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Abstract

The genomic DNA of bacteria is highly localized in one or a few bodies known as nucleoids. A number of
restraints to the unfolding of the DNA of spermidine nucleoids fromEscherichia coli were previously associated with
characteristic urea concentrations(U values). The dominant restraint to unfolding was sensitive to pancreatic RNasem

and underwent a cooperative transition atU s3.2 M urea. The losses of the RNase-sensitive restraint caused bym

urea or pancreatic RNase appear to result from breakage of cotranslational insertion linkages which joined the
nucleoid to the cell envelope in growing cells. This conclusion is based upon effects from exposures of cells to
antibiotics (chloramphenicol, rifampicin, streptomycin), treatment of nucleoid preparations with formaldehyde or
concentrated NaCl solutions, and effects of urea on purified ribosomes. The specific RNase-sensitive and urea-
sensitive components of the spermidine nucleoids are suggested to be the mRNA and ribosomes, respectively, of
cotranslational insertion linkages.
� 2002 Elsevier Science B.V. All rights reserved.

Keywords: DNA; Nucleoid;Escherichia coli; Ribonuclease; Urea; Spermidine

1. Introduction

Bacterial DNA is largely confined to a fraction
of the cell volume, in one or a few compact bodies
known as nucleoids. The state of nucleoid com-
paction is a balance of compacting and decom-

Abbreviations: U , urea concentration at 50% unfoldingm

of the nucleoid.
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pacting forcesw1,2x. Forces favoring compaction
include macromolecular crowding by the surround-
ing cytoplasmw2–6x, the binding of proteinsw7–
10x or of polyamines w11–16x, and DNA
supercoiling w17x. Forces favoring decompaction
include entropy and electrostatic repulsion that are
exacerbated by the enclosure of a millimeter-long
piece of DNA within a cell envelope that is only
a few microns in any dimension. A different,
localized type of decompacting force was suggest-
ed w1x to arise from cotranslational insertion link-
ages that might exert pulling forces between the
genomic DNA and the cell envelope. These link-
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Fig. 1. A role of cotranslational insertion linkages in maintaining partial DNA compaction in lysed cells. The drawings illustrate
concepts and interpretations described in detail in the text. A few of the thousands of cotranslational insertion linkages in a growing
cell are represented between the nucleoid DNA and the cell envelope. Most of the DNA of the growing cell(a) is present in
compact regions because of the macromolecular crowding of the cytoplasm of the cell, ligand binding, and supercoiling; linkages
at the surfaces of these compact regions of DNA or to extensions of the DNA into the cytoplasm bind the DNA to the envelope.
Upon lysis, the loss of macromolecular crowding allows a limited expansion of the DNA(b), but more complete unfolding is
prevented by the cotranslational insertion linkages. If the linkages are broken by treatment of spermidine nucleoids with RNase or
urea, extensive unfolding of the DNA occurs(c).

ages are formed in large numbers in growing cells
by coordinate translation, transcription, and inser-
tion of nascent polypeptides into cell membranes
w1,18–21x. Vos-Scheperkeuter and Witholtw19x
have estimated that the thousands of cotranslation-
al insertion linkages in a growing cell will result
in the inner surface of the cytoplasmic membrane
being largely covered by the involved ribosomes.
As an experimental approach to nucleoid com-

paction and to the largely unknown local structure
in the nucleoid, we have been attempting a system-
atic dissection of a type of ‘isolated’ bacterial
nucleoid, the spermidine nucleoid fromEscheri-
chia coli, first described by Kornberg et al.w22x.
The effects of cotranslational insertion linkages on
DNA compaction in these or any other in vitro
nucleoid preparations have not previously been
addressed, to our knowledge.
Spermidine nucleoids are made by detergent

lysis of lysozyme-treated cellsw22,23x. The DNA
in these preparations is maintained in a compact
form by a series of restraintsw24x. We here
consider the possibility that one of these restraints,
the dominant RNase-sensitive restraint to unfold-

