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Nucleoid-associated proteins (NAPs) facilitate chromosome orga-
nization in bacteria, but the precise mechanism remains elusive.
H-NS is a NAP that also plays amajor role in silencing pathogen genes.
We used genetics, single-particle tracking in live cells, superresolu-
tion microscopy, atomic force microscopy, and molecular dynamics
simulations to examine H-NS/DNA interactions in single cells. We
discovered a role for the unstructured linker region connecting the
N-terminal oligomerization and C-terminal DNA binding domains. In
the present work we demonstrate that linker amino acids promote
engagement with DNA. In the absence of linker contacts, H-NS
binding is significantly reduced, although no change in chromosome
compaction is observed. H-NS is not localized to two distinct foci;
rather, it is scattered all around the nucleoid. The linker makes DNA
contacts that are required for gene silencing, while chromosome
compaction does not appear to be an important H-NS function.
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In bacteria, genetic information is highly organized in the cell, in a
structure referred to as the nucleoid. Nucleoid-associated proteins

(NAPs) are highly abundant proteins that organize and package
DNA and also mediate gene regulation. One of these, H-NS, reg-
ulates ∼5% of the bacterial genome, mostly by gene silencing. Many
of these silenced genes are involved in virulence in bacterial path-
ogens (1–3), conferring on H-NS the term “genome sentinel” (4, 5).
H-NS possesses two functional domains, an N-terminal olig-

omerization domain and a C-terminal DNA binding domain, sep-
arated by a flexible linker. The NMR structure of the isolated DNA
binding domain is composed of a two-stranded β-sheet, an α-helix,
and a 310-helix (6). Two conflicting NMR structures of the oligo-
merization domain exist as a parallel (7) or antiparallel (8) coiled-
coil, and hence it is an open question as to how the C-terminal
DNA binding domain is oriented on the DNA or whether H-NS
is capable of adopting multiple orientations. The X-ray crystal
structure of a longer N-terminal region (amino acids 1–83) is
composed of two antiparallel dimerization sites of H-NS, and the
second dimerization site is the basis for oligomerization (9).
Previous studies compared DNA binding of full-length H-NS

protein with the isolated C-terminal DNA binding domain (10,
11). The C terminus displayed a substantially lower affinity for
DNA (∼2,000-fold) compared with the full-length protein. This
construct employed five residues of the flexible linker connecting
the N-terminal and C-terminal DNA domains (10). As a result,
we reasoned that the linker might be involved in promoting
H-NS/DNA binding and perhaps we could separate gene regu-
latory functions from its proposed DNA compaction function
(12–14). We therefore set out to examine the linker connecting
H-NS domains. Our results demonstrate that charged residues in
the linker play an important role in H-NS gene silencing, but
H-NS does not play a major role in chromosomal compaction.
Single-molecule studies with magnetic tweezers and atomic

force microscopy (AFM) identified two DNA binding modes of
H-NS, bridging (12) and a stiffened filament (15), that were
magnesium-dependent (16); see ref. 17 for a recent review. It was
later established that gene silencing required formation of a

stiffened protein filament, and relief of silencing resulted from
proteins that bind and bend DNA, reorientating H-NS and allowing
access for RNA polymerase (3, 18). Herein, we define a role for the
unstructured linker that functions not as a passive tether but makes
DNA contacts that promote engagement by the C-terminal DNA
binding domain. In the absence of these initial contacts, a rigid
filament required for gene silencing is not formed, and silencing is
eliminated. Single-particle tracking experiments in live, single cells
confirmed the alteration in H-NS binding to DNA; wild-type H-NS
is almost exclusively bound to DNA (95%), whereas <21% of the
linker deletion mutant is bound to DNA. Surprisingly, the nearly
complete loss of H-NS binding to DNA did not lead to chromo-
some relaxation, as indicated by superresolution fluorescence mi-
croscopy, although cell elongation occurred.

