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Abstract

Architectural DNA-binding proteins function to regulate diverse DNA reactions and have the 

defining property of significantly changing DNA conformation. Although the 1D movement along 

DNA by other types of DNA-binding proteins has been visualized, the mobility of architectural 

DNA-binding proteins on DNA remains unknown. Here, we applied single-molecule fluorescence 

imaging on arrays of extended DNA molecules to probe the binding dynamics of three structurally 

distinct architectural DNA-binding proteins: Nhp6A, HU, and Fis. Each of these proteins was 

observed to move along DNA, and the salt concentration independence of the 1D diffusion implies 

sliding with continuous contact to DNA. Nhp6A and HU exhibit a single sliding mode, whereas 

Fis exhibits two sliding modes. Based on comparison of the diffusion coefficients and sizes of 

many DNA binding proteins, the architectural proteins are categorized into a new group 

distinguished by an unusually high free-energy barrier for 1D diffusion. The higher free-energy 

barrier for 1D diffusion by architectural proteins can be attributed to the large DNA 

conformational changes that accompany binding and impede rotation-coupled movement along the 

DNA grooves.
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Introduction

Architectural DNA-binding proteins bind and bend DNA in a sequence-dependent or -

independent manner, often assisting the function of other DNA-binding proteins in processes 

such as DNA recombination, transcription, replication, and DNA packaging [1-6]. For many 

of these proteins, the DNA sequence specificity of binding and DNA structural changes that 

accompany binding have been studied by a variety of molecular and structural methods 

[7-12]. Although they can avidly bind DNA in a qualitatively sequence-neutral manner, most 

structural studies have relied on specific DNA targets, sometimes employing DNA 

modifications or discontinuities, to obtain stable complexes [13-17]. Less is known about 

their non-specific binding properties and target search mechanisms. For other types of DNA-

binding proteins, facilitated diffusion mechanisms, involving a combination of 3D diffusion 

and 1D diffusion along DNA, have been proposed to account for the rapid and efficient 

binding to rare targets [18-23], and indeed, many sequence-specific binding proteins have 

been directly observed to bind and diffuse along DNA in a non-specific manner [24-36]. 

Here, we examined the movement of several architectural DNA-binding proteins along DNA 

using single-molecule fluorescence microscopy.

Blainey et al. [27] proposed that 1D diffusion of DNA-binding proteins along DNA is 

controlled by their molecular size and free-energy barrier of sliding. When a protein moves 

from one position to a neighboring position on DNA, the protein “senses” the free-energy 

barrier. The free-energy barrier for a number of proteins that induce only modest structural 

changes to DNA upon binding have been determined to be relatively low [25,27,37]. On the 

other hand, DNA conformational changes stabilized by protein binding may increase the 

free-energy barrier and thereby slow 1D diffusion, in part by increasing the contacts between 

the protein and DNA. For example, nucleosomes, in which DNA is wrapped nearly twice 

around a histone octamers, do not significantly move along DNA in the absence of 

enhancing factors [38,39]. Molecular dynamics simulations are also consistent with the 

bending of DNA slowing 1D diffusion by increasing the contacts between the protein and 

DNA [40]. In addition, DNA containing kinks or flexure points has been shown to stabilize 

binding of architectural DNA binding proteins [41-45]. Accordingly, we hypothesize that 

DNA conformational changes captured or induced by protein binding can be an important 

factor in modulating the dynamic behavior of DNA-bound proteins.

To examine effects of DNA conformational changes on 1D diffusion along DNA, we 

focused on three abundant architectural DNA-binding proteins with distinct modes of DNA 

binding: Nhp6A, HU, and Fis (Fig. 1). Nhp6A is a monomer of 93 residues from 

Saccharomyces cerevisiae that possesses a high-mobility group B domain, which binds to 

the minor groove face, along with an N-terminal basic tail that wraps around the major 

groove on the opposite side [46-48]. The L-shape fold of Nhp6A introduces an overall DNA 
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bend of about 70° in an NMR-based structure, severely unwinds the duplex, and widens the 

minor groove while compressing the major groove [15,49]. Nhp6A is associated 

predominantly within intergenic nucleosome-free promoter-regulatory regions of yeast 

chromatin [50]. Escherichia coli HU is a hetero-dimer of 90 residue subunits that bind DNA 

predominantly via long beta-ribbon arms inserted into the minor groove [9,51]. Like Nhp6A, 

