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Abstract

DNA co-crystallization with Dps family proteins is a fundamental mechanism, which preserves
DNA in bacteria from harsh conditions. Though many aspects of this phenomenon are well
characterized, the spatial organization of DNA in DNA—Dps co-crystals is not completely
understood, and existing models need further clarification. To advance in this problem we have
utilized atomic force microscopy (AFM) as the main structural tool, and small-angle X-scattering
(SAXS) to characterize Dps as a key component of the DNA-protein complex. SAXS analysis in
the presence of EDTA indicates a significantly larger radius of gyration for Dps than would be
expected for the core of the dodecamer, consistent with the N-terminal regions extending out into
solution and being accessible for interaction with DNA. In AFM experiments, both Dps protein
molecules and DNA—-Dps complexes adsorbed on mica or highly oriented pyrolytic graphite
(HOPG) surfaces form densely packed hexagonal structures with a characteristic size of about 9
nm. To shed light on the peculiarities of DNA interaction with Dps molecules, we have
characterized individual DNA—-Dps complexes. Contour length evaluation has confirmed the non-
specific character of Dps binding with DNA and revealed that DNA does not wrap Dps molecules
in DNA-Dps complexes. Angle analysis has demonstrated that in DNA—Dps complexes a Dps
molecule contacts with a DNA segment of ~6 nm in length. Consideration of DNA condensation
upon complex formation with small Dps quasi-crystals indicates that DNA may be arranged along
the rows of ordered protein molecules on a Dps sheet.
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Introduction

During their lifecycle, many bacteria face harsh conditions such as oxidative cleavage [1],
nucleases [2], UV and gamma irradiation, thermal stress, iron and copper toxicity, and acid and
base shock [3]. To protect their genome from possible harmful effects, bacteria sequester DNA
inside a cell by co-crystallization of DNA with a ferritin superfamily protein Dps (abbreviated from
“DNA binding proteins from starved cells”), which is accumulated in bacterial cells during the
stationary phase [4]. An E.coli Dps molecule consists of 12 identical subunits, each containing 167
amino acids and having a molecular weight of ~18.7 kDa [2]. High biological relevance of DNA—
Dps co-crystals makes the detailed understanding of their spatial organization extremely important.

The effect of DNA co-crystallization with Dps has been extensively studied since its discovery in
1992 [2,5,6]. For the investigation of DNA-Dps co-crystals, transmission electron microscopy
(TEM), fluorescence microscopy, X-ray crystallography, and small-angle X-ray scattering (SAXS)
are generally used [7—14]. Both natural DNA—Dps co-crystals inside the cytoplasm of starved
bacterial cells and model DNA—-Dps co-crystals produced in vitro have been visualized using TEM
and Cryo-EM [2,12,13,15], which showed that Dps binding with DNA was non-specific and
mediated mainly by electrostatic interaction [2,14]. In particular, the disordered lysine-rich N-
terminal region of E.coli Dps is responsible for electrostatic attraction with negatively charged
DNA phosphate groups [16]. The SAXS technique was applied to determine the role and
conformation of the N-terminal regions of the two types of Dps from Deinococcus radiodurans
[17]. According to the results of this work one can conclude that when Dps is isolated from
different organisms it has similar structural features necessary for DNA binding. However,
members of the Dps family, which do not contain the positively charged N-terminal regions, cannot
bind DNA [18-20].

It was demonstrated that Dps may co-crystallize with DNA of different lengths (from ~3000 to
~10000 base pairs) and nucleotide sequences [13]. Moreover, the crystallographic parameters of
DNA-Dps co-crystals produced by closed supercoiled plasmids, linear double-stranded DNA and
single-stranded RNA molecules are undistinguishable from those of pure Dps crystals: both form a
tightly-packed, multilayered structure of hexagonally arranged Dps dodecamers with a spacing of
~7.8 nm, which corresponds to a unit cell of ~9 nm [15].

