionic strength. However,
complexes involving regions near the origin ex-
hibit marked sensitivity, about 50% of the DNA-
membrane complexes being disrupted by the
highest ionic strength employed. More detailed
study (see below) shows that the complexes
sensitive to ionic strength are disrupted by as
little as 0.12 M NaCl. Preferential labeling of the
origin region, using amino acid starvation with
a dnaC* strain to produce the chromosomal
alignment before labeling, gave similar results,
showing that the effect is not peculiar to dnaC
mutants or to the temperature regimen used for
chromosomal alignment in CT28.

Protease sensitivity of DNA-membrane
complexes. The sensitivity of the origin-specific
complex to an increase in ionic strength suggests
that the DNA-membrane interaction may be
mediated by a protein-DNA interaction. To test
this possibility, lysates were incubated with Pro-
nase, and the effect on the fraction of DNA as
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F1G. 2. Effect of ionic strength on DNA-membrane
binding. Sheared lysates of appropriately labeled
cells were adjusted to the indicated ionic strength by
addition of concentrated NaCl solution, kept on ice
for 10 min, and layered onto sucrose gradients of the
same ionic strength as the lysate before centrifuging
in an SW50.1 rotor. The fraction of total labeled
DNA as RSC is plotted versus ionic strength. Sym-
bols: (O) uniformly labeled lysate; (@) lysate labeled
in nonorigin regions; (O) lysate labeled in the origin
region; and (A) lysate from a culture of CT28 pref-
erentially labeled at the origin of replication and
reincubated at 42°C for 65 min before lysis.

J. BACTERIOL.

RSC was determined. Figure 3A shows that the
majority of the binding sites from a lysate with
uniformly labeled DNA are relatively refractory
to the Pronase digestion (solid squares). How-
ever, the lysate containing label only in the
origin region was reduced by about 60% after
treatment with Pronase (open squares). Because
increasing the concentration to 500 ug/ml caused
no further decrease than treatment with 250
pg/ml, it is likely that all Pronase-sensitive sites
had been removed.

Portions of lysates after Pronase treatment
were adjusted to higher ionic strengths, and the
fraction of the DNA remaining as RSC was
determined. Figure 3B shows that the salt-sen-
sitive sites present before Pronase treatment
(open circles) have been completely removed by
Pronase treatment (closed circles). Because only
50% of the DNA was salt sensitive before Pro-
nase digestion and the removal of a little more
than 50% of the DNA from the RSC fraction
with Pronase treatment left no salt-sensitive
complexes, we conclude that Pronase specifically
attacks the salt-sensitive sites.

Trypsin has been reported to attack prefer-
entially the lipoprotein component that helps
maintain the structure of the wall-membrane
adhesion zones present in E. coli (9). Trypsin
treatment of DNA-membrane complexes gives
qualitatively the same effect as Pronase treat-
ment: complexes from uniformly labeled lysates
are little affected, whereas complexes from ly-
sates preferentially labeled at the origin of rep-
lication show sensitivity. Again, the salt sensitiv-
ity of the origin-labeled complexes after trypsin
treatment was greatly reduced, indicating that
the origin-specific binding had been preferen-
tially disrupted by the proteolytic enzyme.

Binding after termination of replication.
Placing a culture of CT28, labeled at the origin
of replication, back to 42°C for 65 min results in
the termination of all rounds of replication and
a plateau of [*H]}thymidine incorporation, be-
cause no new initiations can occur without a
functional dnaC gene product. DNA-membrane
complexes isolated from such a culture show no
change in the fraction of DNA present as RSC
or in the sensitivity of the complexes to ionic
strength (Fig. 2), showing that the complexes
persist after termination of replication.

