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ABSTRACT

The Escherichia coli chromatin protein FIS modulates
the topology of DNA in a growth phase-dependent
manner. In this study we have investigated the global
effect of FIS binding on DNA architecture in vitro. We
show that in supercoiled DNA molecules FIS binds at
multiple sites in a non-random fashion and increases
DNA branching. This global DNA reshaping effect is
independent of the helical phasing of FIS binding
sites. We propose, in addition to the previously
inferred stabilisation of tightly bent DNA microloops
in the upstream regions of certain promoters, that
FIS may perform the distinct architectural function of
organising branched plectonemes in the E.coli
nucleoid.

INTRODUCTION

In contrast to eukaryotic chromatin, only a part of the bacterial
DNA is constrained by proteins, while the rest is present, most
probably, in a plectonemically supercoiled form (1,2).
Measurements of the torsional tension and long-range mobility
of DNA in living Escherichia coli cells suggest that the
nucleoid contains 40 or more topologically isolated domains
(1,3-5) that may correspond physically to branched projec-
tions of the nucleoid visualised by immunostaining techniques
(6,7). These protrusions are thought to constitute transcrip-
tionally active DNA loops organised in domains whose bound-
aries may change according to the physiological state of the
cell (5,7-11).

In E.coli the DNA architectural proteins involved in the
structural-functional organisation of the nucleoid are synthe-
sised in a growth phase-dependent manner (12—18). The order
of abundance of several major chromatin proteins in the
exponential phase of growth is FIS > HU > H-NS > IHF,
whereas on entry into the stationary phase this order changes to
Dps > IHF > HU > H-NS > FIS (19). This orderly change in the
chromosomal protein composition on transition from exponential
growth to stationary phase is accompanied by silencing of
genome functions. Thus, the nucleoid proteins not only define
the architecture of the bacterial chromosome, but also correlate

with the pattern of gene expression during the growth cycle.
The understanding of the mode of DNA organisation by these
proteins is pivotal for the elucidation of structural transitions
between the transcriptionally active and repressed chromatin
architectures.

FIS is thought to constitute the major protein component of
bacterial chromatin during the exponential growth phase (20).
FIS is also implicated in coupling DNA topology with physio-
logical changes during the outgrowth of cells from the
stationary phase (21-23). This latter effect is in part due to the
modulation of DNA gyrase activity, and in part due to changes
in DNA architecture induced by the direct binding of FIS.
Much evidence indicates that the binding of this architectural
protein to helically phased high-affinity sites in regulatory
DNA elements, such as upstream activating sequences (UAS)
of certain promoters and enhancers of site-specific recombina-
tion systems, stabilises a specifically bent DNA geometry
(24-28). In contrast, the global effect of FIS on chromatin
architecture is poorly understood. FIS binds DNA in vitro with
affinities varying by several orders of magnitude depending on
both the ‘bendability’ of DNA and the context of the poorly
conserved 15 bp ‘core’ binding site (29,30). Depending on the
sequence bound, the measured extent of DNA bending by FIS
varies from 50 to 90° (30). As the maximal concentration of
FIS in the cell is sufficient to interact with 10* to 10° potential
binding sites scattered in the E.coli chromosome (14,31) and
binding of FIS modulates the superhelical density of DNA in
vivo (21), we suggested that the protein may affect the global
DNA architecture by stabilising writhe (32).

