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The nucleoid-associated protein Dan organizes
chromosomal DNA through rigid nucleoprotein
filament formation in E. coli during anoxia
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ABSTRACT

Dan is a transcription factor that regulates the tid
operon encoding tartrate dehydratase. During an-
aerobic conditions, its copy number increases by
100-fold, making Dan an abundant nucleoid-
associated protein. However, little is known about
the mode of Dan-DNA interaction. To understand
its cellular functions, we used single-molecule ma-
nipulation and imaging techniques to show that Dan
binds cooperatively along DNA, resulting in forma-
tion of a rigid periodic nucleoprotein filament that
strongly restricts accessibility to DNA. Furthermore,
in the presence of physiologic levels of magnesium,
these filaments interact with each other to cause
global DNA condensation. Overall, these results
shed light on the architectural role of Dan in the
compaction of Escherichia coli chromosomal DNA
under anaerobic conditions. Formation of the nu-
cleoprotein filament provides a basis in understand-
ing how Dan may play roles in both chromosomal
DNA protection and gene regulation.

INTRODUCTION

The chromosome of Escherichia coli is a large circular
molecule (~4.65 megabases) that is compacted with the
aid of nucleoid-associated proteins (NAPs), which form
the nucleoid (1,2). NAPs are involved in both gene regu-
lation and chromosome compaction (3-5). Escherichia coli
survives under various stressful environments. For
instance, it can switch from aerobic to anaerobic respir-
ation in an environment such as the human gut, where
oxygen is deprived. This switch occurs through global

changes in transcriptional activity that shift genome
expression and change NAP composition. Indeed, NAPs
that are specific to growth conditions have been identified,
such as Fis in rapidly growing cells and Dps in stationary-
phase cells (1,2,6). Recently, it was shown that TtdR,
a positive regulator of the ttdA-ttdB-ygjE operon (previ-
ously known as the transcription factor YgiP), is also a
growth condition—specific NAP that is up-regulated under
anaerobic conditions (7,8). It was renamed Dan for
DNA-binding proteins under anaerobic conditions (7,8).
It is likely that Dan is also involved in uncharacterized
anaerobic activities.

To understand the biological role of Dan as a growth
phase—specific NAP, one must first understand its DNA-
binding properties and subsequent effects on DNA organ-
ization. Here, a combination of single-molecule force ma-
nipulation and imaging techniques were used to study
Dan-DNA interactions under various physiological con-
ditions. An important finding is that Dan binds coopera-
tively along DNA to form a rigid periodic nucleoprotein
filament that restricts accessibility of other proteins to
DNA; other NAPs including HU, H-NS and StpA act
similarly (9-12). Furthermore, in the presence of magne-
sium, the Dan nucleoprotein filaments interact with each
other, leading to condensation of DNA. Overall, these
results suggest that, similar to many other NAPs, Dan is
a multi-functional NAP involved in physical organization
and protection of chromosomal DNA and, possibly, regu-
lation of gene expression.

MATERIALS AND METHODS
Opver-expression and purification of Dan

A plasmid containing the Dan gene (expressing a
C-terminus 6xHis-tagged protein) was constructed as
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described previously (7) and transformed into BL21 (DE3)
E. coli cells using a standard heat-shock method. The
transformed cells were grown to an ODgy of ~0.6-0.7
in lysogeny broth (LB) media containing ampicillin at
37°C before isopropyl B-D-I1-thiogalactopyranoside
(IPTG) was added to induce Dan expression. After induc-
tion, the cells were harvested and lysed using sonication.
DNase (RQ1 DNase, Promega, USA) was added to
the cell lysate, which was then incubated in ice for
at least 3h to digest any remaining chromosomal DNA
fragments. The lysate was then centrifuged, and the
supernatant was collected. The supernatant solution was
adjusted to contain a final concentration of 1 M NaCl and
20mM imidazole. Dan was purified using gravity-flow
immobilized metal affinity chromatography. Nickel-
charged resin (Ni-NTA Agarose, Qiagen, Singapore) was
added to bind to the 6xHis-tagged Dan. The sample was
placed in a filter column and washed with 10ml of
washing buffer (20 mM imidazole in a 50 mM phosphate,
500mM NaCl buffer), followed by 1ml of pre-elution
buffer (100 mM imidazole). The protein was then eluted
in 2.5ml of elution buffer (250 mM imidazole) before
dialyzed against storage buffer (10mM Tris—HCI,
200mM KCI, 5SmM MgCl,, pH 7.6 and 50% glycerol)
to remove residual imidazole. Sodium dodecyl sulfate
polyacrylamide gel electrophoresis was run to determine
the purity and molecular weight of the protein, and the
protein concentration was measured using Nanodrop
NDI1000 (Wilmington, USA). Mass spectroscopy was
done to ensure the desired protein was obtained.
Glycerol was added up to 50% before storage at —20°C.