HU binding induces flexible bends into DNA, which range in crystal structures from 105° to 

139°, along with drastic changes in minor and major groove widths [16,45,52,53]. Fis is a 

homo-dimer of 98 residue subunits from E. coli, which contain a helix-turn-helix motif that 

inserts into the DNA major groove [17,54-57]. Crystal structures of Fis-DNA complexes 

reveal DNA bends of 65°–75° together with large changes in minor groove widths over the 

protein interface [17,57,58]. Greater bending angles have been estimated in solution 

depending on the DNA sequence flanking the primary interface [57,59-61]. Fis forms stable 

complexes to specific DNA segments whose shape can readily adapt to the protein interface 

[17,57,58]. Each of these proteins binds DNA at nanomolar affinities in a relatively 

sequence-neutral manner [46,53,62-65], enabling single-molecule tracking experiments to 

be performed.

In this report, we characterize the 1D diffusion properties for each of these three 

architectural DNA-binding proteins. The diffusion coefficients and sizes of these proteins 

reveal that they exhibit a higher free-energy barrier in 1D diffusion as compared with 

reported values for other DNA binding proteins. Our results suggest that 1D diffusion along 

DNA is determined not only by molecular size, as proposed previously [27], but also by 

DNA conformational changes associated with protein binding, and to a lesser degree, the 

magnitude of the interface surface area. To our knowledge, this is the first report to 

characterize the movement of architectural DNA-binding proteins along DNA.

Results

Labeling of proteins with fluorescent dye

For single-molecule fluorescence measurements, we labeled the three proteins with the 

fluorescent dye Atto488 using maleimide chemistry. For the labeling, we used otherwise 

native proteins containing single cysteines (Fig. 1): Nhp6A-A92C contains the cysteine at 

the C-terminus, HupB-cys91 contains the cysteine added to the C-terminus of the β chain of 

the α/β heterodimer, and Fis-Q21C contains the cysteine near the tip of the N-terminal β-

hairpin arm. Each of the labeling positions is remote from the DNA binding surface, and 

fusions of GFP to the C-terminal end of Nhp6A and to the N-terminal end of Fis have been 

shown to have no detectable effects on DNA binding [66,67]. The labeling efficiencies were 

90%, 11%, and 67% for Nhp6A, HU, and Fis subunits, respectively.

Dynamics of Nhp6A along DNA

We flowed Atto488-Nhp6A into the cell containing an array of extended λ DNA molecules 

[68] and conducted single-molecule imaging (Supplementary Movie 1). DNA molecules 

were tethered at one end and stretched by flow pressure. To selectively illuminate protein 

molecules bound on DNA, we used highly inclined thin illumination [69]. A total of 1403 

trajectories were obtained in the presence of 150 mM potassium glutamate (KGlu) (Fig. 2a). 
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Nhp6A molecules moved toward or against the flow pressure and changed the movement 

direction at random timing. Mean square displacements (MSD) were linear with time over at 

least 280 ms, suggesting diffusional motion of Nhp6A along DNA. The average diffusion 

coefficient, D, obtained by fitting the MSD plot with a primary function having the slope of 

2D, was 0.336 ± 0.005 μm2/s.

To further characterize the diffusive behavior, we measured the salt dependence of 1D 

diffusion of Nhp6A along DNA. Increasing salt concentrations could promote repeated 

dissociation followed by reassociation with DNA (hopping), thereby increasing diffusion 

constants [70,71]. Alternatively, salt independence of 1D diffusion is indicative of movement 

of the protein with continuous contact with DNA (sliding) [25,72]. The MSD plots were 

linear within the 280-ms frames in 100–200 mM KGlu, suggesting 1D diffusion of Nhp6A 

in the different KGlu concentrations (Fig. 2b). The independence of D with KGlu 

concentrations suggests 1D sliding with continuous contact of Nhp6A with DNA (Fig. 2c). 

The D values in different KGlu concentrations are listed in Supplementary Table 1.

