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ABSTRACT: Protein transport on DNA is at the core of the machinery of life. Here we
investigated the influence of DNA internal motion on the mobility of Hfq, which is involved in
several aspects of nucleic acid metabolism and is one of the nucleoid-associated proteins that
shape the bacterial chromosome. Fluorescence microscopy was used to follow Hfq on double-
stranded DNA that was stretched by confinement to a channel with a diameter of 125 nm. The
protein mobility shows a strong dependence on the internal motion of DNA in that slower
motion results in faster protein diffusion. A model of released diffusion is proposed that is based
on three-dimensional diffusion through the interior of the DNA coil interspersed by periods in
which the protein is immobilized in a bound state. We surmise that the coupling between DNA
internal motion and protein mobility has important implications for DNA metabolism and
protein-binding-related regulation of gene expression.

Protein transport on DNA and target search are
fundamental aspects in DNA metabolism. Accordingly,

they have been widely investigated with a range of
experimental methodologies and theoretical approaches.
Fluorescence microscopy has allowed tracking of a myriad of
DNA binding proteins on DNA, which in turn was aligned,
among other methods, by flow or attached to a substrate.1−8

Target search is facilitated by a combination of one-
dimensional sliding along DNA and three-dimensional
hopping and jumping between different binding sites on
DNA.9−12 These mechanisms have also been observed in living
cells.13 It has been suggested that searching of target sites is
coupled to DNA internal motion, but clear experimental
evidence for this effect has not been reported.14−16 In this
work, we investigated the effect of DNA motion on the
mobility of the bacterial nucleoid-associated protein (NAP)
Hfq using a novel nanofluidic methodology.
Confinement of DNA molecules to a long, narrow channel

with a diameter of tens to hundreds of nanometers in
conjunction with fluorescence imaging is an emerging single-
molecule technology with diverse (bio)technological applica-
tions.17−19 Nanofluidic channel systems are ideal for
investigating DNA−protein interactions because of the
possibility to observe individual DNA molecules and their
complexes without molecular handles or tethers.20,21 These
systems have also been used to follow the assembly of Hfq on
DNA and to monitor folding and compaction of DNA into a
condensed form.22,23 Another application is the measurement
of fluctuations in DNA segment density through analysis of
fluorescence correlation.24−26 A key element is screening of

hydrodynamic interactions beyond a distance scale on the
order of the diameter of the channel. Indeed, Rouse dynamics
was reported for bacteriophage λ-DNA and its dimeric and
trimeric concatemers confined to a channel with a diameter of
125 nm (about 2 times the DNA persistence length). Major
slowing of intramolecular fluctuations for the longer
concatemers was observed, related to the fact that in a quasi-
one-dimensional configuration the Rouse relaxation time has a
cubic dependence on the molecular weight.26

Hfq is a phylogenetically conserved protein found in
approximately half of bacteria.27 The cellular content of Hfq
is comparable to those of the most abundant NAPs, namely,
factor for inversion simulation (Fis) and heat-unstable protein
(HU).28 Consistent with this abundance, Hfq has multiple
functions. Hfq was initially described in relation to its role in
bacteriophage Qβ RNA replication (Hfq stands for host factor
for phage Qβ).29 Later, Hfq was found to play a more general
role in Escherichia coli RNA metabolism. In particular, it
facilitates pairing of small noncoding sRNA with target mRNA,
usually around the ribosome binding site, allowing regulation
at the post-transcriptional level.30 Few studies have been
devoted to the role of Hfq in DNA metabolism.31 It has been
suggested that Hfq is involved in transcription control, such as

Received: July 23, 2020
Accepted: September 15, 2020
Published: September 15, 2020

Letterpubs.acs.org/JPCL

© XXXX American Chemical Society
8424

https://dx.doi.org/10.1021/acs.jpclett.0c02251
J. Phys. Chem. Lett. 2020, 11, 8424−8429