There are several hypothetical models for DNA spatial organization in DNA—Dps co-crystals. One
of these models implies that DNA molecules are threaded through the holes in the hexagonal
lattices of Dps dodecamers crossing different Dps sheets [21]. Another model assumes DNA
wrapping around Dps molecules in a histone-like manner [22]. Moreover, several models suggest
that DNA is accommodated in the grooves present in Dps dodecamer lattices and is aligned along
the rows of Dps molecules within one Dps sheet [23,24]. Finally, there is a model that admits DNA
accommodation both within one Dps sheet and across different Dps sheets [7]. The recent use of
two complementary methods — small-angle X-ray scattering and cryo-electron tomography —
obtained a detailed description of the structural organization of the DNA-Dps complex. It was
demonstrated that cubic and triclinic structures were formed, depending on buffer parameters and
local ion concentration, and the lattice parameters of the crystalline DNA—Dps complex were
determined [12,13]. More importantly, and for the first time, DNA macromolecules in these co-
crystals were visualized, although a mutual arrangement of DNA and Dps was different in the



various co-crystal structures [12,13]. In summarizing the above, one can conclude that the
availability of the structural models of the co-crystals need additional validation or clarification.

Unique information about DNA—Dps co-crystal structure may be obtained from direct methods
such as atomic force microscopy (AFM). AFM is a well-established tool for the investigation of
individual DNA [25-27] and protein molecules [28,29], and DNA-protein complexes [30—34] with
sub-nanometer spatial resolution. Unlike TEM, AFM renders operating in ambient conditions and
aqueous environments, which are more relevant for biological specimens than vacuum. AFM has
allowed the characterization of morphology and dimensions of the Dps containing nucleoid of
lysed bacterial cells [10,11,35]. Moreover, AFM has revealed the varied ability of Dps family
proteins to bind or condense DNA at a different pH [9,16,36,37] and showed certain Dps binding
specificity towards DNA ends for short DNA fragments [38]. However, comprehensive and
quantitative morphological analysis of individual DNA—Dps complexes and small quasi-crystals
that may shed light on DNA arrangement in DNA-Dps co-crystals is still lacking.

The purpose of our study is to obtain evidence of DNA spatial organization in DNA—Dps co-
crystals by AFM-based quantitative analysis of DNA bending and condensation upon complex
formation with individual Dps molecules and small Dps quasi-crystals. In order to study single
DNA-Dps complexes, we have used the previously elaborated approach for AFM investigation of
individual DNA and protein molecules adsorbed on a highly oriented pyrolytic graphite (HOPG)
surface modified with N,N'-(decane-1,10-diyl)bis(tetraglycineamide) (GM) [39—42]. SAXS
reconstruction of a Dps molecule, including its N-terminal regions, was used to complement AFM
data. The results contribute to the understanding of DNA compaction in DNA-Dps complexes and
shed light on DNA organization in DNA-Dps co-crystals.

Materials and Methods

Materials

Freshly prepared Milli-Q water was used in the experiments, as well as two types of DNA
plasmids. The circular vector pJET12-blunt 3130 bp was isolated as described in [43]. The mixture
of pSPT18- and pSPT19-neo-DNA (~4500 bp each) cleaved with Eco RI (further referred to as
linearized DNA) was obtained from Sigma-Aldrich (USA). Overexpression and purification of
E.coli Dps was performed as described in [12]. A buffer containing 50 mM NaCl, 50 mM Tris-HCI
and 0.5 mM EDTA (pH 8.0) was used for the preparation of DNA-Dps complexes and co-crystals,
since it was shown to be most favorable for DNA—-Dps co-crystallization [12].

Substrate preparation

A soaked mica surface was prepared by immersing a freshly cleaved (from both sides) muscovite
mica slice in milli-Q water for 1 hour followed by drying in a stream of nitrogen. For HOPG
modification, 10 pl of 0.01 mg/ml GM ([Gly,-NHCH,],CsH 6, NanoTuning, Russia) solution in
water was deposited onto a freshly cleaved HOPG surface (ZYB quality, mosaic spread 0.8—1.2°,
NT-MDT, Russia) for 10 minutes, followed by drying in a stream of nitrogen.

