10820-10831 Nucleic Acids Research, 2020, Vol. 48, No. 19
doi: 10.1093narlgkaa799

Published online 30 September 2020

The HMGB chromatin protein Nhp6A can bypass
obstacles when traveling on DNA

Kiyoto Kamagata 1237, Kana Ouchi'->f, Cheng Tan*, Eriko Mano', Sridhar Mandali®,
Yining Wu'-3, Shoji Takada®, Satoshi Takahashi'?3 and Reid C. Johnson®7"

'Institute of Multidisciplinary Research for Advanced Materials, Tohoku University, Katahira 2-1-1, Aoba-ku, Sendai
980-8577, Japan, 2Graduate School of Life Sciences, Tohoku University, Katahira 2-1-1, Aoba-ku, Sendai 980-8577,
Japan, 3Department of Chemistry, Faculty of Science, Tohoku University, Katahira 2-1-1, Aoba-ku, Sendai 980-8577,
Japan, *Computational Biophysics Research Team, RIKEN Center for Computational Science, 7-1-26
Minatojima-minamimachi, Chuo-ku, Kobe, Hyogo 650-0047, Japan, Department of Biological Chemistry, David
Geffen School of Medicine, University of California, Los Angeles, Los Angeles, CA 90095-1737 USA, Department of
Biophysics, Graduate School of Science, Kyoto University, Kyoto 606-8502, Japan and “Molecular Biology Institute,
University of California, Los Angeles, Los Angeles, CA 90095, USA

Received April 30, 2020; Revised August 13, 2020; Editorial Decision August 14, 2020; Accepted September 15, 2020

ABSTRACT

DNA binding proteins rapidly locate their specific
DNA targets through a combination of 3D and 1D
diffusion mechanisms, with the 1D search involving
bidirectional sliding along DNA. However, even in
nucleosome-free regions, chromosomes are highly
decorated with associated proteins that may block
sliding. Here we investigate the ability of the abun-
dant chromatin-associated HMGB protein Nhp6A
from Saccharomyces cerevisiae to travel along DNA
in the presence of other architectural DNA bind-
ing proteins using single-molecule fluorescence mi-
croscopy. We observed that 1D diffusion by Nhp6A
molecules is retarded by increasing densities of the
bacterial proteins Fis and HU and by Nhp6A, indicat-
ing these structurally diverse proteins impede Nhp6A
mobility on DNA. However, the average travel dis-
tances were larger than the average distances be-
tween neighboring proteins, implying Nhp6A is able
to bypass each of these obstacles. Together with
molecular dynamics simulations, our analyses sug-
gest two binding modes: mobile molecules that can
bypass barriers as they seek out DNA targets, and
near stationary molecules that are associated with
neighboring proteins or preferred DNA structures.
The ability of mobile Nhp6A molecules to bypass dif-
ferent obstacles on DNA suggests they do not block
1D searches by other DNA binding proteins.

INTRODUCTION

DNA-binding proteins have to search over a vast excess of
mixed polynucleotide sequences to find their functional tar-
gets, yet accomplish this within physiological timeframes.
The search for targets typically involves both 3D diffu-
sion in solution and 1D diffusion along DNA in a pro-
cess known as facilitated diffusion (1-5). 1D diffusion along
DNA has been characterized for a limited number of DNA-
binding proteins using in vitro single-molecule fluorescence
microscopy (6-12). In these studies, fluorescently-labeled
individual proteins or protein complexes are tracked along
extended DNA molecules from sequential images captured
by a fluorescence microscope. Except for a few studies (13—
16), the 1D movements of proteins have been evaluated
on otherwise naked DNA. However, chromosomes in vivo
are decorated with nucleosomes plus numerous chromatin-
associated proteins that would likely place obstacles to
1D diffusion, thereby limiting sliding to intervals between
neighboring proteins. Indeed, it has been shown that 1D
movement of the Msh2-Msh6 DNA repair complex is ef-
fectively blocked by nucleosomes. On the other hand, the
MIh1-Pmsl DNA repair complex can bypass nucleosomes
(13). In the present study, we investigate how the mobility of
the most abundant non-histone chromatin protein in Sac-
charomyces cerevisiae is influenced by increasing densities of
other proteins, each of which strongly deforms DNA struc-
ture.