Electrophoresis mobility shift assay and DNase
I digestion assay

For Dan-DNA electrophoresis mobility shift assay
(EMSA), 576 bp DNA was used as the DNA template.
The 576bp DNA was amplified from the 992-1152
region of A-DNA and purified before EMSA application.
Typically, 40ng of DNA was incubated with indicated
concentrations of Dan protein for 10 min at room tem-
perature before agarose gel electrophoresis. DNase 1 di-
gestion assay was performed by incubating 1 U DNase |
(Promega) with Dan-DNA complexes for 10min,
followed by addition of ethylenediaminetetraacetic acid
to quench the digestion before agarose gel electrophoresis.

Atomic force microscopy imaging and data analysis

Glutaraldehyde-coated mica surfaces allow protein-DNA
complexes to be deposited on the surface in any buffer
conditions and preserve conformation of the complexes.
This has been shown using nucleosome arrays, integration
host factor (IHF)-DNA complexes and H-NS-DNA
complexes (10,13,14). In this study, DNA was incubated
with Dan and deposited on a glutaraldehyde-coated mica
surface for atomic force microscopy (AFM) imaging. The
mica was prepared by depositing 0.1% APTES solution
on a 0.5cm x 0.5cm piece of mica for 15min. The mica
was then rinsed with deionized water, dried with nitrogen
gas and incubated in a desiccator for at least 2 h. Next, 1%
glutaraldehyde solution was deposited on the mica for
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15min to allow glutaraldehyde molecules to bind cova-
lently to the (3-aminopropyl)triethoxysilane (APTES)-
mica surface before the mica was again rigorously
washed and dried. A solution of 0.2ng/ul linearized
¢X174 DNA (5386 bp) was mixed with an appropriate
concentration of Dan (300nM for a 1:1 monomer:base
pair ratio) and incubated for 20 min. The solution was
then deposited on the mica for 20min, and then the
mica was washed with 3 ml of deionized water and dried
with nitrogen gas. When 576 bp DNA was used, the same
protocol was used except that the Dan—DNA reaction mix
was diluted once before depositing it on the mica. Imaging
was done wusing an AFM (5500 AFM, Agilent
Technologies, Singapore) in Acoustic AC mode. Sample
imaging was done at scan size of 1-4 pm per square length,
resolution of 512 x 512 or 1024 x 1024 points and scan
speed of 1 line per second. AFM imaging data was pro-
cessed using Gwyddion software (http://gwyddion.net/)
before measuring DNA contour length and end-to-end
distance using homebrew software.

Magnetic tweezers experiments

The setup was similar to that used in previous magnetic
tweezers experiments (10,15). Biotin-labelled oligonucleo-
tides were attached to both ends of A-DNA molecules,
forming B-A-B DNA molecules. A low concentration
(~300pg/ul) of these molecules was added to the
reaction channel to allow only one end of the DNA to
attach to the streptavidin-functionalized surface.
Streptavidin-coupled paramagnetic beads (Dynabeads
M-280 Streptavidin, Invitrogen, Singapore) were then
added to the channel to attach to the other end of the
B-A-B DNA molecule, forming a DNA tether for the
single-DNA stretching experiments.