Sample preparation for AFM

For AFM investigation of a Dps crystal, 50 pl of 70 pg/ml Dps solution in the buffer was deposited
on a soaked mica surface prior to AFM imaging. For AFM investigation of individual Dps
molecules, 1 pl of 2 pg/ml Dps solution in the buffer was deposited on a GM-HOPG surface for

3 seconds, followed by the addition of 40 ul of water and immediate drying in a stream of nitrogen.
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For preparation of DNA-Dps co-crystals and DNA-Dps complexes we have used a Dps/DNA
weight ratio of 5:1 according to the previous results [13]. For AFM investigation of DNA—Dps co-
crystals, 7 ul of Dps solution (3.4 mg/ml) in the buffer was added to 2 ul of the circular plasmid
DNA solution (2.6 mg/ml), and gently mixed and stored for 20 minutes at ~22°C. Then 50 pl of
5000 times buffer-diluted mixture was deposited on a soaked mica surface or a GM-HOPG surface
prior to AFM imaging.

For AFM investigation of individual DNA-Dps complexes, 1.4 pl of Dps solution (0.9 mg/ml) in
the buffer was added to 1 pl of the linearized plasmid DNA solution (0.25 mg/ml), and gently
mixed and stored for 20 minutes at ~22°C. Afterwards, 0.5 pl of a 200 times buffer-diluted mixture
was deposited on a GM-HOPG surface for 3 seconds, followed by the addition of 40 ul of water
and immediate drying in a stream of nitrogen.

AFM imaging

AFM imaging of Dps crystals and DNA-Dps co-crystals was performed in the buffer solution in
tapping mode on a Veeco Multimode atomic force microscope with a Nanoscope V controller
(Veeco, USA) equipped with a tapping-mode fluid cell. For imaging we used silicon nitride
triangular cantilevers SNL (A) (Bruker, USA) with a nominal spring constant of ~0.35 N/m
(resonant frequency in water ~9 kHz). The scan rate was usually 1 Hz with 512 pixels x 512 pixels.

AFM imaging of the individual DNA and Dps molecules and DNA-Dps complexes was performed
in an ambient environment in tapping mode on the MultiMode 8 atomic force microscope with a
Nanoscope V controller (Bruker, USA). Silicon rectangular cantilevers PPP-NCHR (NanoWorld,
Switzerland) with a nominal spring constant of ~42 N/m and a resonant frequency of 330 kHz were
used. The scan rate was usually 1-2 Hz with 512x512 or 1024x1024 pixels.

Data processing

Femtoscan software (Advanced Technologies Center, Russia) [44] was used for AFM image
processing, analysis (including characteristic size of hexagonal structures, height, volume, contour
length and angle measurements) and presentation. The characteristic size of hexagonal structures
was obtained by averaging diameters of Dps molecules measured in all three directions of protein
ordering. The height of protein globules was measured manually as the difference between the
level of the highest point on a globule and a substrate surface; AFM images with a pixel size no
larger than 2 nm have been used for height analysis [45]. For contour length measurements, a DNA
contour was rendered by a polyline (for DNA-Dps complexes a polyline was drawn through the
center of Dps molecules). Standard deviation was used as an error value for height and length
measurements.

For estimation of the lateral diameter of the Dps molecules we used the approach for AFM tip
deconvolution of protein molecules in protein—DNA samples [46]. First, we estimated a tip radius
(rr = 6.4 = 1.2 nm) from the AFM images of DNA molecules obtained with the same tip using a
step-like model, in which the section of an object (DNA molecule in this case) is considered as a
rectangle with the apparent height from the AFM images (0.89 4+ 0.11 nm, N=20). Then, the same
model was used to estimate the real (deconvoluted) lateral diameter (width) of adsorbed Dps
molecules from the obtained value of rr and the apparent width of Dps molecules.

Unpaired two-sample t-tests at a significance level 0.01 were applied for the assessment of
statistical significance of mean height and width differences.