ing, is a direct result of the carryover into sper-
midine nucleoids of cotranslational insertion
linkages made in the cell. This proposal is dia-
gramed in Fig. 1: linkages that tie the nucleoid
DNA to the envelope of the growing cell(a)
would continue to tie the DNA to the residual
envelope of the spermidine nucleoid(b); however,
destruction of the linkages(e.g. by RNase or urea)
would allow extensive unfolding of the relatively
compact DNA of spermidine nucleoids(c).
The RNase-sensitive restraint was defined by its

high sensitivity to pancreatic RNase. Recognition
of the RNase-sensitive restraint was crucial to the
study of the other restraints; it was only after the
RNase-sensitive system had been removed that
independent, RNase-resistant restraints to unfold-
ing could be detected. The nucleoids remained
folded after removal of this restraint with pancre-
atic RNase because of the presence of the RNase-
resistant restraint(s), but had become much more
urea sensitivew24x. The RNase-sensitive restraint
was also sensitive to urea; nucleoids underwent a
cooperative unfolding at a characteristic urea con-
centration (midpoint of urea transition orUm
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values3.2"0.19 M urea). Our results suggest that
cotranslational insertion linkages are responsible
for the RNase-sensitive restraint and that its urea-
sensitivity arises from the urea-sensitivity of the
ribosomes involved.

2. Materials and methods

Materials and methods were as previously
describedw23,24x where not specified.

2.1. Materials

Rifampicin and streptomycin were purchased
from Sigma Chemical Co.

2.2. Nucleoid preparations

Spermidine nucleoids were freshly prepared for
each experiment fromE. coli C600 as beforew23x.
Where indicated, logarithmically growing cells
(A s0.25) were treated with the specified600nm

concentrations of chloramphenicol, streptomycin,
or rifampicin for 30 min at 378C under growth
conditions and then the cultures were chilled and
used for nucleoid isolation as beforew23x. RNase-
treatment of the spermidine nucleoids was 30 min
at 0 8C with 100 ngyml of pancreatic RNase(i.e.
as used to prepare ‘RNased nucleoids’w24x).
Where indicated, nucleoids were extracted with

1 M NaCl by gentle mixture of one volume of
spermidine nucleoids with 0.43 volume of a solu-
tion containing 3.33 M NaCl–1.33% polyethylene
glycol–10 mM Na diethylmalonate buffer, pH
7.1–5 mM MgCl –1 mM 2-mercaptoethanol.2

After 30 min at 08C, the mixture was centrifuged
for 5 min at 12 000=g, 5 8C. The pellet was
resuspended in 1 vol. of Solution A(Solution As
10 mM Na diethylmalonate buffer, pH 7.1–5 mM
MgCl –1 mM 2-mercaptoethanol) by periodic,2

gentle stirring with a glass rod for 40 min at 08C.

2.3. Dilatancy assay for nucleoid unfolding

Nucleoid unfolding was assayed by the dilatancy
assay. The dilatancy assay utilizes the tendency of
unfolded nucleoids to undergo macroscopic clump-
ing in centrifugal fields; it provides rapid quanti-

tation of DNA unfolding in the presence of urea
and other materials, and detects DNA degradation
to the extent that the degradation interferes with
clumping w24,25x. ‘Unfolding’ of isolated
nucleoids is used to indicate the formation of less
compact arrangements of the DNA and does not
imply separation of the strands of the double helix
or their degradation. The urea transitions were
characterized in the dilatancy assay by the urea
concentrations at their midpoints(U values), thatm

is, points at which there were equal amounts of
DNA in the pellet and supernatant fluidw25x.