Effects of lysozyme and spermidine.
When lysozyme is mixed with a freeze-thaw
lysate at low ionic strength (0.015 M), a consid-
erable amount of DNA is found in the RSC
fraction compared to that of the lysate with no
additions (see Fig. 4). Essentially all of this bind-
ing can be subsequently removed by raising the
ionic strength to greater than 0.05 M. Thus,
although this lysozyme-mediated binding is su-
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FiG. 3. Effect of Pronase on DNA-membrane complexes. (A) Lysates from either uniformly labeled chro-

mosomes (@) or from origin-labeled chromosomes (0),

treated with the indicated concentrations of Pronase

for 15 min at 30°C before determining the fraction of labeled DNA as RSC in the SW50.1 rotor. (B) Lysate
labeled in the origin of replication tested for sensitivity to ionic strength without Pronase treatment (O) and
after a 15-min incubation with 500 pg of Pronase per ml (®).
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F1G. 4. Effect of lysozyme on DNA-membrane in-
teraction. Sheared lysate from a uniformly labeled
culture was adjusted to the indicated ionic strength
with NaCl either in the presence of 500 ug of lysozyme
per ml (@) or in the absence of lysozyme (O). After
incubation on ice for 10 min, the fraction of DNA
present as RSC was determined by sedimentation in
the SW50.1 rotor. A lysate from a culture labeled at
the origin of replication, similarly adjusted to the
indicated ionic strength with NaCl and centrifuged
after 10 min, is shown for comparison (4).

perficially similar to that of the origin-specific
binding, the origin-specific binding is slightly
more stable to increases in ionic strength.
Recent studies on the role of membrane bind-
ing in relation to the chromosome replication
cycle have utilized membrane-bound folded
chromosomes isolated in 1.0 M NaCl (14, 40).
This ionic strength would, however, disrupt
completely the origin-specific binding. A poten-
tial substitute for the 1 M NaCl is spermidine

TABLE 2. Effects of spermidine on the salt-sensitive
binding near the origin of replication®

Addition to lysate % DNA remaining
None ........................ 30.0
Spermidine (15 mM) ...... .. .. 29.0
Spermidine (30 mM) ....... ... 30.5
NaCl (05 M) ................. 145
NaCl (1.0M) ................. 14.5

@ Portions of a sheared lysate obtained from a cul-
ture of CT28 preferentially labeled at the origin of
replication were adjusted to the indicated concentra-
tion of NaCl or spermidine. After 10 min on ice, the
fraction of DNA as RSC was determined as described
in the text.

(7). Table 2 shows that exposure of origin-la-
beled lysates to 15 or 30 mM spermidine does
not affect the amount of the pulse-labeled DNA
present in the RSC fraction. Thus, it may be
possible to isolate membrane-bound folded chro-
mosomes with the origin-specific binding intact
by stabilizing the chromosome structure with
spermidine instead of 1.0 M NaCl.

DISCUSSION

Specific labeling of the origin of replication in
E. coli has allowed detection of a unique DNA-
membrane complex that ‘possesses physiochem-
ical properties distinct from the majority of de-
tectable complexes. The origin-specific binding
(i.e., the binding disrupted by 0.12 M NaCl) is
disrupted completely by treatment with Pronase
and trypsin, unlike the majority of DNA-mem-
brane complexes that are unaffected by protease
or by 1 M NaCl (36, 41; also Fig. 2 and 3). These
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features suggest that a protein mediates the
DNA binding. Because binding occurs only in a
unique region of the chromosome, it is also pos-
sible that the protein recognizes a specific DNA
sequence near the origin of replication and pro-
motes interaction of this DNA segment with the
cell envelope. The salt-sensitive binding persists
after termination of DNA replication, suggesting
that detachment and reattachment of the origin
do not play an important role with respect to
initiation of DNA replication during the cell
cycle, as surmised by others (14, 41). The same
conclusion was reached by Ryder and Smith
(31), although they were not able to relate their
data to the binding of a particular region of the
chromosome.