Results
A Linker Deletion of H-NS Was Incapable of Gene Silencing. We con-
structed two chromosome mutants, one in which the N- and
C-terminal domains were fused, completely lacking a linker (ΔL),
and one in which the linker was replaced by a dummy linker (Q15)
of 15 glutamine residues (19). We assayed H-NS function using
motility, since H-NS represses hdfR, a repressor of flhDC, the master
flagellar gene regulator (20). Thus, cell motility is positively corre-
lated with H-NS function. An H-NS knock-out strain was con-
structed and the wild-type, null,ΔL, and Q15 linkers were compared
on swarm plates (Fig. 1). The wild-type swarm diameter was 8 ±
0.1 cm, indicating the cells were motile and expressing flagella,
whereas the hns null was nonmotile (0.3 cm, e.g., 4% compared
with wild type). Strains expressing the ΔL or the Q15 linker
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exhibited significantly smaller halos (3.2 ± 0.3 and 3.1 ± 0.2 cm,
respectively), ∼40% of the size of the wild-type swarm. We also
examined the effect of the linker mutants at another locus, the
csgD promoter, since we identified H-NS as a repressor of csgD in
Salmonella (18). A promoter fusion of gfp to csgD (PcsgD-gfp) was
constructed and inserted into the bacterial chromosome (SI Ap-
pendix, SI Material and Methods), and the fluorescence of the
linker mutants was monitored in isolated, single Escherichia coli
cells (SI Appendix, Fig. S1). As with the motility assay, linker
mutants were nonfunctional and unable to repress PcsgD-gfp,
leading to increased GFP fluorescence. The inability to repress
was not a result of reduced expression of the mutants, as all of the
mutant proteins were abundantly expressed and readily purified
for AFM (discussed below). Thus, the H-NS linker does not
function as a completely passive tether connecting two functional
domains, and some amino acids in the linker contribute signifi-
cantly to its gene regulation function.

Charged Residues in the Linker Were Essential for Function. H-NS
homologs are present in many species of Enterobacteriaceae. An
alignment indicated a similarity of >92% and the linker region
showed an identity ranging from 40 to 93% (SI Appendix, Fig.
S2). The E. coli H-NS linker contains five charged residues that
we suspected might contribute to function (21), based on a
prediction of DNA-binding residues (DP-Bind). We reintro-
duced these residues (highlighted in red) into the Q15 linker
beginning with two arginines at position 90 and 93 and assayed
motility and PcsgD-gfp activity. In Fig. 1, solely adding arginine
90 and 93 (R2) to the Q15 linker had only a minor effect on
activity (55% compared with wild type). Further addition of ly-
sine 89, 87, and 83 and threonine 86 (predicted by DP-Bind)
(K3TR2) restored full activity. Additional substitutions indicated
that arginines 90 and 93 were essential, but a combination of two
additional lysines was sufficient to restore activity (K2R2). Fur-
thermore, the specific lysines that were present were not impor-
tant (i.e., K2R2-A was identical to K2R2-B) (Fig. 1). These
substitutions had similar effects at the csgD promoter (SI Appen-
dix, Fig. S1). A net charge of +4 was a minimal requirement for
full H-NS function. To further validate our finding we constructed
L-A5, replacing the five positive charge residues with alanine in
the native linker. L-A5 had a motility profile similar to that of ΔL
and Q15 (Fig. 1). Thus, charged residues in the linker were es-
sential for the ability of H-NS to regulate genes that it normally
represses. Furthermore, altering the length of the linker or the
positioning of charged residues with respect to the C terminus
(76–79% of wild type) or adding additional charged residues (65%
of wild type) had only slight effects on H-NS function (Fig. 1).