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Indresh+Yadav"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rajib+Basak"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peiyan+Yan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jeroen+A.+van+Kan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ve%CC%81ronique+Arluison"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Johan+R.+C.+van+der+Maarel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Johan+R.+C.+van+der+Maarel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpclett.0c02251&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c02251?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c02251?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c02251?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c02251?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c02251?fig=tgr1&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.jpclett.0c02251?ref=pdf
https://pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org/JPCL?ref=pdf


regulation of transcription initiation and/or elongation.32 It
might also affect plasmid replication and transposition.33 Hfq
has a significant affinity for DNA with a dissociation constant
in the range from nano- to micromolar (the corresponding
values pertaining to binding to RNA are 3 orders of magnitude
smaller).23 Hfq is part of a family of NAPs that bridge sections
of the DNA molecule, thereby organizing large parts of the
genome into domains.34 Accordingly, Hfq has been considered
to be one of the NAPs that shape the bacterial chromosome.28

In the present contribution, fluorescence microscopy was
used to measure the diffusion of Cy3-labeled Hfq on double-
stranded DNA. No significant effects of mutation and labeling
on Hfq function were observed previously.35 The untethered
DNA molecule was stretched by confinement to a 125 nm
channel. DNA internal motion was modulated with an almost-
fixed stretch per unit contour length by variation of the
molecular weight. Single proteins were hosted by λ-DNA and
its di- and trimeric concatemers. The use of concatemers
removed any uncertainty associated with the base pair
sequence, as would be the case for a series of different
DNAs with different molecular weights. Rouse relaxation times
were previously measured for the same molecules in the same
channel system.26 Coupling of DNA internal motion and
protein mobility was then investigated by exploring the relation
between the diffusion coefficient of Hfq and the Rouse
relaxation time of the hosting DNA molecule.
The DNA and Hfq molecules were dispersed in TE buffer

(10 mM Tris-HCl, 1 mM EDTA, pH 8.0), incubated
overnight, and brought into the array of nanochannels by
electrophoresis (experimental procedures are described in the
Supporting Information). After the electric field was switched
off, the DNA molecules were allowed to equilibrate for 2−5
min. DNA and Hfq were subsequently imaged by recording
video clips with frame-alternating excitation of DNA-bound
YOYO-1 and Hfq-bound Cy3 dye with an exposure time of
300 ms and a rate of 1.2 frames per second per dye molecule.
Typical fluorescence images of λ-DNA, dimeric λ-DNA2, and
trimeric λ-DNA3 molecules are shown in Figure 1a. The
molecules were heterogeneously stained with YOYO-1 as a
result of the relatively low intercalation ratio of one dye
molecule per 10 base pairs. Nevertheless, different concatemers
can easily be discerned on the basis of their stretch. Previously,
the stretch was measured in the same channel system, and the
results, together with the dye-corrected lengths along the
contours of the DNA molecules, are collected in Table 1.26

The stretch was about half the contour length, which implies
that the molecules were locally coiled. However, the molecules
were close to the transition from the blob regime to the
deflection regime, as indicated by Monte Carlo simulations.36

A coiled conformation complies with the 125 nm diameter of
the channel, which is about 2 times the stained DNA
persistence length of 60 nm.37 Furthermore, because of the
use of a channel of constant diameter, the stretch per unit
length of the contour (R/L) and hence the DNA segment
density are expected to be constant. Indeed, the value of R/L
for the λ-DNA2 dimers matches that for the λ-DNA monomers
within experimental error. For the λ-DNA3 trimers, the result is
significantly less but still within 12% of the value for the
monomers. For the analysis of the protein diffusion data, the
correspondingly higher segment density is of no consequence.
Video clips associated with diffusion of a single Hfq protein

on λ-DNA3 (Supporting Movie 1) and two Hfq proteins
(Supporting Movie 2) on λ-DNA2 were recorded. The time-

dependent fluctuation in density of a single λ-DNA2 molecule
projected along the channel (the kymograph) is displayed in
Figure 1b. Such a kymograph serves to characterize DNA
internal motion, as has previously been described.26 Super-
posed on the kymograph are the simultaneously measured
trajectories of two proteins diffusing inside the channel in the
same nanospace as occupied by the hosting DNA molecule
(Supporting Movie 2). Typical protein displacements were a
few micrometers, which exceeded the channel diameter by at
least an order of magnitude. Once the presence of a single
protein on DNA was established (as in Supporting Movie 1),
we recorded its trajectory using exclusive excitation of the Cy3
dye at a rate of 3.3 frames/s and a clip duration of 2−5 min.
No significant sticking of DNA or Hfq to the channel substrate
or coverslip was observed.
The trajectories of 20, 20, and 15 proteins diffusing on λ-