In this study we have investigated the direct effects of FIS
binding on DNA architecture in vitro and also compared the
FIS nucleoprotein complexes with those formed by H-NS,
another chromatin protein often implicated in gene silencing
(12,33). We show that in vitro FIS can change the overall
shape of supercoiled DNA molecules. This global effect on
supercoiled DNA involves multiple binding of FIS to non-
random sites in DNA and results in its branching. We show
that in these complexes FIS constrains a low negative super-
helical density. These FIS-DNA structures provide an initial
insight into the possible role of FIS in determining the architec-
ture of chromatin in exponentially growing bacterial cells.
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MATERIALS AND METHODS

Plasmids and proteins

The plasmid ptyrTlac contains the #yrT promoter cloned
upstream of a lacZ gene (22,34). The plasmid pGE101
containing two Sfil cleavage sites separated by ~900 bp was
provided by G. Weinzierl [Max-Planck Institute (MPI) for
terrestrial Microbiology, Marburg; unpublished]. Relaxed
pUC18 DNA was obtained from commercial sources (Sigma).
The FIS protein was purified as described previously (35).
Purified H-NS was kindly provided by C. Gualerzi (University
of Camerino).

Analysis of DNA supercoiling by FIS

Single-strand nicks were introduced in supercoiled pBR322
(5 ng) using DNase I (1 pg/ml) in the presence of 300 pug/ml
ethidium bromide in 10 mM Tris—HCI pH 7.5, 50 mM Na(Cl,
10 mM MgCl,, 0.2 mg/ml BSA for 15 min at 30°C. The reac-
tion was stopped by adding phenol/chlorofom/isoamyl alcohol
(25:24:1), the DNA precipitated with ethanol, dissolved in
distilled water and loaded on a 1% TBE gel. The open circular
DNA was excised and eluted with the Qiaquick gel-extraction
kit (Qiagen). Nicked pBR322 (100 ng) was incubated in a
20 ul volume with increasing amounts of FIS as indicated in
the T4-DNA-Ligase buffer [66 mM Tris—HCI pH 7.5, 5 mM
MgCl,, 1 mM dithiothreitol (DTT), 1 mM ATP] for 15 min at
30°C. Then 2 U of T4-DNA-Ligase (Boehringer Mannheim)
were added and incubation continued for 1 h. The reaction was
stopped by adding EDTA, to a final concentration of 50 mM,
and heat inactivation for 10 min at 65°C. After adding SDS to
0.1% and digestion with proteinase K, the reactions were
loaded on 1% agarose gel containing 3 pg/ml chloroquine.
High-resolution gel electrophoresis was carried out as
described earlier (21). After electrophoresis the gels were
stained with ethidium bromide and photographed under
UV-light.

Electron microscopy

For electron microscopy (EM) the complexes between the
proteins and ptyrTlac were formed in 10 ul of a buffer
containing 10 mM TEA/HCI pH 8.0, 20 mM NaCl, 50 mM
KCl, 5 mM MgCl,, 1 mM DTT, 30 ng of DNA and proteins as
indicated. After incubation for 10 min at room temperature the
complexes were fixed for 15 min in 0.2% glutaraldehyde.
After fixation the samples were diluted with 20 pl of binding
buffer and adsorbed to mica as described (36). Micrographs
were taken using a Philips EM400T or CM 100 electron micro-
scope on 35 mm film (Agfa, RA711P) or 6.5 X 9 cm sheets
(Agfa Scientia 23D56). The positions of the bound proteins
were determined on 16X enlarged negatives using a LM4
digitizer (Briihl, Nuremberg, Germany).

Atomic force microscopy

For atomic force microscopy (AFM) (37,38) imaging, the
plasmid DNA (pUC18 or ptyrTlac) was incubated in 100 pl
buffer solution (100 mM NaCl, 20 mM HEPES pH 7.7, 5 mM
NiCl) (39) on a freshly cleaved mica disk for ~1 min in the
presence or absence of FIS protein. After rinsing the samples
with buffer to remove weakly attached DNA, the sample was
mounted in the atomic force microscope (Nanoscope Illa,
Digital Instruments). The fluid cell of the atomic force
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Figure 1. FIS introduces negative supercoils in DNA. Lane 1, open circular
pBR322 DNA substrate; lane 2, only ligase was added. The FIS to DNA ratio
in lanes 3—7 was ~1 dimer per 800, 325, 160, 80 and 40 bp respectively. Under
the conditions of electrophoresis used the more negatively supercoiled topo-
isomers migrate more slowly.