Linker Mutants Were Unable to Polymerize on DNA. Our previous
studies used magnetic tweezers and AFM to analyze H-NS
binding functions (16, 17, 22), and identified gene silencing
resulted from H-NS polymerization along DNA (22). It was
therefore of interest to determine whether the linker mutants
were capable of DNA binding and polymerization. The AFM
image of a naked 755-bp PcsgD fragment (18) with no added
protein is given in Fig. 2A. Addition of wild-type H-NS led to
polymerization and complete coating of H-NS along the DNA
(Fig. 2 B and H). In contrast, the ΔL and Q15 height histogram
was similar to that of naked DNA (Fig. 2 C, D, and H). However,
small foci were sometimes evident (yellow arrows Fig. 2C). Sus-
pecting that the lack of binding was due to a reduced affinity of the
linker mutants, we increased the protein concentration and the
incubation time. The ΔL and Q15 mutant proteins formed small
patches of filament in some places (SI Appendix, Fig. S3), indicating
that they bound to DNA with lower affinity compared with the wild
type. The AFM results verified the motility assay (Fig. 1), in that
changes in the H-NS linker region had a large effect on DNA
binding. These effects were further quantified using single-particle
tracking photoactivatable localization microscopy (SptPALM)
(discussed below). In contrast, the R2 mutant and the KR2 mutants
were capable of polymerization, that is, the DNA was partially
coated with some naked patches of DNA visible (Fig. 2 E and F).
The K2R2 mutant was similar to wild-type H-NS (Fig. 2G). The
inability of the ΔL and Q15 linker mutants to polymerize along
PcsgD explained why they were incapable of gene silencing (Fig. 2
and SI Appendix, Fig. S3).

DNA Binding Impairment Does Not Affect Oligomerization. The
N-terminal oligomerization domain of H-NS was important for H-NS/
DNA nucleoprotein filament formation and also affected gene re-
pression (9, 11, 20). To test whether the linker mutants were impaired
in their ability to polymerize along DNA because of a defect in
oligomerization, we examined whether the ΔL mutant existed as an
oligomer in solution. His-tagged wild-type and ΔL mutant proteins
were analyzed using gel filtration liquid chromatography (SI Appen-
dix, Fig. S4). The chromatography profile of ΔL was similar to that of
wild-type H-NS. Wild-type and ΔL protein peaks were shifted to a
lower retention volume, indicating oligomer formation. Hence, the
reduced binding affinity of the H-NSmutants and an inability to form
nucleoprotein filaments resulted from a direct effect of linker sub-
stitutions or its deletion and was not due to a failure to oligomerize.
Furthermore, incorporating a dimerization mutant L30P, which
eliminates H-NS repression (23), into the ΔL mutant had no addi-
tional effect on DNA binding (SI Appendix, Fig. S5).

Foci Formation Required DNA Binding and Was Absent in ΔL. Since
the ΔL mutant had reduced affinity for DNA and was unable to
polymerize along DNA (Fig. 2) we performed two-color se-
quential single-molecule localization microscopy (SMLM) to
investigate the localization of H-NS and the nucleoid. We
compared wild-type H-NS and ΔL, which exhibited the most
extreme differences in both AFM and motility assays. Wild-type
H-NS and ΔL were linked to photoactivatable mCherry (PAm-
Cherry) using a 12-aa linker. The activity of the wild-type fusion
was equivalent to the wild-type native protein, based on the
motility assay (SI Appendix, Fig. S6). We first imaged wild-type
H-NS-PAmCherry and ΔL-PAmCherry using PALM (Fig. 3 A
and B), followed by direct stochastic optical reconstruction mi-
croscopy (dSTORM) imaging on the nucleoid labeled with Alexa
647 coupled to 5′-ethynyl-2-deoxyuridne (EdU) which was in-
corporated into the genome (Fig. 3 A and B). H-NS and nucleoid
images were merged to compare their localization. In the wild
type, dense regions of H-NS were evident, as reported previously
(24). However, in addition to the dense foci, many molecules of
H-NS were evident throughout the cell outside the foci. Dense
foci were not observed in the ΔL mutant (compare Fig. 3 A and
B). Occasionally, there were cells with smaller clusters on the sides
(second cell in Fig. 3B), but they were morphologically distinct
from the wild-type clusters, which were aligned along the cell