DNA, λ-DNA2, and λ-DNA3, respectively, were analyzed. We
first pooled the trajectories pertaining to the same DNA host.
From the trajectories, the probability distributions for
displacement of Hfq in the longitudinal direction of the
channel were determined for a range of lag times τ. The
minimum lag time of 300 ms was determined by the exposure
time required for imaging of the Cy3 dye. The practical limit of
the maximum lag time was 20 s; for longer times, the statistics
became progressively worse because of the finite duration of
the trajectories. An example of the probability distribution for
the displacement is shown in Figure 2a. For each lag time, a
Gaussian was fitted to the probability distribution by
optimizing the mean-square displacement ⟨Δz2(τ)⟩. The
results are shown in Figure 2b. It should be noted that
⟨Δz2⟩ refers to one-dimensional diffusion of the protein in the
longitudinal direction of the channel and in the interior of the

Figure 1. (a) Fluorescence images of λ-DNA, λ-DNA2 dimer, and λ-
DNA3 trimer confined to a 125 nm channel. (b) Kymograph of λ-
DNA2 density fluctuations (grayscale). The simultaneously recorded
trajectories of two Hfq proteins diffusing on the dimeric DNA
molecule are superposed in red. It should be noticed that the two
trajectories are close for 50 s < t < 100 s. The duration of the clip is 3
min (Supporting Movie 2).
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indicated DNA molecule. Linear least-squares fits intersecting
the origin confirm diffusional transport according to ⟨Δz2⟩ =
2Dτ, where D is the protein diffusion coefficient. Values of D
and their standard deviations as obtained from the regression
analysis for diffusion of Hfq on λ-DNA and its di- and trimeric
concatemers are collected in Table 1. For freely diffusing Hfq
inside the channel without DNA, D = (10.0 ± 0.2) × 105 nm2/
s (average of 15 proteins). A striking observation is that the
diffusion coefficient is highly dependent on the molecular
weight of the hosting DNA molecule, with the largest decrease
in mobility by a factor of ∼50 in the interior of the λ-DNA
monomer.
Besides pooling the trajectories, we also obtained the

diffusion coefficient of each individually observed protein.
The results are shown in Figure 2c. Irrespective of the DNA
molecular weight, rather wide variations in the value of D were
observed. Similar variations have been reported for other
DNA-binding proteins.2−8 For instance, in the case of LacI
repressor along elongated DNA, the diffusion coefficient varies

from 2.3 × 102 to 1.3 × 105 nm2/s.2 A 2 orders of magnitude
variation, from 1.0 × 103 to 2.1 × 105 nm2/s, was observed for
the lateral diffusion of Rad51 on DNA.4 The channel-confined
DNA molecules were not stretched to full extent but were
coiled with a typical R/L ratio of about 0.5 (see Table 1).
Hence, our results are not uniquely related to diffusion along
DNA but also reflect three-dimensional diffusion through the
interior of the coil. In agreement with the ensemble-pooled
results, there is a clear trend toward larger diffusion coefficients
with increasing molecular weight of the DNA host.
Quantification of DNA’s internal motion is required in order

to relate it to the transport of protein. The intramolecular
dynamics of λ-DNA and its concatemers confined to exactly
the same channel system was previously investigated through
analysis of fluorescence correlation.26 The derived intermediate
dynamic structure factors showed predominant odd modes
associated with end-to-end fluctuation and typical stretched
exponential relaxation behavior pertaining to Rouse dynamics.
The reported values of the relaxation time associated with
fluctuations in the DNA density (i.e., the Rouse time τR) are
collected in Table 1. Following a 3-fold increase in molecular
weight, the intramolecular dynamics slowed considerably, with
a 2 orders of magnitude increase in the value of τR. Despite this
large transition in density fluctuation, there was no substantial
change in the time-averaged density because the stretch
remained proportional to the contour length within a margin
of 12%. A linear relation between the diffusion constant of Hfq
(as derived from the pooled trajectories) and the Rouse
relaxation time of the hosting DNA molecule was observed
(see Figure 3).