RESULTS

Dan proteins cooperatively bind to DNA and cause
DNA stiffening

To study the DNA-binding properties of Dan, we first
performed single-DNA stretching experiments using
transverse magnetic tweezers (Figure 1A), as previously
described (10). Single-DNA stretching allows identifica-
tion of changes in DNA elasticity through measurement
of DNA contour length and persistence length (16). Force-
extension (FE) curves of A DNA (NEB, 48 582 bp) were
obtained by incubating A DNA with increasing concentra-
tions of Dan in 10mM Tris—HCI, 50mM KCI, pH 7.5
buffer conditions (Figure 1B). At 5nM Dan concentra-
tion, the DNA extension is similar to that of the naked
DNA, indicating no or minimal Dan binding to the
force-extended A DNA. At Dan concentrations above
60nM at ~10 pN, DNA extension is significantly longer
than that of naked DNA during the low DNA-stretching
force regime (<1pN). This extension indicates an
apparent increase in DNA rigidity. Increasing the Dan
concentration to 600nM slightly increased DNA exten-
sion, and the DNA stiffening effect was largely saturated
at Dan concentrations above 60 nM.
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Figure 1. Dan causes DNA stiffening through cooperative DNA-binding. (A) An illustration of the transverse magnetic tweezers setup for the
single-DNA stretching experiment. (B) Force-extension curves of single-DNA stretching experiments were performed using increasing concentrations
of Dan. DNA stiffening is saturated by 60nM Dan concentration. Solid curves are fitting curves according to the WLC model. The apparent
persistence length and contour length of Dan nucleoprotein filament is 488 + 290 and 16002 + 320 nm. (C) The occupancy fraction of Dan-DNA
binding was calculated from the measured apparent persistence length (inserted equation) and plotted with respect to the Dan concentration. Fitting
with Hill equation (solid line) suggests that Dan has DNA-binding Ky of 13.20 £ 4.67nM and Hill coefficient of 2.90 = 1.59, indicating strong

cooperative DNA binding by Dan.

The level of DNA stiffening was quantified by fitting the
Dan-DNA FE curves with Marko—Siggia worm-like chain
(WLC) formula (Supplementary Methods: FE curves WLC
model fitting). The two-parameter fitting allowed
semi-empirical determination of DNA contour length and
persistence length (17). At the saturated Dan concentration
of 600nM, the WLC model fittings showed that the
apparent DNA contour length decreased from
16490 + 26 nm to 16002 £+ 320 nm, whereas the DNA per-
sistence length significantly increased from 51 £1 to
488 = 290nm (Supplementary Figure S1). The fitting
values were obtained from the average of three independent
experiments. Because the persistence length of naked DNA
is ~50 nm (18), saturated Dan—-DNA binding resulted in an
increase of >8-fold in apparent DNA rigidity.

The dissociation constant, Ky, of Dan—-DNA complexes
has been measured in bulk, but the binding cooperativity
has not been reported (7). Here, we examined the DNA-
binding kinetics of Dan by using the fitted DNA persist-
ence length values to calculate Dan DNA occupancy
fraction (Figure 1C and Supplementary Methods:
Occupancy fraction calculation). The dissociation
constant Ky and the Hill coefficient, n, of Dan-DNA
interaction were semi-empirically calculated by fitting the
Hill equation to data in Figure 1C. The K4 and n were
calculated to be 13.20 £ 4.67nM and 2.90 £ 1.59, respect-
ively. These values were confirmed using the conventional
EMSA, which suggested K4 and n values of 66.8 = 6.4 nM
and 2.8 £ 0.5, respectively (Supplementary Figure S2).
The K4 measured in our experiments is consistent with
the previously reported value of 10-100nM (7). In
addition, the Hill coefficient of >1 indicates that Dan
binds to DNA in a positive cooperative manner.

Dan proteins form rigid periodic filaments along DNA

AFM imaging was used to study Dan—-DNA organization
visually and to complement the single-DNA stretching
experiment results. In our experiments, Dan associated
with linearized double-stranded (X174 DNA (NEB,
5386 bp) was trapped on glutaraldehyde-modified mica
surfaces, which are particularly useful for imaging large

DNA-protein complexes under various buffer conditions
(10,12,13,19). It should be noted that the glutaraldehyde
molecules are covalently bound to the surface. Any
unbound molecules are removed by rinsing the mica
with large volume of deionized water. Thus, we do not
expect significant amount of glutaraldehyde molecules to
diffuse into the solution to cause potential non-specific
aggregation of the DNA and DNA-protein complexes.
This allowed us to study the effects of buffer conditions
on Dan—DNA organization. Under the same buffer con-
dition used for single-DNA stretching experiments, naked
DNA is randomly coiled (Figure 2A). At a 1:1 ratio of
Dan to base pairs, the majority of Dan—-DNA complexes
are extended (Figure 2B) in contrast to the coiled con-
formation of naked DNA (Figure 2A). Although some
of the DNA—Dan complexes show partial DNA compac-
tion, the majority show extended DNA conformations
that are consistent with DNA stiffening observed in the
single-DNA stretching experiments. In addition, the
evenly distributed height and width of the Dan—-DNA
complex indicate that the Dan nucleoprotein complex
has a regular filamentous structure (Figure 2C).
Cooperative binding of Dan to DNA suggests that the
nucleoprotein filament is likely formed by Dan
polymerizing along DNA.