A B

Fig. 1. Substitutions in the H-NS linker affect gene regulation. (A) L is the
linker (amino acids 80–94) and DBD is the DNA binding domain. Original
linker residues are in red, additional positive charged residues in blue, ala-
nines in green, and glutamines in black. (B) Swarming motility assay of the
linker substitution strains. The relative diameters of the swarm were nor-
malized to the wild-type H-NS (100%). The mean was calculated from three
independent experiments with at least two replicates.
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length. Next, we used density-based spatial clustering of applica-
tions with noise (DBSCAN) to determine the wild-type cluster size
(25). The average cluster diameter was 273 ± 108 nm (SI Ap-
pendix, Fig. S7). The percentage of molecules that were inside the
clusters was 26% (SI Appendix, SI Material and Methods). A pre-
vious study reported a cluster size of ∼360 nm and 60 ± 25% of
the total localizations were in the cluster (24). The differences in
cluster size reported previously were most likely due to imaging
during different stages of the cell cycle (26). We imaged cells
during midexponential growth (OD600 = 0.6), whereas the pre-
vious study imaged cells in lag phase (OD600 = 0.01).
In the merged image it was evident that wild-type H-NS foci

were colocalized with the nucleoid (Fig. 3C). This image is sig-
nificant, because it indicates that the foci observed in super-
resolution images of H-NS (ref. 24 and Fig. 3A) resulted from
H-NS binding to DNA (absent in the ΔL strain) and were not the
result of PAmCherry-driven oligomerization, as previously sug-
gested (27). Furthermore, when we grew cells in rich media (LB)
the foci were no longer evident in the wild type, probably due to
rapid growth (SI Appendix, Fig. S8). We also imaged the R2 and
K2R2-A mutants. Both mutants have nucleoid-associated foci
(SI Appendix, Fig. S9). Thus, positive charges of the linker were
essential for association of H-NS with the nucleoid in single cells.

Elimination of H-NS Binding Does Not Affect Nucleoid Compaction.
H-NS was proposed to perform two distinct functions: nucleoid
compaction and gene regulation. Clearly, the absence of DNA

binding of the ΔL mutant drastically affected gene regulation
(Fig. 1 and SI Appendix, Fig. S1). To examine whether elimina-
tion of H-NS binding to DNA affected nucleoid compaction, the
size of the nucleoid in the wild type and ΔL mutant were
quantified in cells stained with DAPI, using structured-illumi-
nation microscopy (SIM) (SI Appendix, SI Material and Methods).
For this experiment, SIM was favored over SMLM, because we
could rapidly image more cells (SI Appendix, Fig. S10). The av-
erage nucleoid area of wild-type H-NS cells was 0.43 ± 0.11 μm2

(n = 107). In contrast, the nucleoid of the ΔL mutant was smaller
(0.38 ± 0.10 μm2, n = 112). The cell length of the ΔL mutant
was longer (2.83 ± 0.46 μm) compared with the wild type (2.41 ±
0.41 μm) (Figs. 3 and 4). As a positive control, we added novobiocin
to the wild-type culture. Novobiocin inhibits DNA gyrase ATPase
activity, relaxing DNA supercoils (28). Novobiocin-treated wild-
type cells had larger nucleoids (0.51 ± 0.15 μm2, n = 150) com-
pared with the untreated control, indicating that DNA relaxation/
compaction can be determined using this method.