Protein diffusion on DNA is envisioned to proceed by a
combination of at least three different mechanisms.9−12 First,
the protein remains firmly attached and only moves with the
bound DNA segment. Second, the protein remains bound but
slides along the contour of the DNA molecule through one-
dimensional diffusion. Third, the protein disengages from a

Table 1. Diffusion Coefficients D of Hfq Diffusing on λ-DNA and Its Di- and Trimeric Concatemers Confined to a 125 nm
Channel; DNA Rouse Times τR, Stretches R, Dye-Corrected Contour Lengths L, and Stretches Per Unit Contour Length R/L
Are Also Included26

D (105 nm2/s) τR (ms) R (μm) L (μm) R/L

λ-DNA 0.185 ± 0.005 60 ± 5 11.3 ± 0.1 21.4 0.528 ± 0.005
λ-DNA2 0.95 ± 0.02 560 ± 60 22.7 ± 0.2 42.8 0.530 ± 0.005
λ-DNA3 3.0 ± 0.1 1800 ± 300 29.9 ± 0.6 64.2 0.466 ± 0.009

Figure 2. (a) Probability distribution for the displacement Δz along
the direction of the channel of Hfq on λ-DNA3 for a lag time (τ) of
8.5 s. The solid curve represents a Gaussian fit. (b) Mean-square
displacement ⟨Δz2⟩ for Hfq (black ●), Hfq on λ-DNA (blue ▼), λ-
DNA2 (green ■), and λ-DNA3 (red ▲) (averaged over 15, 20, 20,
and 15 molecules, respectively). The solid lines represent linear fits
that give the diffusion coefficient D. (c) Histograms of diffusion
coefficients D pertaining to Hfq on λ-DNA (blue), λ-DNA2 (green),
and λ-DNA3 (red).

Figure 3. Protein diffusion coefficient D as derived from the pooled
trajectories vs DNA Rouse time τR for Hfq hosted by λ-DNA (blue),
λ-DNA2 (green), and λ-DNA3 (red). The dashed line represents the
D ∝ τR variation.
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particular site and makes an excursion by three-dimensional
diffusion before it rebinds to another site (hopping and
jumping). Typically observed displacements of Hfq on DNA
are a few micrometers, whereas the segments are confined to a
region with a size similar to the channel diameter (125 nm).
DNA moves very slowly, and its segmental motion is
subdiffusive in the employed range of lag times. Subdiffusion
of the protein was not observed even for short lag times (see
Figure 2b), so the protein cannot be bound to DNA for longer
periods of time. Another key observation is higher protein
mobility for slower segmental motion. Accordingly, the first of
the above-mentioned mechanisms, bound motion, is of minor
importance for the interpretation of the present data. For λ-
DNA and its concatemers, R/L is almost fixed. In the case of
one-dimensional transport along DNA, the diffusion coefficient
is hence expected to be constant and should not depend on the
molecular weight of the hosting molecule. In view of the strong
dependence of the diffusion constant on the DNA molecular
weight, this second mechanism can also be disregarded. For a
binding protein such as Hfq, the most plausible mechanism is
the third one, involving three-dimensional diffusion through
the interior of the DNA coil interspersed by periods in which
the protein is immobilized in a bound state.
In order to reconcile the linear dependence of the protein

diffusion coefficient on the DNA relaxation time, we postulate
that the protein performs a one-dimensional random walk
along the channel with N steps of length s, so that ⟨Δz2⟩ =
N⟨s2⟩ = 2Dτ. The diffusion coefficient can then be expressed as
D = kd⟨s