Angles @ between the tangents to a DNA contour for DNA-Dps complexes (Figure 5b, right central
part) were measured manually using the corresponding tool in the software. The standard deviation
of the mean was used as an error for <cos(#)>. Angle 8 values for free DNA molecules have been
calculated in Scilab 5.3.3 (https://www.scilab.org/) script, as described previously [47]. In brief,
DNA contours were digitized, and angles € between all pairs of points on a DNA molecule and
separated by 22 nm along the contour with a step length of 22 nm were measured. The resulting
histograms of the angle ¢ distribution were flipped over to zero to obtain the Gaussian fits (y=
A*exp(=0.5*((x—x.)/ w)?). For the estimation of the DNA contact length with a Dps molecule we
neglected the relative error (standard deviation of the mean) for <cos(#)> for free DNA molecules,
as compared to that for DNA-Dps complexes, due to at least 10-times larger statistics for free
DNA molecules.

For analysis of Dps binding specificity, the contour distance D,,; between each Dps molecule in a
DNA-Dps complex and its nearest end was divided by the contour length L of a complex. Such
normalization of D,,,; allows the exclusion of systematic uncertainty associated with a uniform
extension of DNA molecules adsorbed on a substrate.

SAXS reconstruction

Synchrotron SAXS experiments were performed at the European Molecular Biology Laboratory
(EMBL) on the EMBL-P12 BioSAXS beam line at the PETRAIII storage ring (DESY, Hamburg)
[48].

The Dps protein was expressed and purified as described in [12]. A buffer containing 50 mM NaCl,
50 mM Tris-HCI, and 0.5 mM EDTA (pH 8.0) was used for SAXS measurements in solution.
Since no concentration dependence was observed, structural characteristics of the Dps protein were
studied at a concentration of 3.5 mg/ml.

Radii of gyration R, were calculated from the initial part of the scattering curve in the lowest s
region using the following equation:

lexp(s) = 1(0) exp(—s?R5/3), (D
that is valid in the range (sR,) < 1.3.

Distance distribution function, p(r) was computed by the GNOM program [49] using the equation
1 (oo .
p(r) = ﬁfo s 1(s) sin(sr)ds, ()

where (s) is the scattering intensity, s = (4zsinf)/A is the scattering vector, 26 is the scattering
angle, and 4 = 0.124 nm is the scattering wavelength. The maximum particle size (D,,.,) was
determined from the condition p(r) = 0 at r > D,,,,. SAXS analysis and model fitting were
performed in the most informative part of the range of the scattering curve 0.08 < s < 2.1 nm™'. The
low-resolution shapes of the full-length Dps protein were reconstructed ab initio from the p(7)
function using an ab initio procedure and the DAMMIN program [50]. The program utilizes a
simulated annealing algorithm to build models fitting the experimental data /,.,(s) to minimize the
discrepancy

2
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i.e., the reduced y° test, where N is the number of experimental points, c is a scaling factor and
I.q(s;) and ofs;) are the calculated intensity from the model and the experimental error of the
momentum transfer s;, respectively.

The reconstruction of the protein structure and the structures of flexible N-terminal fragments,
which are absent in the crystallographic structure of the Dps protein, was performed using a hybrid
method and the CORAL program [51], which combines an ab initio algorithm and rigid-body
modeling. The program utilizes high-resolution structures from the Protein Data Bank and the
theoretical intensities calculated by the CRYSOL program [52], and adds fragments of the
macromolecule missing in the high-resolution model by using an ab initio procedure. The atomic-
resolution structure of the Dps protein (PDB ID: 1DPS) was used for the hybrid modeling.

The ensemble optimization method (EOM) [53,54] was applied to assess the flexibility of the N-
terminal fragments of Dps. In essence, EOM consists of two stages: first, a large pool of models
(~10000) is generated where the potentially flexible parts (linkers and disordered terminal regions)
are taken as random chains. Second, a genetic algorithm (GA) is employed to select an optimized
sub-ensemble such that the averaged scattering curve from these models fits the experimental
SAXS data. A comparison of the obtained distribution of structural descriptors such as maximal
size D, and radius of gyration R, in the selected models, with the corresponding distributions in
the original pool, provides information about the flexibility, disorder and degree of extension. More
precisely, the position and width of the resulting distribution ascertains whether the disordered part
is compact or spread, and possesses the monomodal or multimodal conformation.