To examine the heterogeneity of 1D sliding dynamics, we next analyzed the displacement 

distribution. When a protein exhibits a single diffusion mode, the displacement distribution 

should be a single Gaussian function [37,73,74]. In contrast, the displacement distribution of 

a protein having multiple diffusion modes should be the sum of Gaussian functions with 

different diffusion coefficients [37,73,74]. The displacement distributions of Nhp6A in 

different KGlu concentrations fit well to a single Gaussian function (Eq. (2)), implying a 

single sliding mode of Nhp6A (Fig. 2d). D values and drift velocities obtained in the fitting 

are listed in Supplementary Table 1. Overall, our results demonstrate that Nhp6A exhibits a 

single sliding mode with continuous contact to DNA.

Dynamics of HU along DNA

To examine dynamics of HU along DNA, we conducted single-molecule measurements of 

Atto488-HU in different KGlu concentrations. HU proteins were observed to travel along 

DNA in both directions with respect to buffer flow (Supplementary Movie 2). Single-

molecule trajectories (100–1903) were obtained in 50–200 mM KGlu buffer (Fig. 3a). MSD 

plots were linear with time over 280 ms at various KGlu concentrations, suggesting 

diffusional motion of HU along DNA (Fig. 3b). The Dvalue of HU, obtained by fitting the 

slope of the MSD plot with 2D, was 0.492±0.007 μm2/s in the presence of 150 mM KGlu. 

The D value did not significantly change under the different KGlu concentrations tested, 

suggesting 1D sliding of HU with continuous contact to DNA (Fig. 3c and Supplementary 

Table 3). Furthermore, displacement distributions fit well to a single Gaussian function in 

different KGlu concentrations, suggesting a single sliding mode of HU (Fig. 3d). Diffusion 

coefficients and drift velocities are listed in Supplementary Table 2. We conclude that HU 

exhibits a single sliding mode with continuous contact to DNA, similar to Nhp6A.

Dynamics of Fis along DNA

To examine dynamics of Fis binding along DNA, we conducted single-molecule 

measurements of Atto488-Fis in different KGlu concentrations (Supplementary Movie 3). In 

100 mM KGlu, Fis covered the DNA shortly after the introduction of the labeled Fis at 
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~0.01 nM because of the slow dissociation of Fis from DNA [61,67,75], which prevented 

single-molecule measurements. In the presence of 150 and 200 mM KGlu, we obtained 118 

and 224 trajectories, respectively, of molecules moving in either direction along DNA (Fig. 

4a). A range of 88%–90% of the molecules were observed to be immobile, suggesting 

heterogeneous dynamics of Fis along DNA as described below. Here, we focus on the 

mobile molecules to understand the dynamics of Fis movement along DNA. MSD plots are 

linear with time over 350 ms, suggesting 1D diffusion of Fis along DNA (Fig. 4b). Average 

D values of Fis are 0.16 ± 0.01 and 0.14 ± 0.02 μm2/s in the presence of 150 and 200 mM 

KGlu, respectively, which are markedly lower than measured with Nhp6A and HU. The 

independence of the average D values with KGlu concentrations suggests 1D sliding of Fis 

with continuous contact to DNA.

To examine the heterogeneity of sliding dynamics of Fis molecules displaying at least some 

mobility over the trajectory, we plotted displacement distributions of the mobile fraction 

(Fig. 4c). The displacement distributions in 150 and 200 mM KGlu fit well to the sum of two 

Gaussian functions, implying the presence of two sliding modes. The D values for the fast 

and slow modes are 0.19 ± 0.02 and 0.007 ± 0.006 μm2/s, respectively, in the presence of 

150 mM KGlu. The D value obtained for the slow mode is within the average experimental 

accuracy of the position of a molecule on DNA (0.110 ± 0.009 μm), implying that Fis in the 

slow mode became stationary on DNA, or alternatively, a paused Fis became mobile during 

the evaluated time interval (Supplementary Fig. 1). The slow mode is consistent with the 

large fraction of immobile Fis. The fractions of Fis molecules exhibiting fast and slow 

modes were 86 ± 9% and 14 ± 5%, respectively, in the presence of 150 mM KGlu. D values, 

drift velocities, and fraction for each mode are listed in Supplementary Table 3. The 

presence of the two modes in the trajectories of the mobile Fis molecules demonstrates that 

Fis can convert from the fast mode to the slow mode and vice versa (Supplementary Fig. 1). 

The immobile or paused complexes presumably reflect Fis molecules associated with a 

DNA sequence that favorably adopts the optimal shape for stable complex formation.