2⟩/2, where kd = N/τ is the step rate. In a previous
model of gated diffusion, DNA confines the protein in a cage,
and the protein can move between cages when hindering DNA
strands move out of the way.16 The gated diffusion model
predicts accelerated diffusion through a higher step rate with
faster internal DNA motion,38 which is the reverse of the
experimentally observed effect, where Hfq slowed down.
Furthermore, Hfq’s size of about 5 nm is much smaller than
the DNA mesh size of tens of nanometers, which should allow
almost unhindered movement through the interior of the coil.
Accordingly, the gated diffusion model can be disregarded for
the interpretation of the present data.
We propose an alternative model of released diffusion in

which DNA binds the protein and the protein can make an
excursion through the interior of the coil only if it disengages
from its binding site.9 The step rate is hence equal to the
protein dissociation rate kd. An excursion comes to an end
when the protein rebinds at another site. The probability of
rebinding is proportional to the site density, so that rebinding
is delayed in regions of decreased density of the DNA mesh.
Hence, a protein can make a longer-lasting excursion if the
mesh opens up for a longer time. When the mesh closes up, the
probability of rebinding increases, and the protein becomes
immobilized again. The duration of the excursion is then set by
the time scale of DNA density fluctuations, that is, the Rouse
time τR. With a free diffusion coefficient Df in the interior of
the coil, the mean-square displacement during the excursion
takes the form ⟨s2⟩ ≃ 2DfτR, so that D ≃ kdDfτR. The precise
value of Df is unknown but is expected to be close to the value
measured for Hfq on the concatemer with the longest
relaxation time, that is, Df ≈ 0.3 × 106 nm2/s. Such a diffusion
coefficient results in a residence time of bound Hfq on DNA
given by kd

−1 ≈ 2 s, which agrees with residence times ranging
between seconds and minutes for many transcription factors
on DNA.39 The observed variation in the mobility of individual

proteins on a particular DNA host is plausibly related to
distributions of the DNA Rouse time and protein residence
time.
Fluorescence microscopy has been used to follow Hfq on

DNA confined to a channel with a diameter of about 2 times
the persistence length. From the mean-square displacement,
we derived the diffusion coefficient of Hfq. Values of the
diffusion coefficient for individual proteins but pertaining to
the same hosting DNA molecule show a wide variation over
1−2 orders of magnitude, as was previously reported for other
DNA-binding proteins.2−8 A strong dependence of the
ensemble-pooled value of the diffusion coefficient on the
molecular weight of the DNA host was observed. As reported
in previous work, the Rouse relaxation time pertaining to DNA
confined to a quasi-one-dimensional channel shows a cubic
dependence on the molecular weight.26 Since the stretch is
almost proportional to the contour length, there is no
substantial change in time-averaged density. Hence, the
diffusion coefficient of Hfq is highly dependent on the internal
motion of DNA in that slower motion results in higher protein
mobility. The linear dependence of the Hfq diffusion
coefficient on the DNA relaxation time is explained with a
model based on diffusion through the interior of the DNA coil
interspersed by periods in which the protein is immobilized in
a bound state. Variations in the mobility of individual DNA-
binding proteins can be reconciled by distributions of the DNA
Rouse time and base-pair-sequence-dependent protein resi-
dence time. As an in vivo consequence, it has been observed
that the bacterial nucleoid facilitates rapid motion with
unexpectedly high mobility over regions of high density.40

This counterintuitive effect may now be attributed to
confinement-induced slowing of DNA internal motion and
concomitant enhanced protein mobility. The present study
represents the first demonstration of the strong coupling of
transport of a nucleoid-associated protein and DNA internal
motion. We surmise that this dynamic coupling also plays a
significant role for other DNA-binding proteins and hence that
there are important implications for DNA metabolism and
protein-binding-related regulation of gene expression.
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MATERIALS AND METHODS

Chip fabrication

Nanofluidic devices featuring rectangular-shaped channels with a length of 90 µm, a

depth of 130 ± 5 nm, and a width of 120 ± 5 nm (125-nm channel system) were fabricated

by replication in polydimethylsiloxane with enhanced elasticity modulus (X-PDMS) of a

patterned master stamp [1–3]. The nanochannel part of the stamp was made in hydrogen

silsesquioxane resist (Dow Corning, Midland, MI) using a lithography process with proton

beam writing. An array of nanochannels is connected to two loading reservoirs through a

superposing set of microchannels made in mr-DWL photoresist (Micro Resist Technology,