The regular Dan nucleoprotein filament is particularly
interesting because similar filaments were observed as a
conserved nucleoprotein structure formed by the gene-
silencing family of H-NS proteins (10,12,20,21). To
identify the basic structure of this nucleoprotein filament,
the Dan nucleoprotein filaments were imaged at higher
resolution using a larger set of data points and slower
scan speed (Figure 2D and Supplementary Figure S3).
Periodic features are visible along the contour of Dan nu-
cleoprotein filament. Feature spacing, p, is shown to illus-
trate the periodic structure of Dan nucleoprotein filament
(Figure 2E). A semi-automatic measurement of Dan nu-
cleoprotein filaments reveals that p = 53.23 + 11.27nm
(Figure 2F).

On the basis of observed periodic feature (Figure 2F)
and the small reduction in DNA contour length after
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Figure 2. Visualization of the Dan nucleoprotein filaments. (A) AFM image of linearized X174 DNA molecules in the absence of Dan protein
showed relaxed conformation. (B) Incubation with Dan protein at a 1:1 ratio of Dan to base pairs forms elongated DNA conformation, indicating
that DNA stiffens on Dan binding. In addition, some of the DNA is condensed (white arrows). (C) An example of a monomeric rigid nucleoprotein
filament at a 1:1 ratio of Dan to base pairs (300nM Dan, 10ng DNA) suggests that Dan is evenly coated along the entire DNA length.
(D) High-resolution AFM images show that the Dan nucleoprotein adopts a periodic filament structure. (E) Close-up image of the white box in
(D) indicates the periodic feature spacing, p. (F) Semi-empirical measurements of the feature spacing, p, suggests there is a regular spacing of
~50nm (N = 95). (G) The hypothesized helical structure of the Dan nucleoprotein filament with a periodic protein filament (orange spheres)

wrapping along DNA (black line).

nucleoprotein  filament  formation  (Supplementary
Figure S1), we hypothesize that it is likely that the nucleo-
protein filament is composed of a Dan filament wrapping
around the DNA in a helical fashion (Figure 2G), whereby
the DNA is threaded through the periodic helical protein
filament structure and does not cause significant exten-
sion—reduction due to DNA distortion. In summary, at
saturated DNA binding, Dan binds cooperatively along
DNA to form a periodic rigid filament and causing DNA
to stiffen. At unsaturated DNA-binding conditions, Dan
can cause local DNA compaction (Supplementary Figure
S4), which is consistent with previous AFM studies (7).

Dan filament restricts DNA accessibility

The formation of a protein filament on DNA could form a
continuous physical barrier to restrict DNA accessibility.
To test this hypothesis, DNase I assay was conducted by
incubating 40 ng of linear 576 bp DNA at various ratios of
Dan to base pairs in standard buffer followed by digestion
with 2U of DNase I (Promega) (Figure 3A). At ratio of
Dan to base pairs >1:2, DNA was not degraded in the
presence of DNase I, indicating that DNA was protected

by Dan. In contrast, DNA incubated without Dan was
digested over the same time scale (Figure 3A).

The appearance of protected DNA at 1:2 ratio of Dan
to base pairs (Figure 3A) suggests that coating of DNA by
the Dan filament is nearly saturated. Indeed at a ratio of
1:5, AFM image analysis shows unsaturated DNA
binding, which results in DNA compaction (Figure 3B),
whereas at 1:2, Dan nucleoprotein filaments formed
(Figure 3C). These data show that complete coating of
DNA by the Dan filament can protect DNA from
nuclease digestion by physically blocking nuclease access
to DNA.

Dan nucleoprotein filaments mediate DNA condensation in
the presence of physiological MgCl, concentrations