2.4. Urea-treatment and electrophoresis of
ribosomes

Ribosomes were purified as beforew26x from E.
coli C600; ribosome concentration was determined
assumingE s148 at 260 mm. A series of reac-1%

tion mixtures were prepared containing ribosomes
(10 ml of 4 mgyml ribosomes in Solution A
containing 28% sucrose). The aliquots were prein-
cubated for 30 min with 5ml of either Solution
A, or, where indicated, with Solution A containing
200 ngyml pancreatic RNase. Solutions(45 ml)
of increasing concentrations of urea in Solution A
were added; after 30 min at 08C, the mixtures
were applied to 3% polyacrylamide–0.5% agarose
composite gelsw27,28x; gels and gel buffer con-
tained 10 mM MgCl . Electrophoresis was for 2.52

h at 125 V at 08C without buffer circulation.

3. Results

3.1. An RNase-sensitive restraint to nucleoid
unfolding

The RNase-sensitive restraint to DNA unfolding
in spermidine nucleoids fromE. coli C600 under-
went a cooperative transition in urea solutions at
0 8C which released the restraint and allowed
unfolding of the DNA of the nucleoids; the mid-
point of the urea transition(U value), occurredm

at 3.2"0.19 M urea w24x. Pretreatment of the
nucleoids with low levels of pancreatic RNase
removed this restraint and revealed the next most
urea-stable restraint(with U (1.8 M urea).m

Examples of the nucleoid transitions before and
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Fig. 2. Effects of pancreatic RNase on the urea transition of spermidine nucleoids. Representative urea transitions of spermidine
nucleoids before(solid line) and after(dashed line) treatment with 100 ngyml of pancreatic RNase for 30 min at 08C as measured
by the dilatancy assay.

after RNase treatment are shown in Fig. 2 by the
solid and dashed lines, respectively. These profiles
indicate the presence of RNA-containing material
with U s3.2 M urea which prevented nucleoidm

unfolding. In the following sections, we describe
properties of the RNase-sensitive restraint which
suggest that the RNase-sensitive component and
the urea-sensitive component are distinctly differ-
ent, but that they are both integral parts of complex
cotranslational insertion linkages that join the
DNA to the cell envelope. These relationships are
shown in Fig. 3. Note that loss of integrity of
either of two putative links in the chain(i.e. the
RNase-sensitive mRNA or the urea-sensitive ribo-
somes) removes the connection between the DNA
and the cell envelope and allows unfolding of the
DNA (cf. Fig. 1).

3.2. Effects of salt-extraction of spermidine
nucleoids on the RNase-sensitive restraint

If cells of E. coli are lysed in the absence of
some type of protective medium, their nucleoids

expand due to internal repulsions andyor autolytic
degradation and rapidly lose their characteristic
appearance. This decompaction can be prevented
to varying extents by the presence during cell lysis
of either high NaCl concentrationsw29x, spermi-
dine w22,23x, or polylysine–spermidine mixtures
w30x.
The nucleoids used here were made in the

presence of spermidine. We tested for effects of
removal of the spermidine by extraction of the
nucleoids with 1 M NaCl. NaCl-extracted1

nucleoids no longer showed a cooperative transi-
tion at;3.2 M urea. Instead, a gradual transition
occurred at a lower urea concentration, similar to
that found in intentionally unfolded or degraded
nucleoids (0 mM spermidine curve of Fig. 4;
figure 6B of Ref. w25x). Since spermidine is not

Salt-extractions were done in the presence of 0.4% poly-1

ethylene glycol(averageM ;8 kDa) for reasons unrelated tor

the present experiments. No effects onU values or proteinm

content have been found in the absence of the polyethylene
glycol in a limited set of similar experiments.
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Fig. 3. Cotranslational insertion linkages. The diagram indicates the components of cotranslational insertion linkages, the suggested
mechanisms of RNase and urea in disrupting those linkages, and the inhibition of polyribosome dissociation by formaldehyde
discussed in the text.

bound to nucleic acids in the presence of 1 M
NaCl w31x, we tested the possibility that the loss
of the transition was due to the loss of spermidine.
Readdition of spermidine caused a dramatic rees-
tablishment of a cooperative transition(Fig. 4),
indicating that the structure responsible for the
RNase-sensitive transition had not been removed
by the extraction.2

Addition of spermidine to unextracted nucleoid
preparations did not significantly change theirUm

values; total omission of spermidine from the lysis

The RNA polymerase that is involved in the cotranslational2

insertion linkages discussed here is expected to resist extraction
by high salt concentrations(‘normal complexes’,w32x).

procedure resulted in preparations with a very
broad non-cooperative transition(data not shown).