Berlin, Germany) with a laser writer (Heidelberg micro PG 101). The heights and widths

of the ridges in the master stamp were measured with atomic force microscopy (Dimension

3000, Veeco, Woodbury, NY) and scanning electron microscopy (JEOL JSM6700F), respec-

tively. The master stamp was coated with diamond-like-carbon layer before being copied in

the inorganic-organic hybrid polymer OrmoStamp (Micro Resist Technology). After copy-

ing, the stamp was coated with a 5-nm-thick carbon layer to ensure perfect release of the

replicated chips. The stamp was replicated in X-PDMS followed by curing at 333 K for 24h.

Following plasma oxidation (Harrick, Ossining, NY), the X-PDMS replica was sealed with

a glass coverslip.

∗ johanmaarel@gmail.com
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Sample preparation

Bacteriophage λ-DNA (48.5 kbp, contour length of 16.5 µm) was purchased from New

England Biolabs, Ipswich, MA. The stock solution has a concentration of 0.5 g of DNA/L

in TE buffer (10 mM Tris-HCl, pH 8.0, and 1 mM EDTA). Covalently bonded concatemers

(λ-DNA2 dimers and λ-DNA3 trimers) of λ-DNA were prepared by joining the cohesive

ends through phosphodiester bonds and enzymatic ligation with T4 DNA ligase (Promega,

Madison, WI) [4]. The appropriate amounts of DNA and enzyme were mixed and ligation

was carried out overnight at 277 K. The reaction was inactivated by heating the sample to

338 K for 10 min. Finally, the sample was dialysed in a micro-dialyser to remove excess salts

and enzyme before re-dispersing in TE buffer. Full length Hfq (Mw = 67 kDa, hexamer)

was purified from over-expressing BL21(DE3)/pTE608 cells as previously described [5]. To

obtain the fluorescent form of the protein, S38C Hfq was labeled with a Cy3 maleimide

reactive-dye (GE-Healthcare, Chicago, IL) [6]. The labeling efficiency is 80%, that is the

average number of fluorphores per Hfq hexamer is about five. Solutions of DNA and Hfq

were mixed and incubated overnight at 277 K. The final concentrations are 0.3 mg of DNA/L

and 0.01 mg of Hfq/L. Prior to fluorescence imaging, DNA was stained with inter-calating

dye YOYO-1 (Invitrogen, Carlsbad, CA, USA) at a ratio of one dye molecule for ten base

pairs. No anti-photo bleaching agent was used.

Fluorescence imaging

The stained DNA/Hfq solution was pipetted into the two loading reservoirs connected by

the array of nanochannels. The DNA molecules were subsequently driven into the channels

by electrophoresis. For this purpose, two platinum electrodes were immersed in the reservoirs

and connected to a power supply with a voltage in the range 0.1–10 V (Keithley, Cleveland,

OH). Once the DNA molecules were brought inside the nanochannels, the electric field was

switched off and the molecules were allowed to relax to their equilibrium state for 2–5 min.

A fresh chip was used for the measurement of about every 5 molecules and the experiments

were done at an ambient temperature of 296 K. Protein and DNA were visualized with a

Nikon Eclipse Ti inverted fluorescence microscope equipped with 200-mW/488-nm (YOYO-

1), 400 mW/556-nm (Cy3), and 200 mW/640-nm lasers, a 405/488/561/640-nm filter cube
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(Chroma Technology, Bellows Falls, VT), and 100× oil immersion objective (numerical

aperture 1.49). Imaging of DNA and Hfq was facilitated by switching and selecting the

relevant laser excitation wavelength for YOYO-1 and Cy3, respectively. Video was recorded

with an electron-multiplying charged coupled device camera (Andor iXon X3). The image

pixel size of 0.16× 0.16 µm2 was calibrated with the help of a metric ruler. Hfq trajectories,

mean square displacements, and diffusion coefficients were obtained with home-developed

scripts in matlab, R2020b (MathWorks, Natick, MA).

VIDEO CLIPS

• Clip 1: 1 Hfq on λ-DNA3 trimer.

• Clip 1: 2 Hfq’s on λ-DNA2 dimer.
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