SptPALM Identified a Reduction in DNA Binding by ΔL. The locali-
zation of ΔL was very different from wild-type H-NS (Fig. 3),
due to its low affinity for DNA, evident in the AFM images (Fig.
2 and SI Appendix, Fig. S3). We therefore used SptPALM (29) in
live bacteria to measure the apparent diffusion coefficients D* of
wild-type H-NS and ΔL (Fig. 4 A and B and SI Appendix, Fig.
S11). The D* values of wild-type H-NS were <0.2 μm2/s [i.e.,
similar to values obtained for the NAP HU (30) and RNA
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polymerase (31)]. In contrast, D* values of ΔL were distributed
over a broad range, clearly indicating that a substantial fraction
of ΔL molecules was either not bound to the nucleoid or was
transiently bound. LacI proteins that made nonspecific interac-
tions with DNA had a D* value of about 0.4 μm2/s (32), and
transient, nonspecific RNA polymerase interactions with DNA
during promoter searching had a D* value of 0.36 μm2/s (31).
Given these values, we sorted the H-NS tracks into three cate-
gories based on D* values: (i) <0.2 μm2/s, (ii) 0.2–0.6 μm2/s, and
(iii) >0.6 μm2/s (SI Appendix, Fig. S12). The tracks were also
converted into a pixelated D* heat map displaying the spatial
distribution of D* (Fig. 4C and SI Appendix, Fig. S13). From the
heat map, the tracks of wild-type H-NS, which has low D* values
(indicated by the red/orange pixels), were localized as clusters in
the cell. In contrast, the ΔL tracks were distributed throughout
the cell with a broad range of D* values.
To quantify the fraction of ΔL molecules that were not bound

to the nucleoid, the cumulative probability distribution (CPD)
method was employed. The CPD plot of ΔL was shifted to the
right of wild-type H-NS, indicating increased mobility (Fig. 4D).
A three-diffusion component model best fit the data (SI Ap-
pendix, Eq. 3). D* values obtained for wild-type H-NS were D1 =
0.040 ± 0.002 μm2/s (35%), D2 = 0.12 ± 0.01 μm2/s (60%), and
D3 = 1.05 ± 0.15 μm2/s (5%). Proteins that bind to the nucleoid
have D* values <0.2 μm2/s (30, 31). Hence, D1 and D2 values of
0.040 and 0.12 μm2/s represent H-NS bound to DNA. The
presence of two bound D* components could be due to the DNA
binding modes of H-NS (16, 17). Only 5% of wild-type H-NS
molecules had a fast D3, indicating that most of the H-NS in the
cell was bound to DNA.
ΔL apparent diffusion coefficients were D1 = 0.12 ± 0.01 μm2/s

(21%), D2 = 0.54 ± 0.03 μm2/s (55%), and D3 = 1.96 ± 0.11 μm2/s
(24%). The appearance of a 0.54 μm2/s D2 in the mutant was
indicative of transient DNA binding. The very slow D1 component
(0.040 μm2/s) in the wild type was no longer detected and D2
decreased from 60 to 21% (D1 was 0.12 μm2/s in ΔL). In addition,
the D3 fast fraction (1.05 μm2/s in the wild type) increased from
5 to 24% and was almost twofold faster (1.96 μm2/s) in ΔL.

We also determined diffusion coefficients of the R2 and K2R2-A
mutants (SI Appendix, Table S3). K2R2-A and the wild type had
similar levels of the unbound fraction of H-NS, while the R2
mutant was between ΔL and the wild type, in keeping with its
motility phenotype and AFM profile (Figs. 1 and 2). These ob-
servations identify the linker as being essential for tight binding
of H-NS to DNA and for the appearance of foci in super-
resolution images (Fig. 3). In the absence of the linker, ΔL can
barely bind to DNA, as we observed in the AFM (Fig. 2). This
led to the appearance of D2 (0.54 μm2/s, 55%), which could arise
from the C-terminal DNA binding domain making transient
contact with DNA but being unable to switch into the tighter
binding mode due to the loss of the linker.