Eukaryotic and bacterial architectural DNA-binding
proteins (ADBPs) bind DNA with low sequence speci-
ficity and introduce large conformational changes into the
DNA structure. These proteins are notable for the diver-
sity of DNA transactions in which they participate, usually
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in collaboration with other more specialized DNA bind-
ing proteins in transcription, replication, recombination,
and repair reactions, and in DNA packaging (17-22). Non-
histone protein 6A (Nhp6A) is an abundant ADBP in S.
cerevisiae (23,24) and is a member of the HMGB family
of chromatin proteins that are ubiquitous throughout eu-
karyotes (25-27). Nhp6A is a 93 residue monomeric pro-
tein containing a single HMGB domain that binds within
an expanded minor groove and introduces sharp bends
into the DNA helix. It also contains an unstructured N-
terminal arm rich in basic residues that stabilizes bind-
ing by wrapping around DNA primarily through the ma-
jor groove (Figure 1A) (28,29). Yeast Nhp6A is present
at ~60 000 copies per haploid nucleus, and thus its lev-
els approach those of nucleosomes (30). Yeast mutants
lacking Nhp6A and its close paralog Nhp6B grow slowly
at optimal growth temperatures (30°) and fail to grow at
38°, in part due to loss of SNR6 (snoRNA U6) expres-
sion (31,32). Nhp6A is primarily bound within intergenic
nucleosome-free regions of chromatin, especially promotor-
regulatory regions upstream of highly expressed pol II
genes and within pol IIT genes (33). About 10% of yeast
pol II genes exhibit significant changes in gene expres-
sion in nhp6a/b null mutants (33,34). Studies of individ-
ual genes have shown Nhp6A functions to facilitate loop-
ing between closely spaced UAS/enhancer and core pro-
moter elements or by promoting assembly of complexes
containing promoter-specific factors and the general tran-
scription machinery (30,35,36). Examples of the latter in-
clude promoting assembly of pol II preinitiation complexes
containing TBP, TFIIA, and TFIIB (30,37) and complexes
at the SNR6 pol III gene containing TFIIIC, TFIIIB and
TBP (32,38-40). Nhp6A also cooperates with MSH2 and
MSHG6 to selectively bind DNA mismatches in the ini-
tial steps of mismatch repair (41) and can function sim-
ilarly to mammalian HMGBI1/2 in assembling RAG1/2-
RSS recombination complexes (42). In each of these cases,
a 1D diffusion process whereby Nhp6A can bypass other
proteins would enable the HMGB protein to embed itself
within and stabilize the nucleoprotein complex by inducing
changes in DNA structure. Nhp6A also helps recruit ATP-
dependent SWI/SNF chromatin remodeling complexes to
promoter regions and enables the yeast FACT chromatin
modifying complex to facilitate translocation of transcrip-
tion and replication elongation complexes through chro-
matin (36,43-48).

HU and Fis are the two most abundant DNA binding
proteins in rapidly growing Escherichia coli (49). HU is
most often a heterodimer of very similar 90 residue sub-
units that bind DNA through B-ribbon arms inserted into
an expanded minor groove with additional dynamic DNA
wrapping along the protein sides that introduce sharp bends
(Figure 1A) (50,51). Fis is a homodimer of 98 residue sub-
units from E. coli that binds within the DNA major groove
via helix-turn-helix motifs generating a bent DNA complex
with obligatory changes in minor groove widths (Figure 1A)
(52,53). Fis binds DNA the most selectively of the three pro-
teins studied here, and in some genomic contexts, can func-
tion as a classical bacterial transcription factor or regulator
of site-specific DNA recombination reactions (17,19,21,54—
56).
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Previously, we investigated the behavior of these three
ADBPs on naked DNA using single-molecule fluorescence
microscopy (12). We found that these ADBPs support 1D
diffusion along DNA while maintaining continuous DNA
contact, although Fis most often associates with DNA
in a stationary mode. In this work, we tracked individ-
ual Nhp6A molecules traveling along DNA bound by in-
creasing concentrations of ADBPs. We find that although
the mobility of Nhp6A was impeded by protein obstacles,
Nhp6A molecules could bypass obstacles with efficiencies
that depended on the identity of the block. We present a
potential mechanism for obstacle bypass that critically in-
volves the N-terminal basic arm.

MATERIALS AND METHODS
Preparation of fluorescently-labeled proteins

Native or proteins containing one or two cysteines for label-
ing were expressed and purified without tags as described
previously (12). Two versions of Nhp6A for labeling were
employed: Nhp6A-A93C contains a cysteine substituted
for the C-terminal alanine residue, and Nhp6A-2cys con-
tains cysteines introduced at residue 2 and the C-terminal
end. Fis-Q21C contains a cysteine near the tip of the N-
terminal B-hairpin arm motif. The HU B subunit, contain-
ing a cysteine added to its C-terminal end, and HU « sub-
unit were co-expressed in E. coli to form HU heterodimers.
The proteins were labeled by Atto488 (ATTO-TEC) using
maleimido chemistry as reported previously (12).

Single-molecule fluorescence microscopy

We used an inverted fluorescence microscope (1X-73; Olym-
pus) with a total internal reflection fluorescence unit (IX3-
RFAEVAW; Olympus) (12). Briefly, a 488-nm laser was il-
luminated into an objective lens with N.A. = 1.49 using a
highly inclined thin illumination geometry at a laser power
of 5 mW. Fluorescence collected by the objective lens was
detected using an EM-CCD camera (iXon Ultra 888; An-
dor). Arrays of phage A DNA (New England Biolabs) were
constructed on the glass surface inside the flow cell using
the DNA garden method described in Igarashi et al. (57).
Atto488-labeled Nhp6A at 0.01—0.02 nM plus non-labeled
ADBPs at various concentrations in a solution containing
20 mM HEPES, 150 mM KGlu, 1 mM EDTA, | mM DTT,
2 mM trolox, and 0.1 mg/ml BSA at pH 7.2 were introduced
into the flow cell using a syringe pump. Images (300 x 800
pixels ROI) were taken at 44-ms intervals at a flow rate of
0.6 ml/min at 22°C.