The number of uniquely bound DNA frag-
ments per origin can be calculated from the
amount of DNA replicated during the pulse-
labeling time, the average size of fragments, and
the fraction of DNA bound in salt-sensitive com-
plexes. The DNA replicated during a particular
time interval can be determined from the repli-
cation period, or C period (3), and the value of
C under the growth conditions employed can be
obtained from the accumulation of DNA after
initiation of replication is stopped at a nonper-
missive temperature. The fractional increase F
in DNA after cessation of initiation is related to
the C period and the growth rate by F = ¢*(¢/?,
where % is the inverse of the generation time
(26). Because the average accumulation of DNA
under these conditions is 1.54 + 0.04-fold,
whereas the generation time is 75 min, the C
period is 60 min. Therefore, in 3 min about 3/60
of the E. coli chromosome, or 1.2 x 10® daltons,
would be replicated. Because the number aver-
age fragment molecular weight is 8 x 106, about
15 fragments are labeled, of which 30% or about
4.5 are present in rapidly sedimenting com-
plexes. Of these, about half, or slightly more
than two, are salt sensitive (Fig. 2). Because two
origins are labeled by each initiation event (i.e.,
the origin is duplicated), it would appear that
there is one unique, salt-sensitive site per origin
region. This value is an estimate due to some
asynchrony in initiation of replication.

On the average, there is also one site with
properties similar to the majority of the sites
(salt insensitive) that is close to the origin of
replication.

Existence of one salt-insensitive complex near
the origin of replication can be explained by a
mechanism not related to initiation of DNA
replication. Regions of the chromosomes that
are being transcribed may have a much higher
probability of associating with the cell mem-
brane than nonactive regions (18, 33). Because
the RNA genes are among the most highly active
regions of the chromosome (4) and are clustered
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near the origin in E. coli (25), one might expect
the origin region to be enriched in the mem-
brane-bound DNA and to have properties simi-
lar to the majority of DNA-membrane com-
plexes at sites scattered around the chromo-
some.

The properties of the origin-specific binding
site that we observe suggest that some changes
in traditional techniques might be advisable in
studying the role of DNA-membrane binding
during the replication cycle (14, 41). For exam-
ple, 1 M NaCl as a source of stabilizing counter-
ions in isolation of membrane-bound folded
chromosomes would disrupt the sites described
here. Because we find that spermidine does not
affect the binding at concentrations that stabi-
lize the folded chromosome (7), its use would
seem preferable. Most lysis methods utilize ly-
sozyme, which we find leads to additional, non-
specific binding at low salt concentrations (34;
see Fig. 4), whereas high salt leads to disruption
of the origin-specific binding. From Fig. 4 it is
apparent that the ionic strength must be care-
fully controlled between 0.05 and 0.07 M, when
lysozyme is used to avoid both disruption of
complexes and artifactual binding. It is possible
that a small amount of lysozyme-induced bind-
ing may persist even at the higher ionic
strengths.

The biochemical properties of the origin-spe-
cific complex characterized here (i.e., salt sensi-
tivity, trypsin sensitivity, and Pronase sensitiv-
ity) are identical to those properties of the DNA-
membrane complexes isolated by Olsen et al.
(24). However, we have seen the salt-sensitive
sites only when the origin of replication was
preferentially labeled, whereas Olsen et al. (24)
isolated their complexes from uniformly labeled
chromosomes. These differences could be ex-
plained by assuming that Olsen et al. enriched
for the salt-sensitive complex. We have found
that the origin-labeled DNA retains its high
probability of interacting with the membrane
when the cells enter stationary phase, in contrast
to the majority of complexes which decrease in
number (unpublished data). It is possible that
harvesting large batch cultures at a. relatively
high cell density as reported by Olsen et al.
produces a condition similar to stationary phase
resulting in an enrichment for the salt-sensitive
binding. If our complexes are indeed the same
as those of Olsen et al., then their data indicating
that wall-membrane adhesion zones are the
points of DNA attachment apply to our salt-
sensitive complexes as well.

ACKNOWLEDGMENTS

We thank Robert Marsh and Michael Patrick for their
enthusiasm and critical readings of this paper.
This work was supported by Public Health Service grant



VoL. 134, 1978

GM 16547 from the National Institute of General Medical
Sciences.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

21.

LITERATURE CITED

. Beyersmann, D., W. Messer, and M. Schlicht. 1974.

Mutants of Escherichia coli B/r defective in deoxyri-
bonucleic acid initiation: dnal, a new gene for replica-
tion. J. Bacteriol. 118:783-789.