3.3. Effects of antibiotic treatments of cells on the
RNase-sensitive restraint in spermidine nucleoids
from those cells

Spermidine nucleoids prepared from cells that
had been treated with antibiotics that inhibit pro-
tein or RNA syntheses had altered stabilities in
urea solutions.

3.3.1. Rifampicin
Rifampicin inhibits the productive initiation of

RNA chains by the RNA polymerase ofE. coli
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Fig. 4. Effects of added spermidine on the urea transition of 1
M NaCl-extracted spermidine nucleoids. One molar NaCl-
extracted spermidine nucleoids were prepared as in Section 2.
Spermidine was added to the dilatancy assay mixtures to the
final concentrations indicated on the figure, and incubated for
60 min at 08C before urea addition. Dotted line is a spermidine
nucleoid preparation which was extracted with a medium lack-
ing the 1 M NaCl, but was otherwise treated as was the 1 M
NaCl-extracted sample without further spermidine addition;
this sample represents the behavior expected for full recovery
of the transition lost due to salt extraction.

Table 1
Effects of in vivo exposure to antibiotics on the urea transitions
of isolated nucleoids

Antibiotic added to cells Urea concentration at mid-
point of transition, M

Control RNase-treated

None 3.2"0.19a 1.8"0.50a

Rifampicin, 40mgyml 0.7 0.2
Streptomycin, 50mgyml 5.2 05.5
Chloramphenicol, 100mgyml )5.5 2.0

Mean"standard deviation; data from Ref.w24x.a

w33x. Exposure of cells to 40mgyml of rifampicin
for 30 min caused a loss of;— of the DNA into1

2
an aggregated form; such aggregates typically
occur in partially or fully unfolded preparations of
nucleoidsw23x. The compact, non-aggregated frac-
tion of the spermidine nucleoids from rifampicin-
treated cells was much less stable to unfolding by
urea than were such nucleoids from untreated cells
(Table 1). This destabilizing effect of rifampicin
was consistent with the involvement of an RNA-
containing material withU s3.2 M urea as partm

of the RNase-sensitive restraint to nucleoid unfold-
ing, as suggested above.

3.3.2. Chloramphenicol and streptomycin
Both chloramphenicol and streptomycin inhibit

protein synthesisw33x. Chloramphenicol inhibits
peptide bond formation catalyzed in the 50S ribo-
somal subunit by peptidyl transferase. Streptomy-
cin binds to the 30S ribosomal subunit causing
inhibition of the initiation of polypeptide chains.
Exposure of cells to either chloramphenicolw34–

36x or streptomycinw37,38x has been shown to
stabilize their polyribosomes.
Compact spermidine nucleoids were readily pre-

pared from chloramphenicol- or streptomycin-
treated cells. In both cases, the RNase-sensitive
restraint of the nucleoids had become much more
stable to urea solutions than were the nucleoids
from untreated cells(Table 1 andw24x). This3

correlation between the increased stability of the
RNase-sensitive restraint in nucleoids from cells
exposed to these two antibiotics with the increased
stability of polyribosomes after exposure to the
antibiotics cited above, suggested a role of ribo-
somes as the urea-sensitive component of the
RNase-sensitive restraint.