microscope was sealed with a silicon O-ring to prevent evapo-
ration of the buffer solution. The atomic force microscope was
equipped with a piezo scanner with a maximum range of
160 wm, which allowed an estimation of the overall sample
quality, before zooming into smaller regions to image the
adsorbed DNA. Prior to the experiments, the scanner was
calibrated against a grid of known dimensions. Silicon nitride
cantilevers with integrated oxide sharpened tips (DNP-S-TT)
from Digital Instruments (nominal spring constant 120 mN/m)
were used for imaging. The experiments were conducted at
ambient temperature (25°C) and were taken in tapping-mode
(40) to minimise lateral forces between tip and sample. Scan
rates varied between 1 and 5 Hz (lines/s).

Probing with restriction endonucleases

The probing with Fokl was carried out at 37°C in the same
buffer as described above for EM experiments. The cleavage
by Sfil was carried out at 37°C in the same buffer but
containing 200 mM NaCl. The proteins were incubated for
10 min with ptyrTlac DNA before the addition of the restric-
tion endonucleases. The reactions were stopped by the addition
of 50 mM EDTA and 0.2% SDS (final concentration), digested
with proteinase K for 30 min at 50°C and loaded on agarose
gels. After staining with ethidium bromide, the DNA frag-
ments were visualised under UV light.

RESULTS
Analysis of DNA supercoiling induced by FIS

We have shown previously that on binding to supercoiled
DNA, FIS alters the equilibrium distribution of plasmid topo-
isomers in the presence of DNA-relaxing topoisomerases (21).
To test whether FIS could constrain supercoils in relaxed
DNA, we incubated nicked pBR322 DNA with increasing
concentrations of FIS in the presence of DNA ligase. Gel
electrophoresis in high-resolution agarose gels containing
chloroquine demonstrated that binding of FIS to nicked
pBR322 DNA increases the number of negative supercoils
trapped on ligation of the DNA (Fig. 1). We estimate that the
protein changes the linking number of pBR322 DNA by 2-3.



Figure 2. Binding of FIS leads to branching of supercoiled ptyrTlac DNA. EM
images are shown. (A) Free supercoiled ptyrTlac DNA. FIS stabilises branches
at a FIS to DNA ratio of ~1 dimer per 325 bp DNA (B and C). Note that FIS,
in agreement with a previous report (21), does not bind efficiently the relaxed
(presumably nicked) DNA molecule in (C). The FIS to DNA ratio in (D), (E) and
(F) was ~1 dimer per 160, 80 and 40 bp, respectively. Note the ‘tightening’ of
plasmid molecules with increasing FIS concentrations and the formation of
compact structures at higher FIS to DNA ratios (scale bar represents 1 kb).

Directionally, this effect is similar to that of other DNA architec-
tural proteins, such as HU, H-NS and HMG-D (41-44). HMG-
D was much more efficient in constraining supercoils than FIS
(R.Schneider and G.Muskelishvili, unpublished results) and
the estimated FIS-dependent change in linking number is also
much less than that reported for HU and H-NS (41,42,44). This
suggests that the mode of constraint by FIS may differ from
that by the other proteins in being less efficient in compacting
the DNA.