Discussion

We characterized the movement of three architectural DNA-binding proteins along DNA 

using single-molecule imaging on DNA gardens. Nhp6A, HU, and Fis, which all generate 

large conformational changes into DNA upon binding, were observed to travel along 

stretched DNA molecules in either direction with respect to buffer flow. The salt 

concentration independence of diffusion by each of these proteins is consistent with sliding 

under continuous contact with DNA. Under physiological salt concentrations (150 mM 

KGlu), HU (D = 0.492 ± 0.007 μm2/s) moved on DNA at an average speed of 2.92 kb/s, 

Nhp6A (D = 0.336 ± 0.005 μm2/s) at 2.41 kb/s, and Fis (D = 0.16 ± 0.01 μm2/s) at 1.66 kb/s. 

Total distances traveled were measured to be up to 20 kb for Nhp6A and HU, and up to 12 

kb for Fis before loss of the fluorescent signal by dissociation into solution or bleaching.

All of the Nhp6A and HU molecules exhibited a single sliding mode, whereas only a 

minority (about 10%) of the Fis proteins were observed moving on DNA, and some of these 

Fis complexes were observed to stop and start sliding during the course of imaging 

(Supplementary Fig. 1). We posit that the stationary Fis proteins are positioned at DNA 

Kamagata et al. Page 5

J Mol Biol. Author manuscript; available in PMC 2020 October 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



segments that readily conform to the Fis binding interface and thus represent low energy 

complexes. The stationary Fis molecules were distributed throughout the λ DNA molecule, 

and their locations were not limited to binding peaks identified from in vivo chromatin 

immunoprecipitation experiments (Y. Bernatavichute and R.C.J., unpublished data). It has 

been shown that in order for Fis to form a stable DNA complex, the minor groove at the 

center of the binding site must narrow to about half its median width, then rapidly expand as 

the DNA extends outward to almost 50% wider than the median width, and then again 

become severely compressed at the binding site periphery. In addition, a minimum of about 

55° of curvature over the protein interface is required to achieve critical contacts with the 

DNA backbone [17,57,58]. Although the DNA within complexes of Nhp6A and HU is also 

highly distorted, we do not detect pauses by these proteins within the temporal resolution of 

our experiments. We suspect, however, that they also transiently pause at DNA segments that 

more readily conform to low energy complexes.

The relatively slow diffusion coefficients exhibited by the architectural DNA-binding 

proteins, together with the random walk trajectories that are independent of the direction of 

buffer flow, are consistent with rotation-coupled sliding along the grooves of DNA 

[27,34,76,77]. As elaborated below, a comparison of the diffusion coefficients for these 

proteins to those reported for other DNA binding proteins believed to track the rotational 

pitch of DNA reveals that the architectural proteins exhibit an unusually high free-energy 

barrier for 1D sliding. We provide evidence that the higher free-energy barrier reflects the 

large DNA conformational changes that would be intrinsic to rotation-coupled sliding by 

these proteins.

High free-energy barriers for 1D diffusion are intrinsic to architectural DNA-binding 
proteins

To evaluate the diffusional behavior of architectural DNA-binding proteins, we plotted the 

diffusion coefficients against the protein radius for many DNA binding proteins (Fig. 5a). 

The diffusion coefficient for rotation-coupled motion is described by the equation:

D = kBT
6πηR + (2π ∕ 10BP)2[8πηR3 + 6πηRROC

2]
e−(ε ∕ kBT )2, (1)

where kB, T, η, BP, ROC, R, and ε denote the Boltzmann constant, temperature, solvent 

viscosity, the distance between two base pairs of DNA, the distance between DNA and a 

protein, the protein radius, and free-energy barrier, respectively [27,78]. The preexponential 

factor corresponds to the dependence of the protein size, while the exponential factor relates 

to the formation and dissociation of protein–DNA interactions. 6πηR and the rest in the 

denominator of the preexponential factor result from translational and rotational motions, 

respectively. Considering that the rotational motion should be much slower than the 

translational motion, we neglected the translational component [27]. Also, we assumed that 

ROC is the same as R [35]. D should correlate with R−3 [35,77]. For the three architectural 

proteins, we calculated Rg based on the protein structures within respective DNA complexes 

(1J5N for Nhp6A, 1P71 for HU, 3IV5 for Fis) and used Rg as R.