The fluorescent spots of single Nhp6A molecules were
tracked from sequential images using ImageJ software with
the plugin ‘Particle track and analysis’. To remove non-
specific adsorption of the fluorescent molecules on the flow
cell surface, we selected trajectories using our in-house pro-
gram (9) with some modifications. We selected traces with
local mean square displacements (MSD) larger than 616
nm? for the perpendicular axis against the stretched DNA,
corresponding to the spatial resolution of the adsorbed
molecules in this experimental set up. Also, we selected tra-
jectories with at least 10 consecutive points. Displacements
were calculated from all pairs of positions of a molecule at
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Figure 1. (A) ADBPs used for investigation of the effects of DNA-bound obstacles on 1D diffusion by Nhp6A. Structures of protein-DNA complexes
from left to right: Nhp6A (PDB code: 1J5N), Fis (31V5) and HU (1P71). Proteins are cyan or cyan/blue (dimer subunits) with transparent grey surfaces,
and DNAs are brown. The Nhp6A N-terminal flexible arm is blue; patches of tandem basic residues are at residues 8-10 and 13-16. Green spheres are
fluorescent labeling sites. (B) Fluorescence microscopy of fluorescent proteins (green dot) in a flow cell with DNA array (pink) using HILO illumination
(blue) and fluorescence detection (light green). In inset, the sliding of Nhp6A (green circles) along DNA (grey) may be blocked by other ADBPs (cyan) or

may bypass the ADBPs.

time intervals of 176 ms for all trajectories. For the fitting of
displacement distribution analysis, we used the equation:
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where 8¢, dx, P(dx), A;, v; and D; represent time inter-
val, displacement in the time interval, the occurrence of
dx, amplitude of the ith mode, drift velocity of the iy
mode, and diffusion coefficient of the ith mode, respectively
(9,12).

Estimation of the average distances between neighboring
molecules

To determine the average distance between neighboring
ADBP molecules, we calculated the number of protein
molecules bound to the A DNA. To this end, we measured
the fluorescence intensity of labeled proteins bound to indi-
vidual A DNAs within the array under the same conditions
as used for tracking except that the laser power was reduced
t0 0.3 or 0.6 mW to minimize photobleaching. Fifty sequen-
tial images were taken at 70 ms intervals. Time-averaged
fluorescence intensities of single DNAs were obtained after
subtraction of the background intensity. Twenty - 30 DNA
molecules with at least 14 pm of end to end distance, cor-
responding to >85% extension of A DNA (16.5 wm) under
buffer flow (57), were used for the analysis. Similarly, we ob-
tained the average fluorescence intensity of individual pro-
tein molecules bound to A DNA from the single-molecule
data. The average number of DNA-bound molecules was
calculated by dividing the average fluorescence intensity of
the single DNA by that of the single protein molecule af-
ter correcting for the excitation laser power and exposure
time. A linear relation between the fluorescence intensity
and the number of molecules was assumed. Finally, the av-
erage distance between neighboring protein molecules was
obtained by dividing the DNA length by the average num-
ber of DNA-bound molecules.

Molecular dynamics simulation

To investigate the behavior of Nhp6A binding to DNA
in the presence of a stable Fis dimer at the residue-level
scale, we performed coarse-grained (CG) molecular dynam-
ics (MD) simulations. We constructed a system consisting of
one Nhp6A, one Fis dimer and one double-stranded DNA
that included the 15-bp consensus motif for Fis. The initial
structure of the simulations was built by appending 50-bp
linear DNA to each end of the central 15-bp DNA struc-
ture in the Fis-specific DNA complex taken from PDB en-
try 3IV5 (52). PDB structure 1J5N (29) was used for Nhp6A
modeling.

To model the interactions inside the proteins, we em-
ployed the 1-bead-per-amino-acid AICG2+ potentials (58).
For DNA, we used the 3SPN.2C model (59), in which each
nucleotide is represented by three beads corresponding to
phosphate, sugar, and base. For non-specific interactions
between protein and DNA, we considered excluded volume
and electrostatic interactions. We used Go-type structure-
based interactions between Fis and DNA to constrain the
binding (60). For Nhp6A, we employed a variation of the re-
cently developed PWMcos model to enable the recognition
of DNA bases in the minor groove (61). More details of the
CG models can be found in the Supplementary Methods.

All simulations were conducted by Langevin dynamics
using the CafeMol package (62). The temperature was set
to 7 = 300 K, and the ionic concentration was IC = 200
mM in all simulations reported here. The distances between
the center-of-mass of Nhp6A and DNA were constrained
to be smaller than 200 A. Fifty independent simulations of
108 MD steps were conducted.

Two thousand Nhp6A-DNA structures were randomly
chosen from the MD simulations, and for each structure
(A), a vector was assigned to describe the DNA-binding in-
terface of Nhp6A:

v(A) = (1, e v ) (@)

where n = 93 (the number of residues in Nhp6A), and ¢; is
1 if residue i is within 10 A of DNA, otherwise 0. A dis-



tance matrix based on these vectors was then constructed,
and the DBSCAN method (63) was used to classify all the
structures into two clusters. By direct visualization of rep-
resentative structures in these two clusters, we found they
corresponded to two binding modes: one with the HMGB
domain inserted into the minor groove and the other with
only the N-terminal flexible arm contacting DNA. We then
classified each structure in the simulations with respect to
the features of these two clusters, using the support vector
classification method (64).