Visualisation of FIS-DNA complexes on supercoiled DNA

The constraint of negative supercoils by FIS indicates that the
protein could alter the configuration of plasmid DNA. To
investigate this possibility, complexes between FIS and super-
coiled ptyrTlac DNA were formed at different protein to DNA
ratios and visualised by EM. As well as a small number of
isolated high-affinity FIS binding sites this plamid DNA
contains three helically phased FIS binding sites in the UAS of
the ryrT promoter. Already at the lowest FIS to DNA ratios
used (~1 dimer per 325 bp DNA) there was a significant
alteration in the overall shape of the plasmids, such that they
exhibited a more interwound and branched appearance in
comparison to free plasmid DNA (Fig. 2A and B). We found
that in the presence of FIS the number of branched molecules
(the branch was defined as a separate DNA lobe containing at
least one intrinsic crossover) increased from 22 to 94% (n = 37)
and the FIS aggregates were localised preferentially at the
crossovers and apical loops (in 81% of visually inspected
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FIS-DNA complexes, n = 250). These structures strongly
suggest that FIS may facilitate branching of supercoiled DNA.
At the DNA to protein ratios corresponding to ~1 FIS dimer
per 160 bp DNA, the branching and ‘tightening‘ of DNA
became even more apparent (Fig. 2D). With increasing FIS to
DNA ratios (=1 dimer per 80—40 bp DNA) the DNA became
more extensively occupied by FIS eventually leading to forma-
tion of compact structures (Fig. 2E and F). Similar compact
structures were observed at higher FIS concentrations
(~1 dimer per 10 bp DNA).

We investigated this extensive binding pattern in more detail
using AFM. Visualisation of FIS nucleoprotein complexes at
high FIS to DNA ratios (=1 dimer per 100 bp) demonstrated
alternating regions of ptyrTlac DNA either extensively
occupied by FIS or almost devoid of bound protein (compare
Fig. 3A and B). The profile plots (Fig. 3C and D) performed
with the complex shown in Figure 3B showed that the profile
height in the region of protein binding was 4.7 nm, exceeding
that of the two crossed DNA duplexes (2 x 1.3 nm). The
clustering of closely spaced FIS aggregates in Figure 3B
suggests that FIS may bind DNA in a non-random manner and
could also explain the formation of compact nucleoprotein
structures observed by EM.

We also used AFM to investigate the FIS nucleoprotein
complexes formed with relaxed pUC18 plasmid DNA. As with
ptyrTlac, with pUC18 DNA FIS was associated with the cross-
over nodes at the bases of loops and branch points (Fig. 4B)
demonstrating that these structures are not sample preparation
artefacts. Similar structures with relaxed pUCI18 were
observed by EM (data not shown). As pUC18 DNA lacks
phased FIS binding sites comparable with those in the ryrT
UAS, we infer that the formation of branched DNA structures
does not require this arrangement of sites.

Visualisation of complexes of H-NS with plasmid DNA

To test whether the FIS nucleoprotein complexes visualised by
EM specifically differ from those involving other chromatin
proteins of E.coli, we prepared complexes between the chro-
matin protein H-NS and ptyrTlac under the same conditions.
We found that in contrast to FIS, H-NS formed extended
‘filaments’ associated with DNA loops of different sizes often
located at the extremities (Fig. 5). The overall appearance of
the majority of complexes suggested a nucleation of binding
and a ‘zipper’-like propagation of H-NS along the DNA.
Contour length measurements of free and packaged plasmid
molecules showed that if the length of the filament in the latter
was multiplied by two, the lengths of the samples were very
comparable (2.20 £ 0.038 versus 2.22 *+ 0.05 pm without and
with H-NS, respectively, n = 25 each). Thus, the packaging of
the entire circular DNA molecule in the H-NS filament would
result in a 2-fold compaction of DNA along its contour length.
We infer that the H-NS filaments contained two DNA
duplexes packaged alongside each other. This mode of
packaging supercoiled DNA clearly differs from that mediated
by FIS.

Probing of the binding pattern of FIS and H-NS to
supercoiled DNA with restriction enzymes