Kamagata et al. Page 6

J Mol Biol. Author manuscript; available in PMC 2020 October 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The proteins in the D versus R plots are categorized into three groups: those possessing 

rotation-uncoupled motion and those possessing rotation-coupled motion with either low or 

high free-energy barriers. Most of the proteins traverse rotationally along DNA with a low 

free-energy barrier, as demonstrated by Xie and co-workers [27] (Fig. 5a, filled circles; 

Supplementary Table S4). Movement along DNA by these proteins is retarded by a free-

energy barrier between 0 and 1.06 kBT (Fig. 5b and Supplementary Table S4). The free-

energy barriers were estimated here to be slightly smaller than 1.1 ± 0.2 kBT obtained in the 

previous study [27] because of the assumption that ROC equals R. We include the free-

energy barrier for p53 (0.87 ± 0.01 kBT), as determined from averaging two sliding modes 

[73]; p53 also falls within the low free-energy barrier group (Fig. 5a, open circle). In 

contrast, TALE proteins, analyzed by Schroeder and co-workers [35], are located to the left 

of the dashed line of the rotation-coupled motion with no free-energy barrier (Fig. 5a, 

triangles). TALE proteins belong to a class exhibiting primarily rotation-uncoupled motion.

The three architectural DNA-binding proteins analyzed in this study are positioned to the 

right of the dashed line representing the 1 kBT free-energy barrier (Fig. 5a, filled squares). 

The free-energy barriers of HU, Nhp6A, and Fis are 1.438 ± 0.005 kBT, 1.714 ± 0.004 kBT, 

and 1.87 ± 0.02 kBT, respectively (Fig. 5b and Supplementary Table S4). For Fis, we used 

the average diffusion coefficient; the free-energy barrier of the fast and slow modes of Fis is 

1.8 ± 0.1 kBT and 2.6 ± 1.1 kBT, respectively. The slower diffusion observed by these three 

proteins fits with rotation-coupled diffusion, as opposed to the rotation-uncoupled diffusion 

identified for TALE proteins that traverse DNA extremely rapidly. The restriction enzyme 

EcoRV, which also exhibits rotation-coupled motion [77], is the only other protein in this set 

that displays a high free-energy barrier (1.73 kBT; Fig. 5a and b); by contrast, BamH1 is 

included within the low free-energy group. We conclude that the architectural DNA-binding 

proteins fall into a distinct group of rotation-coupled DNA binding proteins with a high free-

energy barrier.

Mechanism for the high free-energy barrier observed for architectural DNA-binding 
proteins

We considered whether the high free-energy barrier for sliding by the architectural DNA-

binding proteins originates from the large DNA conformational changes that accompany 

binding. These include alterations in base pair twist, sometimes by intercalation of amino 

acid residues into the base stack, variations in major and minor groove widths, and bending 

of the DNA helical axis. These structural changes in DNA conformation are required for 

protein binding and would likely impede rotation-coupled sliding along DNA. To assess this, 

we compared global DNA bending angles and major and minor groove-width deviations 

within complexes of DNA binding proteins exhibiting high and low free-energy barriers 

(Fig. 5c). Data for other proteins were collated from examples where sliding kinetics and 

high-resolution structures, preferably of nonspecific DNA complexes, are available 

(Supplementary Table 4). In general, DNA-binding proteins with high free-energy barriers 

exhibit greater global DNA bending angles (P = 0.05 in a two-sample Kolmogorov–Smirnov 

test). There is a weaker correlation between the free-energy barrier and major and minor 

groove-width deviations. An additional potential determinant controlling the free-energy 

barrier may be the size of the protein–DNA interface. To evaluate this parameter, we 
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extracted solvent-accessible DNA surface areas that are excluded within protein–DNA 

complexes that exhibit low and high free-energy barriers. As shown in Fig. 5c, there is a 

weak correlation between DNA surface areas contacted by the proteins and the free-energy 

barrier for diffusion. However, when combinations of the three parameters are considered 

(Fig. 5d), DNA-binding proteins with high free-energy barriers are distributed into distinct 

groups exhibiting higher values of each parameter tested (P = 0.05 in two-sample two-

dimensional Kolmogorov–Smirnov tests for each comparison). This suggests that both 

groove-width deviations and the magnitude of the protein–DNA interface areas contribute to 

the high free-energy barrier. We note that the DNA parameters used in this analysis were 

extracted from crystal- or NMR-derived protein–DNA structures, which capture low-energy, 

stably bound, states that may not precisely mimic the sliding mode. In summary, we 

conclude that DNA bending has the greatest impact on rotation-coupled sliding along DNA, 

but DNA groove-width deviations and protein–DNA interface areas also contribute but to a 

lesser extent (Fig. 6).