RESULTS

Experimental set up to examine the effect of obstacles on 1D
diffusion by Nhp6A

To investigate how sliding dynamics is affected by obsta-
cles bound to DNA, we measured the movement of in-
dividual fluorescently-labeled (Atto488) Nhp6A proteins
along DNA bound by varying densities of non-labeled pro-
teins using single-molecule fluorescence microscopy. For
obstacles bound to DNA, we used three well-characterized
ADBPs that exhibit different DNA binding mechanisms
and dynamics: two abundant bacterial proteins Fis and
HU, as well as unlabeled Nhp6A. The dynamics of each
of these proteins associating with otherwise naked DNA
has been previously characterized by single molecule as-
says (12). Nhp6A molecules bind and slide along indi-
vidual DNA molecules at an input solution concentra-
tion of 0.01-0.1 nM, and Fis and HU bind beginning
~0.04 and ~0.25 nM, respectively. Each of these pro-
teins form stable complexes with DNA whose lifetimes are
much greater than the imaging times employed here (our
unpublished results, (65-67)). Highly inclined and lami-
nated optical sheet (HILO) illumination with a 488-nm
laser was used for detecting Atto488-labeled Nhp6A pro-
teins bound to DNA (Figure 1B) (12). The DNA garden
method, in which arrayed A DNA molecules (48.5 kb) are
extended in a flow cell, was used for high throughput data
collection (57).

1D diffusion of Nhp6A on DNA in the presence of Fis

Labeled Nhp6A (0.01-0.02 nM) was introduced into the
flow cell together with various concentrations of non-
labeled Fis, and the 1D movement of the labeled Nhp6A on
DNA was visualized. We have shown previously that most
(~90%) Fis molecules under the conditions used (150 mM
potassium glutamate) associate with DNA in a near sta-
tionary mode with the remaining fraction undergoing slow
and sometimes interrupted sliding (12). We obtained 70—
855 single-molecule traces of Nhp6A with at least 11 con-
secutive data points in the presence of Fis concentrations
ranging from 0 to 19.2 nM.

The movement of Nhp6A molecules along DNA was
suppressed as the Fis concentration increased (Figure 2A).
For quantitative analysis, the MSDs of Nhp6A molecules
were plotted as a function of time (Figure 2B). MSD plots
of Nhp6A in the presence of 0—0.6 nM of Fis increase lin-
early with time, whereas plots in the presence of >1.2 nM
Fis deviate from linearity, and at high Fis concentrations,
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reflect little mobility. The deviation of the MSD plots sug-
gests that Nhp6A diffuses along DNA bound by Fis at the
shorter time scales but that sliding of NhpoOA is restricted
by neighboring Fis molecules bound to DNA at the larger
time scales. The average diffusion coefficient of Nhp6A, D,
obtained by fitting four initial data points of the MSD plots
with a linear function with 2D of the slope, decreased 12.5-
fold as the Fis concentration increased to 19.2 nM (Figure
2C). These results demonstrate that Fis bound to DNA im-
pedes the 1D sliding of Nhp6A on DNA.

We next compared the travel distance of Nhp6A to
the distance between neighboring Fis molecules bound to
DNA. If the sliding of Nhp6A is restricted to between
neighboring Fis molecules, the travel distance of Nhp6A
should correspond to the average spacing between Fis
molecules. Under these non-equilibrium binding condi-
tions, Fis associates randomly throughout the N genome
(Supplementary Figure S1, (12,65)). The average number of
DNA-bound Fis dimers under different concentrations of
Fis was estimated by dividing the total fluorescence inten-
sity of Atto488-labeled Fis bound to single DNA molecules
by the average fluorescence intensity of an individual Fis
molecule (see Materials and Methods). The average dis-
tance between two neighboring Fis molecules, <d>, was
obtained by dividing the total DNA length by the aver-
age number of DNA-bound Fis molecules. For comparison,
we plotted the average travel distance of Nhp6A over 0.4
s, <Ax>, and the average spacing between Fis molecules,
<d>, against the Fis concentration (Figure 2D). < Ax> val-
ues in the presence of > 0.6 nM of Fis were 2.8-11 times
larger than <d>. For example, Nhp6A molecules traveled
an average distance of 178 nm (~525 bp) in 0.4 s when the
average spacing of Fis molecules at 9.6 nM is 16 nm (~47
bp) and an average distance of 136 nm (~400 bp) in 0.4 s
when the average spacing of Fis molecules at 19 nM is 13
nm (~38 bp). These results suggest that Nhp6A molecules
can bypass Fis dimers on DNA to extend their travel dis-
tance well beyond the average spacing between neighboring
Fis proteins.