The distinct architectural features of the FIS and H-NS nucleo-
protein complexes imply different modes of protein-DNA
interactions. To investigate the distinct patterns of DNA
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Figure 3. FIS forms clusters on binding supercoiled ptyrTlac DNA. AFM
images are shown. (A) Free supercoiled ptyrTlac. (B) Complex formed at the
FIS to ptyrTlac DNA ratio of ~1 dimer per 80—100 bp DNA. (C and D) The
profile plots are shown. The height of the DNA in these images is 1.3 £0.1 nm.
The height of the protein is deduced from the height of a DNA—protein
complex formed on a portion of the plasmid without crossover. The height of
the protein is then 2.0 = 0.1 nm. Considering this height of the protein and
the height of the DNA, it is possible to analyse a crossover. This is shown in the
profile plot (D). The height of the crossover (4.7 + 0.2 nm) corresponds to the
doubling of the DNA height and also the height of the protein. An apparent
difference in the width of the DNA between (A) and (B) is due to a difference
in the tip radii. Because AFM images are always a convolution between the tip
shape and the real topography, the measured size of small features (in the range
of the tip size) will vary from tip to tip.

occupation in solution we probed the nucleoprotein complexes
assembled on ptyrTlac with frequently cutting restriction endo-
nucleases. The rationale of this experiment is that depending

Figure 4. FIS is associated with crossovers and branch points in pUC18 DNA.
AFM images are shown (A). An overview of free pUC18 DNA molecules. The
picture shown represents baseline corrected raw data, with no filtering. (B) A
complex formed at the FIS to pUC18 DNA ratio of ~1 dimer per 325 bp DNA. The
image shown represents a three-dimensional rendering of baseline corrected raw
data.

Figure 5. Electron micrographs of complexes of H-NS with ptyrTlac DNA.
Elongated complexes (filaments) are formed presumably containing two DNA
duplexes. Ratio of H-NS to DNA was ~1 molecule per 10 bp (A) and ~1 mol-
ecule per 3 bp (B). The scale bar represents 1 kb.

on whether multiple binding of protein to DNA occurs in a
random or non-random fashion, the cleavage of multiple
restriction sites scattered throughout the DNA molecule will be
affected differentially. For optimal resolution, high concentra-
tions of the enzyme Fokl and short incubation times (5 min)
were used. In the presence of increasing FIS concentrations the
abundance of some restriction fragments remained essentially
unchanged (Fig. 6A, left panel, arrow ‘a’), whereas the amount
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Figure 6. Probing of protein-DNA complexes with restriction endonucleases.
(A) Probing with Fokl. The FIS to DNA ratio in lanes 2—4 corresponded to 1 FIS
dimer per 325, 100 and 40 bp, respectively. The H-NS to DNA ratio in lanes 6-8
corresponded to 1 molecule per 100, 30 and 10 bp, respectively. Electrophoresis
was on 3% agarose gels. (B) Probing with Sfil. Low amounts of Sfil were used
in the left panel (see lane 1) to reveal the stimulation of cleavage by FIS. The FIS
to DNA ratio in lanes 2—5 corresponded to 1 FIS dimer per 325, 160, 80 and
40 bp, respectively. A 2-fold higher concentration of Sfil was used in the right
panel (compare lanes 1 and 6) to reveal the inhibition of cleavage by H-NS. The
H-NS to DNA ratio in lanes 7—10 corresponded to 1 molecule per 300, 100, 30
and 10 bp, respectively. The substrate plasmid DNA (P), the large (L) and
900 bp small (S) cleavage products are indicated. Electrophoresis was on 1%
agarose gels.

of others was diminished (arrow ‘b’) and also some new frag-
ments indicative of partial digestion appeared (arrow ‘c’). The
pattern obtained implies selectivity in the inhibition of
cleavage at different restriction sites and indicates that FIS
occupied the binding sites in ptyrTlac sequentially and in a
non-random fashion. Similar results were obtained with other
frequently cutting restriction endonucleases (data not shown).
In contrast, increasing concentrations of H-NS generally inhib-
ited Fokl cleavage activity without noticeable selectivity, as
expected if extended parts of DNA molecules were randomly
packaged by H-NS (Fig. 6A, right panel). This latter observa-
tion corroborates the notion that H-NS binding is essentially
sequence independent (44,45).