Free-energy costs of rotational sliding and the biological properties of architectural DNA-
binding proteins

Architectural DNA-binding proteins, which include prokaryotic “nucleoid-associated” and 

eukaryotic high-mobility group B chromatin proteins, are present at high levels in vivo and 

bind prolifically throughout chromosomes [50,79-85]. Indeed, HU and Fis are the most 

abundant DNA binding proteins in rapidly growing E. coli [85,86], and Nhp6A, together 

with its paralog Nhp6B, is the most abundant non-histone DNA binding proteins in S. 
cerevisiae [79]. These proteins participate in many different reactions on DNA and, in some 

cases, contribute to chromosome packaging [1-3,5,6]. Their diverse biological functions 

differ from sequence- or reaction-specific DNA binding proteins like transcription or 

replication factors that are present in much lower abundance and are often targeted to rare 

sites on chromosomes. Sequence-specific DNA binding proteins face the challenge of 

rapidly finding their rare binding sites embedded within an overwhelming amount of 

structurally similar sequence information by processes involving low energy 1D searches 

along relatively short DNA stretches combined with hopping to distant DNA segments 

[18,19]. Architectural proteins do not have to search over huge sequence space to find 

biologically relevant binding sites, whose features are often deformations in DNA structure. 

For example, HU functions, in part, to stabilize DNA loops involved in regulating 

transcription and recombination [1,9,51], and Fis molecules are stably bound every few kbs 

along the bacterial chromosome, often within intergenic regulatory regions [81,82]. HU and 

Fis also contribute to general compaction of chromosomes by introducing DNA bends at 

frequent binding sites [53,62-64,87]. The high free-energy cost of rotationally diffusing 

along DNA is thus compatible with their promiscuous biological functions that require 

reading DNA conformation over relatively short distances.

Materials and Methods

Preparation of fluorescentlylabeled proteins

Proteins without tags but containing single cysteines were expressed from pET11a-derived 

plasmids. Nhp6A-A92C, containing a cysteine substituted for the C-terminal alanine residue 
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(Fig. 1a), was purified as described by Yen et al. [47]. Fis-Q21C, containing a cysteine near 

the tip of the N-terminβ-hairpin arm motif of Fis (Fig. 1c), was purified essentially as 

described by Stella et al. [17]. HupB (HU β subunit), containing a cysteine added to the C-

terminus, and HupA (HU α subunit) were co-expressed from pRJ2601 (constructed by Yana 

Bernatavichute and R.C.J.). HU was purified from clarified extracts by first removal of 

nucleic acids by precipitation with polyethyl-enimine followed by ion-exchange (SP-

Sepharose) and size-exclusion (Superdex 75, GE Healthcare) chromatography using an 

FPLC.

Proteins were labeled by Atto488 (ATTO-TEC) using maleimido chemistry. Briefly, proteins 

were reduced by overnight incubation with 20 mM DTT at 4°C and then exchanged into a 

solution containing 20 mM Hepes (pH7.2), 1 M NaCl, and 1 mM TCEP by batch 

chromatography on phosphocellulose (Whatman P11). The reduced proteins were incubated 

with > 10-fold excess of Atto488-maleimide for 2 h at ~20°C or overnight at 4°C. Unreacted 

label was removed by phosphocellulose chromatography. Labeling efficiencies were 

determined from the 500-nm fluorescence absorbance and Bradford protein assays.

Preparation of DNA arrays and single-molecule measurements

The construction of DNA gardens, containing arrays of extended DNA molecules in flow 

cells for high-throughput analysis, is described in detail by Igarashi et al. [68]. Phage λ 
DNA (New England Biolabs) annealed with 5′-AGGTCGCCGCCC-bio-tin-3′ (Sigma-

Aldrich) for tethering onto the surface of the flow cell was used for this work.