To more closely examine how each molecule travels along
DNA bound by Fis, we analyzed the displacement distribu-
tion of Nhp6A at 176 ms time intervals obtained from the
single-molecule traces (Figure 2E). If Nhp6A has a single
diffusional motion, a Gaussian function should be observed
(9,10,68). Because the distributions in 0.6, 1.2, 2.4 nM Fis
showed clear deviations from a bell-shaped Gaussian func-
tion, especially in the distribution tails, we fit the distribu-
tions with the sum of two Gaussian functions in all Fis con-
centrations (Equation 1). We refer to the two distributions
as the high-mobility and low-mobility modes of 1D diffu-
sion. The diffusion coefficients of the high-mobility mode
decreased from 0.325 to 0.075 wm? /s as the non-labeled Fis
concentration increased from 0 to 19 nM (Figure 2F). In
contrast, the diffusion coefficients of the low-mobility mode
(0.035 wm?/s) did not vary with the non-labeled Fis con-
centration (Figure 2F). The fraction of the low-mobility
population increased from 0.20 to 0.72 as the non-labeled
Fis concentration increased to 19 nM (Figure 2G). Consid-
ering that the displacement in the low-mobility mode was
comparable to the spatial resolution of molecules on DNA
(27 nm), the low-mobility mode at high Fis concentrations
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Figure 2. Single-molecule tracking of fluorescent Nhp6A along DNA bound by non-fluorescent Fis. (A) Single-molecule traces of Nhp6A in the presence
of different concentrations of Fis. (B) MSD plots of Nhp6A with 0-19.2 nM Fis. (C) Fis concentration dependence of average diffusion coefficients (D)
for Nhpo6A. (D) Fis concentration dependence of average travel distances of Nhp6A at 0.4 s intervals (<Ax>, black square) and average spacings between
neighboring Fis molecules (<d>, green circles). The error bars of <Ax> were determined from the fitting error of D. The errors of <d> represent standard
errors calculated from the fluorescence intensity of at least 20 DNAs bound by fluorescently-labeled Fis. (E) Displacement distributions of Nhp6A at 0.176
s intervals with 0-19.2 nM Fis. Black-dashed curves are the best fitted curves with double Gaussian functions. Red and blue curves are the best fitted curves
of the high-mobility and low-mobility modes, respectively. (F) Fis concentration dependence of diffusion coefficients in two modes of Nhp6A. Red and
blue represent the diffusion coefficients of the high-mobility and low-mobility modes, respectively. (G) Fis concentration dependence of the fraction of the
low-mobility mode of Nhp6A. The error bars in panels C, F and G represent the fitting errors.

likely represents near stationary Nhp6A molecules blocked
by adjacent Fis molecules. In contrast, Nhp6A proteins in
the high-mobility mode likely reflect molecules bypassing
Fis proteins bound to DNA, given that the average travel
distance can be considerably greater than the average dis-
tance between two neighboring Fis molecules (Figure 2D).
Individual trajectories in the presence of 2.4 nM Fis show
that Nhp6A molecules can switch between low to high mo-
bility modes or remain in a given mode over the time frame
of the trajectory (Supplementary Figure S2).

In summary, we observe that the 1D diffusion of Nhp6A
on DNA is retarded by bound Fis proteins by means of
stabilizing the low-mobility mode, but that some Nhp6A
molecules can slide past Fis and continue traveling on
DNA.

1D diffusion of Nhp6A on DNA in the presence of HU

We explored the effects of a different obstacle, the bac-
terial nucleoid-associated protein HU, on 1D diffusion of
Nhp6A. HU generates very different structures on DNA
as compared with Fis (Figure 1A), and unlike Fis, most
HU dimers associate with naked DNA in a mobile mode
(D = 0.492 4+ 0.007 wm?/s) under the conditions employed
here (12). As shown in Figure 3A, DNA sliding by labeled
Nhp6A molecules was retarded by addition of unlabeled
HU. MSD plots of Nhp6A in the presence of 0—4 nM
HU linearly increase over the time range, whereas the MSD
plots deviate in the presence of >8 nM HU, reflecting de-
creasing travel distances (Figure 3B). The average diffusion
coefficient of Nhp6A was reduced 3-fold, but then became
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Figure 3. Single-molecule tracking of fluorescent Nhp6A along DNA bound by non-fluorescent HU. (A) Single-molecule traces of Nhp6A in the presence
of different concentrations of HU. (B) MSD plots of Nhp6A with 0-32 nM HU. (C) Fis concentration dependence of average diffusion coefficients (D) for
Nhp6A. (D) HU concentration dependence of average travel distances of Nhp6A at 0.4 s intervals (<Ax>, black squares) and average spacings between
neighboring HU molecules (<d>, green circles). (E) Displacement distributions of Nhp6A at 0.176 s intervals with 0-32 nM HU. Black-dashed curves
are the best fitted curves with double Gaussian functions. Red and blue curves are the best fitted curve of the high-mobility and low-mobility modes,
respectively. (F) HU concentration dependence of diffusion coefficients in two modes of Nhp6A. Red circles and blue triangles represent the diffusion
coefficients of the high-mobility and low-mobility modes, respectively. (G) HU concentration dependence of the fraction of the low-mobility mode of
Nhp6A. The error bars in panels B, C, D, F, and G are described in the caption of Figure 2.

constant as the concentration of HU increased above 8 nM
(Figure 3C). The average travel distances of Nhp6A over a
0.4 sinterval (< Ax>) increased up to about 9.8-fold greater
than the spacing (<d>) between neighboring HU molecules
as the HU concentration increased (Figure 3D). Notably,
travel distances remained constant at about 250 nm (~735
bp) per 0.4 s between 8 and 32 nM HU, as the HU bind-
ing density increased from about one dimer every 489 bp to
dimers spaced every 79 bp on average. Thus, mobile Nhp6A
molecules can bypass HU proteins on DNA.