In a second approach, we used the cleavage reaction by Sfil
endonuclease. The cleavage at two recognition sites by Sfil
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requires the binding of a tetrameric enzyme in cis to two
distant copies of recognition sequence and looping of the inter-
vening DNA (46). Intramolecular interactions are generally
enhanced by supercoiling (47,48) and branching of DNA. As
the FIS-DNA structures observed demonstrate an interwound
and branched DNA conformation, we tested the effect of FIS
on the efficiency of Sfil cleavage at two sites separated by
0.9 kb in the plasmid pGE101. Under the conditions used, the
Sfil cleavage was inefficient but was significantly enhanced at
the FIS to DNA ratios, which lead to the formation of branched
structures observed by EM (Fig. 6B, left panel, compare lanes
1 and 2). At very high FIS concentrations (lane 5) this
enhancing effect was lost, probably due to an extensive occu-
pation of the DNA by protein and resultant impediment of
simultaneous binding of Sfil at two sites. With H-NS no
enhancement of Sfil cleavage was observed (data not shown).
In contrast, the addition of H-NS gradually reduced the
cleavage by Sfil in a concentration-dependent manner (Fig. 6B,
right panel).

The results of probing with restriction enzymes are thus
consistent with the disparate structural features of the FIS and
H-NS nucleoprotein complexes observed by EM.

DISCUSSION

In this study we present direct physical evidence that the non-
random occupation of multiple FIS binding sites in supercoiled
plasmids results in DNA branching. As FIS is the major
component of the bacterial chromatin during the exponential
growth phase (19,20), we propose that these structures may
reflect some architectural features of the transcriptionally
active bacterial chromatin.

A structural role for FIS in E.coli chromatin

Our EM and AFM data indicate that FIS stabilises a branched
DNA conformation. The visualisation by AFM excludes the
possibilities that the structures observed by EM could be
artefacts of fixation or drying. In both cases the DNA was
adsorbed to mica and therefore the possibility remains that
adsorption might deform the structure. However, the changes
in the pattern of Fokl and Sfil cleavage in the presence of FIS
support the notion that FIS alters the organisation of the
plasmid DNA in solution.

FIS constrains negative supercoils in vitro and changes the
linking number of relaxed pBR322 DNA by 2-3. This low
value suggests that FIS does not constrain DNA supercoils by
toroidal wrapping. The level of supercoiling induced by FIS
invitro is 3-5-fold less than that induced by HU (41).
According to our data the main difference between free and
FIS-bound supercoiled DNA is in the organisation of branches.
Therefore, we would not necessarily expect a substantial
compaction of DNA on binding FIS, whereas binding of
HU leads to a strong compaction by wrapping DNA in
nucleosome-like particles (41,42,49). We note however, that
the fis-dependent changes in DNA topology in vivo are most
probably a consequence of both direct binding effects and
repression of gyrase production by FIS (22).

The strain consequent on DNA bending is thought to induce
loops and branch points in supercoiled DNA (50). Thus, the
stabilisation of branched DNA conformation observed by both
EM and AFM can be explained by the bending of DNA by FIS,
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Figure 7. Model of DNA reshaping by FIS. (A) Binding and bending of
isolated DNA regions in plectonemically supercoiled DNA by single FIS dimers
(yellow ellipsoids) facilitates the branching of DNA with resultant multiplica-
tion of apical loops. (B) Note that the FIS-dependent branching of DNA
locates the two remote sites (blue) in close spatial proximity (C).

although the involvement of protein interactions between FIS
molecules, especially at high FIS concentrations, cannot be
excluded. The results of probing FIS-DNA complexes with
Sfil strongly suggest that FIS increases the frequency of the
encounters between remote DNA segments (Fig. 7). This latter
feature is characteristic of supercoiled molecules containing
intrinsic bends that affect the local concentration of one
binding site in the proximity of the other (50). It is thus
conceivable that the stabilisation of writhe and organisation of
branches consequent on DNA bending by FIS modulates the
global reshaping dynamics of supercoiled DNA (47,51). This
would also explain the relatively low level of superhelical
density constrained by FIS in vitro.