Linker Residues Initiated DNA Contact by Electrostatic Interaction.
Next we employed all-atommolecular dynamics (MD) simulations
to explore the role of the charged linker residues in promoting
DNA binding. The interaction between the csgD promoter high-
affinity sequence ATTTTAATATAACGAGTTAC and H-NS
(amino acids 80–137) was investigated. DNA and H-NS were
initially placed ∼3.5 nm apart, and production runs of 500 ns were
performed to investigate the interaction between freely diffusing
DNA and H-NS molecules. In nine independent simulations with
different initial orientations of DNA and H-NS, the linker bound
to DNA within 10 ns after simulations commenced, and H-NS
remained associated with DNA throughout its duration. Two
snapshots of DNA-H-NS complexes at 500 ns of the combined
nine simulations are shown in Fig. 5 (the remaining are in Movie
S1), revealing that the linker can bind both major and minor
grooves. Initial interaction led to a decrease in electrostatic po-
tential between the linker and DNA (SI Appendix, Fig. S14), that
is, identical to the electrostatic potential of the sole five lysine/
arginine residues and DNA. This result indicated that the elec-
trostatic attraction between the linker and DNA critically depends
on the positively charged residues (Figs. 1, 2, and 5).
In all bound conformations lysine and arginine residues

interacted with the phosphate backbone and bases through ap-
proximately five H-bonds, with approximately three contributed
by the two arginines and approximately two by the three lysines
(SI Appendix, Fig. S15). In the bound state the conformation of
the linker was highly dynamic, consistent with the nature of
nonspecific electrostatic interactions between positively charged
residues and DNA. This implies a potential capability of the
linker to slide diffusively along DNA without dissociation, since
such diffusion does not involve significant free energy cost.
Within the simulation time scale the C terminus of H-NS was
trapped in the vicinity of DNA by the linker, but did not stably
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Fig. 4. SptPALM of wild-type H-NS and ΔL. (A) Representative cells and
tracks of wild-type and ΔL strains. (B) Apparent diffusion coefficient D*
histogram obtained from the slope of the first three points of the MSD plot
calculated from individual tracks. (C) Diffusion map constructed from the D*
obtained from B by converting the x–y vector coordinates of all of the spots
in the tracks into pixel coordinates (50-nm size). The color map ranges from
D* = 0 (red) to 1.5 μm2/s (dark blue). Values >1.5 μm2/s were also dark blue
pixels. (D) CPD plot of both wild-type and ΔL strains. Blue circles represent
the experimental data, and red lines represent the fit of the data to SI Ap-
pendix, Eq. 3. (Scale bars: 0.5 μm.)

Fig. 5. Two of nine snapshots from independent trajectories of MD simu-
lations with different initial conformations. The C terminus of H-NS (amino
acids 95–137) is indicated in green and the linker (amino acids 80–94) in-
dicated in magenta. All trajectories feature a stable attraction between DNA
and the H-NS linker. Key residues forming H-bonds are shown in stick rep-
resentation and H-bonds are shown in black dashed lines. See SI Appendix,
Fig. S14 and Movie S1 for remaining snapshots.
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bind the DNA (Movie S1). Binding of the C terminus to the
minor groove (33) likely involves deformation of DNA that does
not occur within our MD-accessible time scale.

Discussion
H-NS Does Not Appear to Play a Role in Chromosome Compaction.
Previous optical tweezers and AFM measurements of H-NS
bridging of two distinct DNA molecules suggested that H-NS was
involved in compaction of the nucleoid (12–14). The results of
these in vitro measurements were not compatible with our direct
image analysis of the nucleoid (SI Appendix, Fig. S10). If H-NS
were to play a significant role in chromosome compaction, re-
ducing its DNA binding ability from 95 to 21% should lead to
relaxation of the chromosome, which was not observed. Al-
though the cells in the ΔL mutant were noticeably longer (17% >
wild type), the increase in length was likely due to the many cell
envelope genes regulated by H-NS (34); compaction functions
are most likely provided by redundant NAPs such as FIS (35) or
HU (36–38). Our observation that H-NS does not play a major
role in nucleoid compaction also explains why hns deletions are
tolerated in E. coli, since nucleoid relaxation would be expected
to be deleterious. In previous reports, the number of origins in an
hns null was less than the wild type (39–41), with fewer DNA
replication forks and less DNA content. This could explain why
ΔL has a more compact nucleoid (12% smaller than wild type).
Nevertheless, complete relaxation of the chromosome, in which
the nucleoid expands significantly, was not observed, indicating
that H-NS does not play a major role in nucleoid compaction.