3.4. Effects of formaldehyde-treatment on the urea
transition

Formaldehyde-treatment prevents the dissocia-
tion of ribosomes into subunitsw39–41x. If the
unfolding of the nucleoids by urea(U s3.2 Mm

urea) was caused by dissociation of ribosomes, we
would anticipate that formaldehyde would stabilize
the nucleoids to unfolding in urea solutions.
Indeed, stabilization by exposure to formaldehyde
was readily demonstrable(Table 2). Significantly,
formaldehyde treatment of RNase-treated
nucleoids had a much reduced effect on the
nucleoids(Table 2). These results suggested the

The stabilizing effects of streptomycin on the spermidine3

nucleoids were not a result of carryover of the cationic
streptomycin; direct addition of either 5 or 50mgyml of
streptomycin to the dilatancy assays had no affect on theUm

of the nucleoids.
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Table 2
Effects of formaldehyde on the RNase-sensitive transition

Nucleoid Urea concentration at midpoint of
transition, Mtreatment

Control RNase-treated

None 3.0 0.8
Formaldehyde 5.4 1.2

Nucleoids were incubated at 08C for 30 min with RNase as
in Section 2, where indicated. Aliquots of control or RNase-
treated nucleoids were then treated with 0.45% formaldehyde
for 30 min at 0 8C. Finally, all samples were treated with
increasing concentrations of urea to determine theirU valuesm

with the dilatancy assay.

presence of two different kinds of sites in the
RNase-sensitive restraint, a urea-sensitive site
(U s3.2 M urea) that was protected by formal-m

dehyde treatment, and a RNase-sensitive site that
was not protected by formaldehyde treatment(cf.
Fig. 3). The urea-sensitive site of the RNase-
sensitive restraint is suggested to be the ribosomes
engaged in polysomal units of cotranslational
insertion linkages. This proposal requires that the
integrity of the ribosomes not be destroyed by
pancreatic RNase, for which there is considerable
evidence; although the RNAs within ribosomes are
degraded to limited extents by pancreatic RNase,
the ribosomes do not unfold as a resultw42–44x.
Addition of formaldehydeafter urea had little
effect onU values(data not shown).m

3.5. Effects of urea on ribosomes

The results of antibiotic treatments of cells and
of formaldehyde treatment of nucleoid preparations
supported a role of ribosomes in the RNase-
sensitive restraint, and suggested that it was dis-
ruption of the ribosomes that initiated the
urea-sensitive unfolding. Urea can promote the
Mg -dependent dissociation of both prokaryoticqq

and eukaryotic ribosomes into subunitsw45,46x.
The cited studies each contained only one or a
few urea concentrations under very different con-
ditions than used here, so that the cooperativity
and midpoint of the transition were not defined.
We tested the effects on ribosomes purified from
E. coli C600 of a graded set of urea concentrations
under the conditions used with the spermidine

nucleoids. The effects were assayed on composite
agarose–acrylamide gelsw27,28x. A cooperative
dissociation and unfolding of purified ribosomes
occurred at 3.2 M urea, the characteristic concen-
tration for loss of the RNase-sensitive restraint
(Fig. 5, upper gel). Addition of pancreatic RNase
before the urea solutions had little effect on the
urea concentration at which the unfolding occurred
(Fig. 5, lower gel). RNase was highly active in
the presence of urea and degraded the RNA after
unfolding (Fig. 5, lower gel). The unfolding of
the 30S and 50S ribosomal subunits at a similar
urea concentration suggested that the 70S particle
was more stable to unfolding in urea solutions
than was either of its free subunits.
Urea exposure of spermidine nucleoids gave

patterns on composite gels similar to those shown
in Fig. 5 with purified ribosomes. However, only
a small fraction of the ribosomes present were in
a form which entered the composite gels, with or
without a DNase treatment(unpublished results of
the authors).