We have also shown that at high protein concentrations the
non-random binding of FIS to supercoiled plasmids leads to
formation of clusters over extended regions of DNA. Forma-
tion of such structures in vivo would require high local FIS
concentrations or clusters of high-affinity FIS binding sites
within limited chromatin regions serving as ‘sinks’ for FIS.
Such a possibility is suggested by recent findings using
immunofluorescence microscopy and showing selective
binding of the bulk of FIS protein to only a few regions of the
chromosome (52).

Packaging of DNA in the H-NS nucleoprotein complexes

We observed using EM that another abundant DNA architec-
tural protein H-NS forms structures that are distinctly different
from FIS nucleoprotein complexes. The results of probing with
restriction enzymes also indicate differences in the organisa-
tion of FIS and H-NS nucleoprotein complexes in solution.
These disparate architectures could account for the ‘conforma-
tional competition’ implicated in the growth phase-dependent
regulation of stable RNA synthesis by FIS and H-NS (53). Our

EM data confirm previous observations (54) that H-NS forms
a filament containing two DNA duplexes by acting as a
‘zipper’. This mode of binding compacts the DNA resulting in
a 2-fold reduction in the DNA contour length. Similar
propagation of H-NS polymerisation, but on a single DNA
duplex, has been observed by Tupper et al. (44). It is possible
that in supercoiled molecules the polymerisation of H-NS on
single DNA duplexes proceeds concomitantly with their inter-
twining leading to the formation of an interwound filament
containing two DNA duplexes joined by protein bridges.
Whatever the exact mechanism, the observed polymerisation
of H-NS along the DNA is consistent with the ‘DNA
occlusion” model for transcriptional silencing by H-NS (33).

Relevance of in vitro FIS-DNA complexes to in vitro
structures

Any interpretation of the biological relevance of the observed
FIS-DNA complexes is subject to the caveat that these
complexes are formed under different conditions from those
prevailing in vivo. In particular the DNA concentration is
considerably lower and the system is much simplified by, for
example, the omission of competing DNA-binding proteins.
The FIS concentrations used are largely within the range of
those occurring in vivo.

Although the relevance of the observed FIS-DNA struc-
tures for the organisation of bacterial chromatin remains to be
clarified, there are clear parallels to the structure of transcrip-
tionally active DNA. The branching of DNA multiplies the
apical loops, while RNA polymerase is found to be preferen-
tially associated with apical loops of supercoiled DNA (55).
Furthermore, as a curved region in supercoiled DNA preferen-
tially locates at the apex of a loop (50,56), the previously
inferred stabilisation of a tightly bent UAS DNA microloop by
FIS (27,32) could locate the FIS-dependent promoter in the
vicinity of an apex and thus direct its interaction with RNA
polymerase.

FIS and H-NS are among the most highly abundant of the
DNA architectural proteins in E.coli. However, the concentra-
tion of FIS in the cell varies strongly being maximal (~50 uM)
during early to mid-exponential growth phase, when the tran-
scriptional activity of the cell is highest (14,15). The variation
in the concentration of H-NS with growth phase is much less
(19). The branched structure stabilised on binding of FIS to
supercoiled DNA remains relatively ‘open’ in comparison to
DNA compacted by H-NS. In vivo, while H-NS is evenly
distributed within the nucleoid, FIS even at high intracellular
concentrations is localised to specific loci (52), possibly
corresponding to a strong clustering of FIS binding sites on
either side of the replication terminus (57). We therefore
propose that the degree of compaction of the E.coli nucleoid
depends on the ratio of FIS to other nucleoid-associated
proteins, including H-NS. In this model the branching of DNA
would maintain chromatin in an ‘open’ state accessible to tran-
scriptional machinery during early and mid-exponential phase
and the chromatin would become more compacted and less
transcriptionally active on the transition to the stationary phase.
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