. Bird, R. E., J. Louarn, J. Martuscelli, and L. Caro.

1972. Origin and sequence of chromosome replication in
Escherichia coli J. Mol. Biol. 70:549-566.

. Cooper, S., and C. E. Helmstetter. 1968. Chromosome

replication and the division cycle of Escherichia coli
B/r. J. Mol. Biol. 31:519-540.

. Dennis, P. P., and H. Bremer. 1974. Macromolecular

composition during steady-state growth of Escherichia
coli B/r. J. Bacteriol. 119:270-281.

. Dworsky, P., and M. Schaechter. 1973. Effect of rifam-

pin on the structure and membrane attachment of the
nucleoid of Escherichia coli. J. Bacteriol. 116:
1364-1374.

. Fielding, P., and C. F. Fox. 1970. Evidence for stable

attachment of DNA to membrane at the replication
origin of Escherichia coli. Biochem. Biophys. Res.
Commun. 41:157-162.

. Flink, L., and D. E. Pettijohn. 1975. Polyamines stabilise

DNA folds. Nature (London) 253:61-63.

. Ganesan, A. T., and J. Lederberg. 1965. A cell mem-

brane bound fraction of bacterial DNA. Biochem. Bio-
phys. Res. Commun. 18:824-835.

. Heidrich, H. G., and W. Olsen. 1975. Deoxyribonucleic

acid-envelope complexes from Escherichia coli: a com-
plex-specific protein and its possible function for the
stability of the complex. J. Cell Biol. 67:444-460.

Helmstetter, C. 1974. Initiation of chromosome replica-
tion in Escherichia coli. II. Analysis of the control
mechanism. J. Mol. Biol. 84:21-36.

Hiraga, S. 1976. Novel F prime factors able to replicate
in Escherichia coli Hfr strains. Proc. Natl. Acad. Sci.
U.S.A. 73:198-202.

Ivarie, R. D., and J. J. Pene. 1973. Association of many
regions of the Bacillus subtilis chromosome with the
cell membrane. J. Bacteriol. 114:571-576.

Jacob, F., S. Brenner, and F. Cuzin. 1963. On the
regulation of DNA replication in bacteria. Cold Spring
Harbor Symp. Quant. Biol. 28:329-336.

Jones, N. C., and W. D. Donachie. 1974. Protein syn-
thesis and the rel of the replicated chromosome
from the cell membrane. Nature (London) 251:252-253.

Korch, C., S. Ovrebg, and K. Kleppe. 1976. Envelope-
associated folded chromosomes from Escherichia coli:
variations under different physiological conditions. J.
Bacteriol. 127:904-916.

Lang, D. 1970. Molecular weights of coliphages and coli-
phage DNA. III. Contour length and molecular weight
of DNA from bacteriophages T4, T5 and T7, and from
bovine papilloma virus. J. Mol. Biol. 54:557-565.

Lark, K. G. 1972. Evidence for the direct involvement of
RNA in the initiation of DNA replication in Esche-
richia coli 15T. J. Mol. Biol. 64:47-60.

Liebowitz, P. J., and M. Schaecter. 1975. The attach-
ment of the bacterial chromosome to the cell mem-
brane. Int. Rev. Cytol. 41:1-28.

Louarn, J., M. Funderburgh, and R. E. Bird. 1974.
More precise mapping of the replication origin in Esch-
erichia coli K-12. J. Bacteriol. 120:1-5.

. Marsh, R. C., and A. Worcel. 1977. A DNA fragment

containing the origin of replication of the Escherichia
coli chromosome. Proc. Natl. Acad. Sci. U.S.A.
74:2720-2724.

Masters, M. 1975. Strains of Escherichia coli diploid for
the chromosomal origin of DNA replication. Mol. Gen.

DNA-MEMBRANE BINDING NEAR THE ORIGIN

22.

23.

24.

25.

27.

28.

31.

32.

35.

37.

39.

41.

199

Genet. 143:105-111.