Most of the data measuring 1D movements of proteins along the DNA arrays were collected 

using an inverted fluorescence microscope (IX-73; Olympus) coupled with a total internal 

reflection fluorescence (TIRF) unit (IX3-RFAEVAW; Olympus). A488-nm laser (Sapphire 

LP488-50CW CDRH; Coherent) was illuminated through the TIRF unit and dichroic mirror 

(FF495-Di03; Semrock) into an objective lens with N.A. = 1.49 (UAPON 100×OTIRF; 

Olympus) using a highly inclined thin illumination geometry [69]. The angle of the laser in 

the flow cell was adjusted to selectively illuminate the fluorescent proteins bound on DNA 

apart from the surface. The laser power was 5mW and the observation area was ~1500 μm2. 

Fluorescence collected by the objective lens was passed through a band-pass filter 

(FF01-520/35; Semrock), and was detected by an EM-CCD camera (iXon Ultra 888; 

Andor). Fluorescent proteins in a solution containing 20 mM Hepes, 1 mM EDTA, 1 mM 

DTT, 2 mM trolox, 0.1 mg/mL BSA, and various concentrations of KGlu at pH 7.2 were 

introduced into the flow cell containing the DNA arrays using a syringe pump (Chemyx). 

The concentrations of Nhp6A, HU, and Fis were 0.1, 0.25, and 0.04 nM, respectively. The 

protein concentrations used here are kept low to avoid compaction and looping of the DNA 

by these proteins [62,64,87], and to avoid collisions of protein molecules on DNA or from 

solution [67,88]. In a control experiment, we added 2 nM unlabeled HU to the labeled HU 

preparation at 0.25 nM and observed no significant effect on diffusion by the labeled HU 

molecules. Binned images (2 × 2) with 33-ms integration time were taken at 70-ms intervals 

at a flow rate of 600 μL/min at 22°C.

The fluorescent spots of single-protein molecules were tracked from a time series of images 

using ImageJ software with the plugin “Particle track and analysis” developed by Yoshiyuki 
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Arai (Osaka University, Japan). To remove non-specific adsorption of the fluorescent 

molecules on the surface of the flow cell, we selected trajectories satisfying MSD larger than 

1 binned pixel (260 nm×260 nm) at 350-ms time intervals. Also, we selected trajectories that 

included at least 6 points. The trajectory selection was conducted by an Excel macro. The 

trajectory selection excluded most of immobile molecules on DNA for Fis. The experimental 

accuracy of the position of a Fis molecule on DNA was 110 ± 9 nm, determined from the 

intersect of the MSD plot. The signal-to-noise ratio of a Fis molecule was 15. Most 

trajectories obtained for the three proteins move at longer distance than the maximum DNA 

fluctuation (370 ± 40 nm, n = 3) estimated by measuring the free end position of DNA 

stained by labeled Nhp6A at 0.4 nM along the stretched axis (Supplementary Movie 4). 

Displacements were calculated from all pairs of positions of a molecule at time intervals of 

280 ms in all trajectories. For the fitting of distribution analysis, we used the following 

equation:

P (δx) = ∑
i = 1

2 Ai
4πDiδt exp − (δx + viδt)2

4Diδt , (2)

where δt, δx, P(δx), Ai, vi, and Di represent time interval, displacement in the time interval, 

the occurrence of δx, amplitude of the ith mode, drift velocity of the ith mode, and diffusion 

coefficient of the ith mode, respectively. For Nhp6A and HU, we used the above equation 

with A2 = 0, because of their single mode of sliding.

Parameters of DNA conformational changes in protein–DNA complexes

For global DNA bending angles, we used values reported in the references for the high-

resolution protein–DNA structures of Nhp6A [49], HU[16], Fis [17], EcoRV [89], LacI [90], 

MutY [91,92], and hOgg1 [93]. For the other proteins, we obtained global DNA bending 

angles using the 3D-DART server [94]. For groove-width deviations, we calculated major 

and minor groove widths for each phosphate pair in the protein–DNA complex structures 

using w3DNA [95] and obtained the maximum width deviations for the major and minor 

grooves. We also calculated relative groove-width deviations by summing the maximum 

width deviations of the major and minor grooves divided by the respective widths in 

canonical B-DNA (11.6 and 6 Å for major and minor grooves [96]). Buried DNA accessible 

surface areas in the protein–DNA structures were calculated using the PyMol plugin PDIviz 

[97]. Structural data from nonspecific DNA complexes were used if available; PDB codes 

are listed in Supplementary Table S4. For Nhp6A, HU, Fis, and EcoRV, Rg was calculated 

from PDB files using the following equation:

Rg =
∑i = 1

N mi ri − rc
2

∑i = 1
N mi

, (3)

where mi, ri, and rc represent the mass of ith atom, the coordinate of ith atom, and the 

coordinate of the center of mass, respectively.
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Fig. 1. 
Structures of DNA complexes with Nhp6A (a), HU (b), and Fis (c). PDB codes used for 

Nhp6A, HU, and Fis are 1J5N, 1P71, and 3IV5, respectively. Protein α-helices, β-strands, 

and loops are red, yellow, and green, respectively. DNAs are gray. Light blue spheres denote 

fluorescent labeling sites.
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Fig. 2. 
Dynamic properties of Nhp6A bound to DNA. (a) Single-molecule trajectories of Nhp6A in 

the presence of 150 mM KGlu. Some trajectories were colored to better visualize individual 

tracks. (b) Time courses of MSD of Nhp6A. Blue squares, black crosses, and red circles are 

data in the presence of 100, 150, and 200 mM KGlu, respectively. The errors are standard 

errors. The lines connecting symbols are to enhance visualization. (c) Diffusion coefficients 

of Nhp6A in different KGlu concentrations. The errors are fitting errors. (d) Displacement 

distributions of Nhp6A at time intervals of 280 ms. Red curves are the best-fitted curves 

based on a single Gaussian function.
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Fig. 3. 
Dynamic properties of HU bound to DNA. (a) Single-molecule trajectories of HU in the 

presence of 150 mM KGlu. Some trajectories were colored to better visualize individual 

tracks. (b) Time courses of MSD of HU. Green triangles, blue squares, black crosses, and 

red circles are data in the presence of 50, 100, 150, and 200 mM KGlu, respectively. The 

errors are standard errors. The lines connecting symbols are to enhance visualization. (c) 

Diffusion coefficients of HU in different KGlu concentrations. The errors are fitting errors. 

(d) Displacement distributions of HU at time intervals of 280 ms. Red curves are the best-

fitted curves based on a single Gaussian function.
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Fig. 4. 
Dynamic properties of Fis along DNA. (a) Single-molecule trajectories of mobile Fis 

molecules in the presence of 150 mM KGlu. Some trajectories were colored to better 

visualize individual tracks. (b) Time courses of MSD of Fis. Black crosses and red circles 

are data in the presence of 150 and 200 mM KGlu, respectively. The errors are standard 

errors. (c) Displacement distribution of Fis at time intervals of 280 ms. Red curves are the 

best-fitted curves based on the sum of two Gaussian functions. Top and bottom panels 

represent the data in the presence of 150 and 200 mM KGlu, respectively.
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Fig. 5. 
(a) Diffusion coefficient (D) versus radius (R) plot of DNA-binding proteins. Color coding is 

as follows: DNA-binding proteins with rotation-coupled motion exhibiting low free-energy 

barriers (black filled circles), architectural proteins (red filled squares), EcoRV (red open 

square), p53 (black open circle), and TALE proteins (blue triangles) with rotation-uncoupled 

motion. The dashed lines from top to bottom represent 0, 1, 1.5, 2 kBT, respectively, for the 

free-energy barrier that a protein feels moving along the helical pitch of DNA. (b) Free-

energy barriers for proteins moving along the helical pitch of DNA. (c) Global DNA bending 

angles, maximum DNA groove-width deviations, and buried DNA accessible surface areas 

of protein–DNA complexes with high (H; > 1.1 kBT) and low (L; < 1.1 kBT) free-energy 

barriers. (d) Two-dimensional plots of DNA-binding proteins. Red and black circles 

represent DNA-binding proteins with high and low free-energy barriers, respectively. Size of 

the circle is proportional to the free-energy barrier.
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Fig. 6. 
Schematic diagram of an architectural DNA-binding protein traveling along DNA. Pink and 

blue represent the DNA-binding protein and DNA, respectively. The binding of architectural 

proteins to DNA is accompanied by large conformational changes in the DNA structure, 

including changes in helical twist, major and minor groove widths (shown in inset), and axis 

curvature. Red arrows represent rotation-coupled sliding along DNA. The changes in DNA 

structure coupled to binding result in a high free-energy barrier, thereby retarding 1D 

diffusion along DNA.
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