The displacement distributions were fit with the sum
of two Gaussian functions (Figure 3E). The diffusion co-
efficient of the high-mobility mode decreased from 0.37

to about 0.21 wm?/s as the non-labeled HU concentra-
tion increased, whereas the diffusion coefficient of the low-
mobility mode did not change with respect to the HU con-
centration (Figure 3F). The fraction of Nhp6A molecules
in the low-mobility mode increased up to 3-fold by addi-
tion of HU (Figure 3G). The increasing fraction of non-
mobile Nhp6A molecules combined with the reduction of
mobility of the high-mobility fraction is consistent with HU
blocking the 1D movement of Nhp6A on DNA. Neverthe-
less, over half of the Nhp6A molecules remain mobile in the
presence of high concentrations of HU and are able to tra-
verse distances that are greater than the average spacing of
HU molecules.
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1D diffusion of Nhp6A on DNA in the presence of Nhp6A

We next probed the movements of labeled Nhp6A along
DNA bound with increasing amounts of non-labeled
Nhp6A. Regions of high density binding by Nhp6A are
found within promoter segments of about 12% of yeast
pol II genes, and these genes are typically among the most
highly transcribed (33). As observed with the bacterial pro-
teins, the mobility of the labeled Nhp6A proteins in single-
molecule traces decreased with the addition of non-labeled
Nhp6A (Figure 4A). The average diffusion coefficient of the
labeled Nhp6A decreased from 0.31 to 0.11 wm?/s as the
total Nhp6A concentration increased to 1.6 nM, but ad-
ditional Nhp6A (up to 6.4 nM) had smaller effects (Fig-
ure 4B and C). The average travel distances of labeled
Nhp6A molecules over 0.4 s (<Ax>) in the presence of
0.4-6.4 nM non-labeled Nhp6A were 1.5- to 3.9-fold larger
than the average distance (<d>) between neighbor Nhp6A
molecules (Figure 4D). Thus, at 6.4 nM, Nhp6A molecules
were bound on average every 56 nm (~165 bp), but most
of the labeled molecules traveled an average distance of 220
nm (~647 bp).

As with the Fis and HU blocks, the displacement distri-
butions of the labeled Nhp6A molecules in the presence of
increasing non-labeled Nhp6A were fit with the sum of two
Gaussian functions (Figure 4E). The diffusion coefficient of
the high-mobility mode decreased up to 2.6-fold as the total
Nhp6A concentration increased, whereas the diffusion co-
efficient of the low-mobility mode was not changed (Figure
4F). The low-mobility population increased about 4-fold
under the highest Nhp6A concentration tested, but ~60%
of the labeled molecules remained in the high-mobility
mode (Figure 4G).

DISCUSSION

In this work, we investigate how Nhp6A molecules travel-
ing along DNA negotiate the densely packed chromosome
landscape. An alternative way to frame the issue is: Do
Nhp6A molecules, which often bind at high density over
nucleosome-free regulatory regions, impede the 1D search
of sequence-specific binding proteins? We measured the mo-
bility of Nhp6A molecules as they traversed along DNA
bound by three model proteins that exhibit different modes
of DNA binding. Each protein retarded the mobility of
Nhp6A to varying extents, but Nhp6A molecules were able
to bypass each of the protein obstacles, albeit with different
efficiencies. The E. coli Fis protein, which forms the most
stable DNA complex whereby most of the dimers associate
in a low mobility or stationary mode, was the most effective
block to Nhp6A sliding. The bacterial HU or other Nhp6A
proteins, which bind otherwise naked DNA largely in a mo-
bile mode, functioned as less effective blocks.

Nhp6A proteins on increasingly crowded DNA
molecules partition into two populations: a low-mobility
mode population in which the molecules exhibit little, if
any, mobility within the resolution of the imaging, and
a high-mobility mode in which molecules continued to
traverse along the DNA decorated with obstacles. The low-
mobility population probably includes Nhp6A molecules
trapped and potentially sliding between closely-spaced
neighboring proteins and molecules transiently associated

with a blocking protein, as observed in two-color imaging
experiments (Supplementary Figure S3a). The percentage
of labeled Nhp6A molecules in the low-mobility mode
increased with obstacle density, but for HU and Nhp6A
blocks, plateaued at <50% of the population. 1D diffu-
sion coefficients of molecules in the high-mobility mode
decreased with obstacle density, but again with HU and
Nhp6A, were only reduced to about half the coefficient
measured on naked DNA. At high obstacle densities,
average travel distances were measured to be up to 11-fold
(Fis) greater than the mean separation between obstacles,
implying multiple obstacles could be bypassed. Two-color
imaging experiments have revealed examples of Nhp6A
proteins moving across Fis proteins bound to DNA in
a manner consistent with direct bypass of an obstacle
(Supplementary Figure S3b).