Magnesium is essential for many enzymatic reactions in
bacteria, and its concentration is 2-4 mM in vivo (22,23).
In addition, it has been demonstrated that magnesium
affects the DNA-binding properties of H-NS proteins
(10,12). Therefore, we investigated whether the Dan—
DNA interaction is also sensitive to physiological concen-
trations of magnesium. We found that MgCl, induces
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Figure 3. DNase I DNA protection assay in the presence of varying Dan concentrations. (A) DNA was incubated with varying Dan to base pair
ratios was treated with DNase I to determine the protection ability of Dan. At >1:2 Dan:base pair ratio, DNA showed signs of DNase I protection,
whereas lower ratios resulted in complete DNA digestion by DNase 1. (B) AFM images of DNA-Dan complexes at a 1:5 ratio of Dan to base pairs
suggests incomplete DNA coverage by Dan, causing DNA compaction, whereas the naked DNA portion will be prone to DNase I digestion. The
height scale (0-2nm) is used to facilitate visualization of the naked DNA (~0.4-0.6 nm) compared with the white spots that are height-saturated
compacted Dan-bound DNA portions (~20-30nm). (C) At a of 1:2 ratio of Dan to base pairs, DNA is saturated by Dan, resulting in rigid
nucleoprotein filament formation that protects DNA from DNase I digestion. A bigger height scale (0—10nm) is used due to Dan nucleoprotein

filament higher height.
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Figure 4. Magnesium causes higher-order DNA compaction mediated
by inter-filament interactions of Dan. (A) Single-DNA stretching ex-
periments show that the Dan nucleoprotein filament is relatively stable
up to 10 mM MgCl,. At 10mM MgCl,, hysteresis between DNA re-
laxation and stretching suggests DNA folding. (B-E) AFM images of
DNA-Dan complexes incubated at a 1:1 ratio in the presence of 1 mM
MgCl, suggests that magnesium causes Dan filaments to interact with
each other, resulting in a higher-order DNA compaction. Dan

interactions between Dan nucleoprotein filaments and
causes DNA compaction into higher-order structures
(Figure 4). A pre-formed Dan nucleoprotein filament in
the absence of free proteins and magnesium can be folded
by addition of buffers containing >5mM MgCl,,
indicated by the hysteresis between the respective
forward and reverse FE curves (Figure 4A). The
presence of both DNA stiffening and FE curve hysteresis
suggests that Dan nucleoprotein filaments interact with
each other at high MgCl, concentrations.

To complement the single-DNA stretching experiments
and obtain a visual understanding of Dan-DNA inter-
action in the presence of magnesium, Dan-DNA
complexes were incubated in the presence of 1mM
MgCl, and imaged using AFM (Figure 4B-E). Dan is
still able to form rigid nucleoprotein filaments in the
presence of magnesium (Figure 4B-D). In addition, nu-
cleoprotein filaments compaction was also observed
(Figure 4B-E). DNA compaction/folding in 1mM
MgCl, buffer conditions was probably not observed in
our single-DNA stretching experiments because the
stretching force applied to the DNA likely increased the
folding energy barrier and may have also obscured weaker
interactions between filaments.

Dan nucleoprotein filaments can form linear concatemers
or circles through end-to-end interactions

Another surprising observation in our study is that Dan
nucleoprotein  filaments form both rigid linear
concatemers and circles, depending on the filament
density (Figure 5). It should be noted that this was done
in the absence of any ligase. AFM imaging of short, linear

Figure 4. Continued

nucleoprotein filament is still observed at I mM MgCl, (white arrows),
and DNA compaction is also observed (yellow arrows). (E)
Occasionally, large-scale DNA aggregation is also observed. For this
image, different scales are used to accommodate the large DNA-Dan
complex.



576 bp DNA incubated in a 1:1 ratio of Dan to base pairs
shows various lengths of Dan nucleoprotein filaments
(Figure 5A and B). The DNA contour length of 576 bp
DNA is ~200 nm, but most of the Dan nucleoprotein fila-
ments are much longer. Figure SC-E show the mono-
meric, dimeric and higher oligomeric forms of the
nucleoprotein filament, respectively. This suggests that
Dan nucleoprotein filament is able to form concatemers.
Occasionally, circularized nucleoprotein filaments were
also observed (Figure 5F). To analyze the formation of
concatemers quantitatively, the linear nucleoprotein
filament contour length was measured (N = 773), and
the histogram was plotted (Figure 5G). The contour
lengths are quantized at approximately 200 nm, suggesting
that Dan nucleoprotein filaments form linear concatemers
via end-to-end connection. Due to the low probability of
the circular concatemers, we did not perform similar
contour length analysis.