4. Discussion

4.1. DNA–membrane associations and the RNase-
sensitive restraint

There is a long history of association between
the DNA of growing cells and their cell mem-
branes, both inE. coli and in other bacteriaw47–
53x. The preparations used in those studies were
made by various lysis procedures using lysozyme-
treated cells, and contained a large part of the
transcription and translation machinery of the cells,
including mRNA, RNA polymerase, and poly-
somes, as well as residual cell envelope compo-
nentsw48–50x. Those studies defined in whole or
in part what were subsequently conceptualized as
cotranslational insertion linkagesw18–21x. These
early DNA-membrane preparations were similar to
the ‘isolated nucleoid’ preparations being made at
that timew22,29x, one of whichw22x is used here.
The major difference was the inclusion in the
nucleoid preparations of high salt concentrations
w29x or spermidinew22x to maintain a partial degree
of DNA compaction. There is no obvious reason
why preexisting cotranslational insertion linkages
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Fig. 5. Composite gel of purified ribosomes as a function of urea exposure. Upper gel, no RNase; lower gel, samples treated with
RNase as in Section 2. Gel was stained with ethidium bromide; intensity is inverted. Lanes marked with asterisks contained a sample
of 70S ribosomes.

in the cells would not be preserved in these high-
salt or spermidine nucleoid preparations. We pro-
pose that these linkages do survive and are
represented by the RNase-sensitive restraint to
DNA unfolding.
The RNase-sensitive restraint is a robust and

widespread phenomenon. It occurs in high-salt
nucleoids(see below) as well as in spermidine
nucleoids. All of the known properties of the
RNase-sensitive restraint are consistent with its
identification as cotranslational insertion linkages
that had been formed in the cells from which the
nucleoids were isolated; however, the involvement
of all parts of those linkages has not been dem-
onstrated. The ribosomes appear to be the urea-
sensitive site of that restraint; the RNase-sensitive
site is presumably the mRNA of those linkages.

The proposed role of cotranslational insertion
linkages in maintaining partial DNA compaction
in vitro reflects the same multiple connections
between DNA and cell envelope that the linkages
have been suggested to play in growing cells. The
presence of cotranslational insertion linkages in
spermidine nucleoids provides a rationalization for
the association of partially compacted DNA with
residual cell envelope fragments(Fig. 1).
Polyamines have been repeatedly suggested to

be involved in the compaction of the genomic
DNA of bacteria. Our observations of the effects
of spermidine on the RNase-sensitive restraint of
spermidine nucleoids provide an example of an
effect of a polyamine on a specific restraint to
unfolding; the mechanism of this effect of sper-
midine is unknown, but may be related to the
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ability of spermidine to stabilize ribosomes to
dissociationw41x.

4.2. Comparison with high-salt nucleoids

Studies of nucleoids isolated in the presence of
1 M NaCl (‘high-salt nucleoids’;w29x, reviewed
in Refs. w54x and w55x) indicated a role for RNA
in maintaining nucleoid compaction, primarily
based upon the unfolding of nucleoid DNA caused
by a preexposure of cells to rifampicin or by
treatment of isolated nucleoids with RNase. One
or more species of nascent RNA was implicated
in the stabilization. Cotranslational insertion link-
ages have apparently only been considered previ-
ously for high-salt nucleoids as a potential means
of separating nucleoidal domainsw54,55x.

4.3. Application to nucleoid isolation

Finally, we note the application of these results
to the central problem in the isolation of nucleoids,
namely how to separate nucleoids fully from cell
envelope and other non-nucleoid material without
damaging the nucleoids. The arguments made here
suggest that cotranslational insertion linkages will
have to be broken or prevented from forming
before such a goal can be achieved.
We are currently testing the effects of breaking

these linkages during the course of isolation of
compact nucleoids with characteristic shapes from
growing or antibiotic-treated cellsw30x. The frac-
tion of completely released nucleoids from grow-
ing cells was relatively low, and there was a
tendency to retain fragments of envelope in those
nucleoids. Short exposures of the cells to puro-
mycin, designed to break cotranslational insertion
linkages by release of the nascent polypeptides
from polyribosomes w33x, have significantly
increased the yield of released nucleoids and
increased the regularity of the shapes of the
nucleoids without causing nucleoid coalescence
(unpublished results of the authors).
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