Nhp6A, like other HMGB proteins, functions in part by
assisting other effector proteins in the assembly of higher-
order nucleoprotein complexes that promote diverse reac-
tions. In this role, Nhp6A molecules would need to be
able to seek out DNA positions embedded between other
bound proteins and then through altered DNA conforma-
tion (e.g. local DNA bending or longer range looping), or
perhaps through direct or indirect interactions with effec-
tor proteins, become stably associated within the nucleo-
protein complex. Previous studies have shown that Nhp6A
molecules form much more stable complexes with naked
DNA containing kinks (e.g. cisplatin crosslinks) or tight
loops (e.g. <100 bp microcircles) and can facilitate inter-
actions between enhancer and reaction sites through DNA
looping (24,30,69-71). Both mobile and stationary binding
modes would be needed to function in its nucleoprotein as-
sembly role. These binding modes would also enable Nhp6A
to localize the FACT and SWI/SNF chromatin modifying
complexes to appropriate nucleosomal targets (36,46,47).
Nhp6A has been shown to bind nucleosomal DNA with
lower but physiologically significant affinities (72), and may
be able to slide along DNA wrapped around nucleosomes
using the mechanism described below.

Obstacle bypass mechanisms

DNA-bound proteins would be expected to sterically block
each other’s movement, especially if the colliding proteins
remained bound within the grooves of the DNA duplex.
Several mechanisms have been proposed that could en-
able mobile proteins to bypass an obstacle. The bypass-
ing molecule may have an intrinsic feature that allows it
to circumvent blocks while maintaining continuous DNA
contact (discussed for Nhp6A below). Alternatively, the by-
passing protein could actively dissociate the blocking pro-
tein from DNA upon collision. Although eviction of pro-
teins from DNA has been clearly demonstrated for energy-
consuming translocases (15,73), to our knowledge it has
not been reported for conventional DNA binding proteins
when simultaneously bound to DNA; by contrast, closely-
associated homotypic or heterotypic proteins have been
reported to cooperatively stabilize each other by indirect
mechanisms (74,75). On the other hand, there is compelling
evidence that homotypic or heterotypic protein from so-
lution can actively replace an existing protein bound to
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Figure 4. Single-molecule tracking of fluorescent Nhp6A along DNA bound by non-fluorescent Nhp6oA. (A) Single-molecule traces of Nhp6A in the
presence of different concentrations of non-fluorescent Nhp6A. b) MSD plots of Nhp6A with 0-6.4 nM non-fluorescent Nhp6A. (C) Non-fluorescent
Nhp6A concentration dependence of average diffusion coefficients (D) for Nhp6A. (D) Non-fluorescent Nhp6A concentration dependence of average
travel distances of Nhpo6A at 0.4 s intervals (<Ax>, black squares) and average spacings between neighboring non-fluorescent Nhp6A molecules (<d>,
green circles). (E) Displacement distributions of Nhp6A at 0.176 s intervals with 0-6.4 nM non-fluorescent Nhp6A. Black-dashed curves are the best
fitted curves with double Gaussian functions. Red and blue curves are the best fitted curve of the high-mobility and low-mobility modes, respectively. (F)
Non-fluorescent Nhp6A concentration dependence of diffusion coefficients in two modes of Nhp6A. Red and blue represent the diffusion coefficients of
the high-mobility and low-mobility modes, respectively. (G) Non-fluorescent Nhp6A concentration dependence of the fraction of the low-mobility mode
of Nhp6A. The error bars in panels B, C, D, F and G are described in the caption of Figure 2.

DNA by a process known as protein-facilitated dissoci-
ation (65,67,76,77). To test whether dissociation can oc-
cur when proteins on DNA collide we measured bulk life-
times of DNA-bound labeled-Fis proteins in the presence of
Nhp6A and bulk lifetimes of DNA-bound labeled-Nhp6A
proteins in the presence of Fis. We observed no evidence
of Nhpo6A evicting Fis or dissociation of Nhp6A upon col-
lision with Fis over timeframes much greater than those
used to observe obstacle bypass in this study (Supplemen-
tary Figure S4). Mobile proteins could also potentially push
the blocking molecule along DNA, but this mechanism
seems unlikely without energy consumption and in light of

the travel distances measured in the presence of high ob-
stacle densities. Short-range DNA hopping (13,16,78.,79)
or intramolecular transfer via DNA looping are also po-
tential mechanisms that could be used to evade obstacles.
Although such mechanisms cannot be ruled out here, we
note that the DNA molecules in our experiments are near
fully extended (~94% (57)) under hydrodynamic forces that
would inhibit looping and that bypassing occurs bidirec-
tionally on DNA under flow. Short-range hopping, involv-
ing total release from the DNA coulombic field followed
by rapid rebinding, would likely be inefficient and unidirec-
tional under the flow forces used in our in vitro experiments.
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along the DNA.