The protein models reconstructed by different methods were analyzed with the SUPCOMB
program [55] to determine the dissimilarity in their structural organization and find the normalized
spatial discrepancies (NSD).

Results and Discussion
SAXS reconstruction of the Dps structure in solution

Since it is known that the structure of the Dps protein, particularly the conformation of its N-
terminal regions, is essential for the protective co-crystallization with DNA [16,17], a preliminary
study of the protein structure was undertaken using SAXS. Interactions with negatively charged
bases of DNA occur through positively charged lysines (Lyss, Lysg, and Lys;) and arginine (Arg;s)
located in the N-terminal fragments of Dps from E.coli. Thus, the three-dimensional location and
accessibility of these amino acids for DNA are of great importance, and the aim of this preliminary
study was to demonstrate protein readiness for the complex formation.

The SAXS profile for the Dps protein in solution and the corresponding distance distribution
function p(r) are presented in Figure 1a.
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Figure 1. (a): The experimental scattering curve of the Dps protein (1), the simulated curves calculated from
the distance distribution function p(r) (2), DAMMIN model (3), and CORAL model (4). Inset: the distance
distribution function p(r). (b) The superposition of the DAMMIN model (gray spheres) and the CORAL
model demonstrated in 4 different orientations for better visualization: green helices — the high-resolution
structure of the Dps protein (PDB ID: 1DPS) and yellow spheres — reconstructed N-terminal regions. The
residues Lyss, Lysg, Lysjo, and Arg;s are represented by red spheres in the CORAL model. (c¢) & (d) EOM
analysis: R, and D,,,, distributions, respectively. Red lines are the selected ensembles, and blue lines are the
original pools of 10000 random conformations.

Twelve disordered N-domains contribute to the scattering of the full-length protein in solution;
however, this contribution is rather small: distance distribution function p(r) in the region close to
the maximum size D,,,, shows low p(r) amplitude due to low electron density of the N-terminal
regions (Fig 1a, inset). Nonetheless, scattering from these regions leads to an increase of the
maximal size of the protein up to 14 nm, as compared to the protein core with the size of about

9 nm. Ab initio shape reconstruction of the Dps protein was carried out using the p(r) function and
the DAMMIN program. Since the protein exists in solution as a dodecamer, symmetry P23 was
applied. The ab initio method of shape restoration does not consider the localization of the
disordered N-termini, thus, to ensure their relatively uniform arrangement on the dodecamer
surface it was necessary to introduce the symmetry. Otherwise, to fit the experimental scattering
curve and to match the calculated radius of gyration R, = 3.9£0.1 nm and maximum size D, =
14 nm, the DAMMIN program would have to create a model consisting of a spherical core, as the
main scattering part of the protein and a single long “tail”. The reconstructed symmetrical model
demonstrates a hollow spherical shape with a diameter of about 9 nm and protruding parts, which
apparently belong to the N-terminal regions of the protein (Fig 1b). This relatively rough model of
low-resolution yields is, nevertheless, a reasonable fit to the experimental SAXS data (;° = 1.9).

To determine a more accurate, full-length structure of the protein and a configuration of its N-
terminal fragments, the hybrid approach implemented in the CORAL program was employed. The
full-length structure of the protein was modeled using atomic coordinates of the high resolution
Dps structure (PDB ID: 1DPS), and the ab initio algorithm for the reconstruction of the first N-
terminal 22 amino acid residues of the protein missing in the crystal lattice. The reconstructed
model displayed in Fig 1b shows flexible N-terminal regions of the proteins freely extended into
solution. More importantly, residues Lyss, Lysg, Lyso, and Arg;s, represented by red spheres in the
CORAL model, are quite accessible for interaction with DNA. The discrepancy 4 for this
reconstruction is 1.1, i.e., the scattering from the model is in very good agreement with the
experimental data.

It should also be noted here that the protein core without N-termini obtained by the ab initio
procedure (the DAMMIN program) and by the hybrid approach (CORAL program using Dps
crystal structure) coincide. The quantitative mutual agreement between the reconstruction of the
Dps structure by two methods was evaluated by the SUPCOMB program. The normalized spatial
discrepancy (NSD) was 1.6, i.e., two independent approaches to the modeling giving similar
results.