Meyer, M., M. A. De Jong, C. S. Woldringh, and N.
Nanninga. 1976. Factors affecting the release of folded
chromosomes from Escherichia coli. Eur. J. Biochem.
63:469-475.

Meyer, M., M. A. De Jong, C. L. Woldringh, and N.
Nanninga. 1976. Significance of folded chromosomes
released from amino-acid-starved Escherichia coli cells.
Eur. J. Biochem. 65:409-414.

Olsen, W. L., H.-G. Heidrich, K. Hanning, and P. H.
Hofschneider. 1974. Deoxyribonucleic acid-envelope
complexes isolated from Escherichia coli by free flow
electrophoresis: biochemical and electron microscope
characterization. J. Bacteriol. 118:646-653.

Pace, N. 1973. Structure and synthesis of the ribosomal
ribonucleic acid of prokaryotes. Bacteriol. Rev.
37:562-603.

. Painter, P. R. 1974. The relative numbers of different

genes in exponential microbial cultures. Genetics
76:401-410.

Parker, D. L., and D. Glaser. 1974. Chromosomal sites
of DNA brane attach t in Escherichia coli. J.
Mol. Biol. 87:153-168.

Roberts, R. B.,, P. H. Abelson, D. B. Cowie. E. T.
Bolton, and R. J. Britten. 1955. Studies on biosyn-
thesis in Escherichia coli. Carnegie Institute of Wash-
ington, publication no. 607, Washington, D.C.

. Rowbury, R. J. 1972. Bacterial cell division: its regulation

and relation to DNA synthesis. Sci. Prog. (London)
60:169-188.

. Ryder, O. A.,, and D. W. Smith. 1974. Isolation of

membrane-associated folded chromosomes from Esch-
erichia coli: effect of protein synthesis inhibition. J.
Bacteriol. 120:1356-1363.

Ryder, O. A., and D. W. Smith. 1975. Properties of
membrane-associated folded chromosomes in E. coli
related to initiation and termination of DNA replica-
tion. Cell 4:337-345.

Sakai, H. S., S. Hashimoto, and T. Komano. 1974.
Replication of deoxyribonucleic acid in Escherichia coli
C mutants temperature sensitive in the initiation of
chromosome replication. J. Bacteriol. 119:811-820.

. Sakakibara, Y., and J.-1. Tomizawa. 1971. Gene N and

membrane association of lambda DNA, p. 691-699. In
A. D. Hershey (ed.), The bacteriophage lambda. Cold
Spring Harbor Laboratory, Cold Spring Harbor, N.Y.

. Schubach, W. H., J. D. Whitmer, and C. 1. Davern.

1973. Genetic control of DNA initiation in Escherichia
coli. J. Mol. Biol. 74:205-221.

Silbertstein, S., and M. Inouye. 1974. The effect of
lysozyme on DNA-membrane association in Esche-
richia coli. Biochim. Biophys. Acta 336:149-158.

. Smith, D. W., and P. C. Hanawalt. 1967. Properties of

the growing point region in the bacterial chromosome.
Biochim. Biophys. Acta 149:519-531.

Snyder, R. W., and F. E. Young. 1969. Association
between the chromosome and the cytoplasmic mem-
brane in Bacillus subtilis. Biochem. Biophys. Res.
Commun. 35:354-362.

. Sueoka, N., and W. C. Quinn. 1968. Membrane attach-

ment of the chromosome replication origin in Bacillus
subtilis. Cold Spring Harbor Symp. Quant. Biol.
33:695-705.

Wada, C., and T. Yura. 1974. Phenethyl alcohol resist-
ance in Escherichia coli. III. A temperature-sensitive
mutation (dnaP) affecting DNA replication. Genetics
77:199-220.

. Wechsler, J. A., and J. D. Gross. 1971. Escherichia coli

mutants temperature-sensitive for DNA synthesis. Mol.
Gen. Genet. 113:273-284.

Worcel, A., and E. Burgi. 1974. Properties of a mem-
brane-attached form of the folded chromosome of Esch-
erichia coli. J. Mol. Biol. 82:91-105.