Mechanism of obstacle bypass by Nhp6A

The ability of Nhp6A molecules to evade DNA complexes
with variable protein structures and DNA conformations
implies a common mechanism for bypassing barriers. Each
of the protein-DNA complexes tested would be expected
to sterically block sliding of Nhp6A when its HMGB do-
main is bound within the minor groove, but in each com-
plex, a continuous surface on the unbound side of the DNA
molecule remains exposed. A clue into the mechanism of
obstacle bypass comes from the observation that an Nhp6A
mutant lacking the basic N-terminal arm is essentially im-
mobile when bound to DNA (Supplementary Figure S5).
Moreover, mutations that destabilize binding of the HMGB
domain to the floor of the minor groove result in faster
travel rates. These findings imply that Nhp6A may move
along the surface of DNA with the protein connected to the
phosphate backbone through its N-terminal disordered seg-
ment, which contains two patches of 3-4 tandem arginines
and lysines. As described below, MD simulations provide
support for sliding of Nhp6A along the DNA surface with
continuous dynamic connections between the flexible basic
arm and the phosphodiester backbone, as well as a paused
mode with the HMGB domain bound within the minor

groove and the DNA bent as in the NMR-derived Nhp6A-
DNA structure. This mobile mode provides a mechanism
whereby Nhp6A molecules could maintain continuous con-
tact with DNA as it slides by an obstacle as long as an ex-
posed surface of DNA is available. A recent study employ-
ing time-resolved FRET is also consistent with two binding
states, with the DNA in one state being unbent (80). Also,
force microscopy of Nhp6A-bound DNA suggests the pres-
ence of a loosely bound state that may correspond to the
high mobility mode (81).

MD simulations were performed on Nhp6A binding to
a 115 bp DNA segment containing a stationary Fis dimer
bound at its center (position 51-65) (Figure 5A and B). In
these simulations, Nhp6A bound Fis-free DNA and slid
along the DNA switching between a paused mode where the
HMGB domain is statically bound within the minor groove
and a mobile mode where Nhp6A is dynamically associ-
ated with the DNA backbone through its basic N-terminal
arm (Figure 5SC-E, and Supplementary movie S1). Occa-
sionally, mobile Nhp6A proteins traveled along the exposed
DNA segment opposite to the Fis-bound interface, thereby
bypassing Fis but maintaining continuous DNA contact
with their flexible N-terminal arms (Figure 5D, Supplemen-
tary Figure S6). We noticed that the frequency of Nhp6A



binding was moderately enhanced near the edges of the Fis
binding motif (around positions 50 and 65) where Fis bind-
ing widens the minor groove (Figure SF-H). Because the
HMGB domain binds within an expanded minor groove
(29), the local overrepresentation of Nhp6A in the paused
mode at these positions suggests Fis may enhance Nhp6A
binding through DNA conformation. The enhanced bind-
ing of Nhpo6A to the ends of the Fis binding region resem-
bles targeting of the phage \ Xis protein to the end of the Fis
site within the N attR recombination locus by Fis-induced
changes to minor groove widths (82). Some MD trajectories
also show that Nhp6A bypassed Fis by transiently dissoci-
ating and re-binding to DNA (DNA hopping, Supplemen-
tary Figure S6d—f). Overall, the MD simulations support
the bypass of Fis-bound complexes by Nhp6A molecules in
the mobile mode and suggest a mechanism for indirect sta-
bilization of paused Nhp6A molecules via local DNA struc-
tural changes induced by Fis.

Other DNA binding proteins may use similar mecha-
nisms for bypassing obstacles. The most conserved and
abundant nucleoid-associated protein family in eubacteria
are the HU/IHF-proteins. These proteins are distributed
throughout the bacterial chromosome and function as nu-
cleoprotein assembly factors by inducing or stabilizing
DNA bends and in chromosome compaction (17,51,83).
The HU dimer has two long flexible B-ribbon arms that are
rich in basic residues and emanate from a highly basic patch
on the protein surface (50). Like Nhp6A, MD simulations
have modeled HU interacting with DNA in both sliding and
paused modes, with the DINA highly bent only in the paused
mode (84). The sliding mode, in which HU remains con-
nected to the DNA backbone surface through dynamic elec-
trostatic interactions, suggests a mechanism similar to that
proposed for Nhp6A for bypassing obstacles while main-
taining continuous contact with an exposed DNA surface.
Indeed, our experiments have shown that labeled HU pro-
teins can bypass high densities of unlabeled HU molecules
with properties very similar to those measured for Nhp6A
(Supplementary Figure S7).

Many eukaryotic DNA binding proteins contain nu-
clear localization sequences that are unstructured and rich
in basic residues and may also function in DNA sliding
(85). A well-studied example is the p53 transcription fac-
tor, which utilizes its C-terminal unstructured basic tail to
search along DNA for its target (10,86). We predict that the
p53 tetramer would be able to bypass barriers by sliding
along the DNA surface through electrostatic connections
with its C-terminal tails. As up to 70% of DNA binding
proteins within the human proteome contain intrinsically-
disordered tails (87), this mechanism of obstacle avoidance
may be common.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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