DISCUSSION

In this study, we show that Dan can form a rigid nucleo-
protein filament and induce DNA compaction in the
presence of >1 mM MgCl,. Interestingly, the nucleopro-
tein filament formation has been reported as a conserved
nucleoprotein structure formed by silencing of genes
encoding the H-NS proteins (9,10,12) and is shown to be
crucial to H-NS gene-silencing and antagonizing functions
(20,24). In addition, nucleoprotein filaments were also
reported for E. coli HU and eukaryotic HMGB, two
well-known DNA-bending proteins, in high protein con-
centration and low ionic strength (11,25). However, the
relevancy of the filaments formation to the in vivo func-
tions of these proteins is not clear. The ability of Dan to
form a continuous nucleoprotein filament that restricts
DNA accessibility and organizes DNA into different
buffer-dependent conformations demonstrates certain
level of homology between the DNA-binding properties
of Dan and H-NS proteins.
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The rigid nucleoprotein filament formation by Dan
occurs through a cooperative binding process, which is
also a similar property observed in H-NS proteins
(9,10,12). The cooperative polymerization of H-NS
proteins along DNA is believed to be related to their
capability to form higher-ordered oligomerization states
in solution (26-28). Interestingly, Dan can also form
higher-ordered oligomerization states in solution
(Supplementary Figure S5). These similarities between
Dan and the H-NS proteins suggest that the Dan
protein—protein interactions may also contribute to the
cooperative binding of Dan along DNA. The finding of
concatemers formed by the Dan nucleoprotein filaments
through end-to-end interactions is unexpected and inter-
esting, as it has not been observed in other proteins that
form rigid nucleoprotein filaments on double-stranded
DNA. The mechanism behind concatemer formation is
not clear and requires further study.

During anaerobic condition, Dan protein copy number
is up-regulated to approximately 7000-9000 (7), which
translates to in vivo Dan concentration in the order of
micromolar. Based on our work here, this range of concen-
tration favours Dan nucleoprotein filament formation and
thus suggests the filament relevancy in vivo. Deletion of dan
from the E. coli chromosome slows cell growth during an-
aerobic conditions (7,8,29), indicating that Dan is import-
ant for proper anacrobic function. However, the precise
roles of Dan during anaerobiosis are unclear. Genomic
SELEX screening identified a total of 688 Dan-binding
sites along the E. coli genome (7), implying that Dan
targets regulation sites in addition to the tzd operon in E.
coli. From this genome-wide screening assay, a high-affin-
ity consensus DNA sequence was also found for Dan
upstream of its regulated genes (7). Although Dan posi-
tively regulates the ttdA-ttdB-ygjE operon and also its
own expression (8,29), the impact of Dan on the global
gene expression of E. coli under anaerobic conditions has
not been investigated. For comparison, the E. coli H-NS
proteins, which also forms the protective rigid nucleopro-
tein filaments, causes global gene silencing despite being
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Figure 5. End-joining of Dan nucleoprotein filaments to DNA concatemers and circular DNA. (A) Naked DNA control. (B) DNA-Dan complexes
at 1:1 ratio show multiple DNA conformations. (C and D) Dan mediates formation of linear DNA concatemers. (F) Occasionally, circular DNA
conformation of a monomeric DNA was also observed. (G) Histogram of DNA contour length determined from AFM analysis shows that Dan
causes the formation of linear DNA concatemers, likely caused by ends joining.
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involved in the up-regulation of some genes (30). The simi-
larity of the DNA-binding properties between Dan and
H-NS suggests that Dan might play a role in global gene
silencing under anaerobic conditions. This warrants future
studies of Dan gene regulation at a global level during an-
aerobic stress growth conditions.

Other than gene regulatory function, Dan may also con-
tribute to chromosomal DNA packaging and protection.
The addition of this new nucleoid protein Dan during
anaerobic growth condition is expected to alter the
overall nucleoid structure by binding to naked DNA
regions or replacing pre-existing nucleoid proteins. In
addition, the in vivo magnesium concentration was
estimated to be around 2-4mM (22,31). According to
our results, Dan causes higher-order DNA compaction
via protein filament interactions in the presence of mag-
nesium in this concentration range. Taking all of the
above together, Dan may aid chromosome packaging
and DNA protection. The idea that Dan is involved in
chromosomal protection is consistent with a previous
finding that Dan is generally localized at the surface of
nucleoid (7). Similarly, the stress-response E. coli NAP
DNA-binding proteins from starved cells are abundant
during starvation stress conditions and are involved in
chromosomal DNA compaction and protect DNA from
oxidative stress damage (32-34). In summary, this work
shows that the Dan protein is able to form rigid nucleo-
protein filament, which provides a potential mechanistic
platform in understanding Dan roles as a NAP during
E. coli anaerobic growth conditions.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Figures 1-5 and Supplementary Methods.
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