Polymerization Is a Function of DNA Binding Affinity. The N termi-
nus of H-NS is involved in oligomerization, and two distinct
regions contribute to its oligomerization ability (9). Oligomeri-
zation was not affected by linker substitutions, because the ΔL
mutant still retained its ability to form higher-order complexes
(SI Appendix, Fig. S4). One would expect that oligomerization
propensity might somehow be coupled to the ability of H-NS to
polymerize along DNA. However, the linker mutants were un-
able to polymerize (Fig. 2), and this property was related to their
reduced binding affinity (SI Appendix, Fig. S3). At higher con-
centrations polymerization was evident, but it was not nearly as
robust as the wild-type H-NS.

A Role for Linkers in Proteins. Multidomain proteins are joined by
linker peptides that connect protein domains and provide func-
tions such as cooperative interdomain interactions, allowing flex-
ibility or preserving biological activity. A survey of 1,280 linkers in
native proteins grouped the average length of linkers in multido-
main proteins into small (4.5 residues), medium (9.1 residues),
and large linkers (21 residues) (42). Natural linkers adopt various
conformations in secondary structure to exert their functions.
Q-linkers were observed at the boundaries of functionally distinct
domains in a variety of bacterial regulatory and sensory trans-
duction proteins (43). A flexible, disordered linker separates the
two distinct functional domains of H-NS. Disordered linkers have
been overlooked in biology, because the conventional structure–
function paradigm requires a fixed, 3D structure for function. One
demonstration of linker conformation effects on transcription is
the AraC bacterial transcriptional regulator. In one conformation
(suspected to be a random coil) AraC forms a repressive loop
between distant molecules bound to DNA, whereas a change in
linker conformation (proposed to be an increase in helicity)
reorients the AraC dimer, and it binds to adjacent, activating sites
on DNA (44).
Recent studies have discovered that disordered proteins are

abundant in proteomes across all domains of life and function-
ally significant. About 39% of proteins in the Eukaryota, 10% in
Archaea, and 9% in Bacteria have long disordered regions
(>30 disordered residues) (45). Intrinsically disordered proteins
and protein regions are highly enriched in eukaryotic DNA-
binding proteins (∼68%), in contrast to ∼8% of bacterial DNA-
binding proteins (45). These disordered regions are rich in

positively charged residues that tend to form clusters in the tails
of DNA binding domains. The role of disordered linkers in
DNA-binding has been mainly studied in eukaryotic transcrip-
tional factors. For example, the cocrystal structure of Drosophila
Scr-DNA (a homeodomain transcription factor) shows positive
charges arginine and histidine from the extended disordered
region inserted into the minor groove that are required for DNA
binding (46). MD simulations of homeodomain proteins Antp,
NK2, HoxD9, and p53 identified electrostatic interactions be-
tween the disordered region and DNA that facilitate specific
DNA searching by one-dimensional sliding or hopping (47).
With the exception of HoxD9, the other homeodomain proteins
possess four to five net positive charges (as does H-NS). The
efficiency of the DNA search was dependent on the length and
net charge (47).
The H-NS linker has five positively charged residues in the

linker; among these, K87, K89, and R90 are clustered in the
center, while K83 and K93 are flanking them. The net charge is +5,
similar to the net charge of NK2 and p53. Our MD simulation
suggested that binding to DNA by H-NS was initiated by the in-
sertion of the disordered linker, driven by nonspecific electrostatic
forces, followed by a subsequent one-dimensional sliding mode,
very similar to homeodomain proteins (47). Since the number of
charged residues, their distribution, and the length of the disor-
dered linker are critical for the sliding search mode (47), we ex-
amined the effect of linker length and spacing between the charged
clusters to the DNA binding domain (Fig. 1, K2R2-N, K2R2-C, and
K2R2 short). Only minor effects on the position and length (60–
80% of wild type) of the disordered linker were observed. Reducing
the number of positive charges to +0 eliminated function, and a
+4 positive charge was sufficient for maximal activity. Increasing the
number of positive charges to +8 reduced activity to 60% of wild
type. Taken together, our results reveal an exquisite sensitivity to
overall charge in the disordered linker of H-NS to +4–5.

Implications of the MD Simulations. MD simulations suggest a fast
initial binding of the H-NS linker to DNA. Initial binding fea-
tures a nonspecific electrostatic interaction between positively
charged residues in the linker domain and DNA, which possibly
allows diffusive sliding of H-NS along DNA. In three of nine
500-ns simulations the bound molecule diffused over a length
scale of half of a helical repeat of DNA; the 1D diffusion co-
efficient was roughly estimated to be on the order of nanometers
squared per microsecond, the same order of magnitude of the
diffusion coefficient of transcription factors sliding on non-
specific DNA sequences (48). A one-dimensional “sliding” mo-
tion of protein along nonspecific DNA can drastically increase
the rate of specific binding targeting (49, 50). Therefore, the
simulation suggests that target site searching of H-NS on DNA
involves an initial nonspecific electrostatic attraction by the
linker, followed by 1D sliding along the DNA and final locali-
zation at a high-affinity, AT-rich site. This 1D sliding may also
facilitate incorporation of a newly bound H-NS into an H-NS
filament, which would then be unable to slide further. Such
sliding-assisted site searching was previously observed for LacI
searching for its specific binding sites (32).

Implications of H-NS DNA Binding Affinity and Specificity. In the
present work we determined that deletion of the linker domain
or deletion of positive charged residues in the linker drastically
reduced the binding of H-NS to DNA, indicating that the H-NS
linker was the predominant factor that contributed to the DNA
binding affinity of H-NS. This nonspecific electrostatic in-
teraction between the linker and DNA is not in conflict with
reports of H-NS binding to specific AT-rich nucleation sites (51).
Specificity can be achieved as long as the specific site provides a
conformational feature that can further increase the attractive
interaction between H-NS and DNA. Recent studies reported
that recognition of a specific H-NS binding site depended on
indirect readouts based on DNA shape and electrostatics, rather
than base-specific contacts (33, 52). The most preferred bound
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conformation involved narrower minor grooves, compared with
B-form DNA, which is characteristic of AT tracts (33). Binding
involves Arg90 of H-NS as a key residue, inserting its side chain
deep into the minor groove. This binding conformation was also
observed in our MD simulations (Movie S1). Therefore, this
additional affinity between H-NS and AT-rich DNA can result in
preferential formation of an H-NS filament at AT-rich regions.

Materials and Methods
Details of materials and methods are given in SI Appendix. A list of strains
and plasmids are in SI Appendix, Table S1, and primers are given in SI Ap-
pendix, Table S2. In brief, AFM imaging was performed with 600 nM H-NS

and 755 bp E. coli csgD. For SMLM imaging, 10 μM EdU was added to the
cells, grown in M9 medium, to OD600 ∼0.2. Cells were harvested at OD600 ∼
0.6 and fixed with 1.5% paraformaldehyde. PALM imaging was performed,
followed by click-chemistry, incorporating Alexa647 for dSTORM imaging.
SptPALM was performed at 17 ms per frame, and only tracks with five or
more spots were analyzed. MD simulations were performed using Gromacs
5.1.1 with the ff99sb-ildn-NMR force field.
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