The model of full-length Dps obtained by the CORAL program demonstrates that the disordered N-
termini of different chains of the dodecamer have both extended and more compact conformations
(Fig 1b). To analyze the unfolding and flexibility of the disordered N-termini of the protein, the
EOM approach was employed. The conformation of one loop from the Dps monomer was sampled
while all other chains were kept in the original configuration, as in the initial CORAL model. The
optimized ensemble obtained by EOM points mainly to the disordered regions located closer to the
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surface of the dodecamer. Both R, and D, distributions (in Fig 1c & d) of the selected ensemble
demonstrate smaller values when compared to the original pool of 10000 random conformations.
This indicates that despite the disordering not all 12 N-terminal loops can simultaneously protrude
far from the surface of the Dps protein. The observed extended and compact conformations of the
N-termini are in dynamic equilibrium in solution, and, therefore, each of them can provide
interaction with DNA.

More important, only in the presence of EDTA in the buffer composition, as used in this work, the
disordered N-termini can freely extend into solution and the residues Lyss, Lyss, Lys;o, and Args,
represented as red spheres in Fig 1b, are accessible for interaction with DNA. Whereas, in the
EDTA-free buffer, all disordered N-domains are located closer to the protein surface, and no
DNA-Dps crystalline complex can be obtained [56]. As a chelating agent EDTA weakens
interaction between iron and amino acids of Dps facilitating unfolding of a Dps N-terminal region
and its interactions with DNA. Consequently the conformation of Dps N-terminal regions in the
presence of EDTA becomes more flexible and extended. The corresponding protein structures are
deposited in the Small Angle Scattering Biological Data Bank (SASBDB; https://www.sasbdb.org/)
with SASBDB Accession Codes: SASDKF4 for Dps in solution in the presence of EDTA, and
SASDKY4 for Dps in the EDTA-free buffer.

Therefore, it should be concluded that the SAXS reconstruction of Dps has revealed that the N-
terminal regions of the proteins are accessible for interaction with DNA. DNA-Dps complexes
were a subject of further analysis with AFM.

Surfaces of arranged Dps molecules and DNA—Dps complexes

The AFM image of a Dps crystal surface obtained in buffer solution on a soaked mica surface is
presented in Figure 2a. It confirms what is already known from the TEM measurements: Dps
molecules arrange into a two-dimensional crystal structure with a three-fold symmetry (an enlarged
region of the AFM image and its Fourier transform are presented on the right). The characteristic
size of the Dps crystal surface, 9.2 + 0.3 nm (N=100), is in agreement with the previous reports
[15] and corresponds well to the diameter of the Dps molecule, known from its crystallographic
structure (~9 nm [21]).

A typical AFM image of DNA-Dps complexes deposited on a soaked mica surface is shown in
Figure 2b. DNA-Dps complexes also form a hexagonal pattern (an enlarged region of the AFM
image and its Fourier transform are presented on the right); the characteristic size of the hexagonal
packing, 9.10 £ 0.24 nm (N=100), corresponds within an error to that of a Dps crystal (Figure 2a).
Since there is no evidence that the AFM tip touches the substrate surface in the defects in the
hexagonal pattern of Dps molecules (darker regions in Figure 2a & b), the height of the layer
cannot be determined from these images. However, the height of the 2D DNA—Dps co-crystal has
been measured from the relatively small fragments of DNA—-Dps co-crystal formed on a GM-
HOPG surface (Figure 2c). The height of the crystal is ~ 9 nm (Figure 2d), which corresponds to
the crystallographic diameter of a Dps molecule [21].

The structure and dimensions of the unit cell of a Dps crystal, and a DNA-Dps co-crystal observed
in AFM images, are in agreement with TEM data [15]. AFM operating in tapping mode in aqueous
solutions is capable to image even loosely physisorbed and thermally moving DNA molecules [25].
However, DNA molecules are not discerned in the AFM images (Figure 2b), indicating that they
may be located between or beneath the arranged Dps molecules and are not accessible to the AFM

tip.
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Figure 2. (a, b) AFM images of (a) Dps molecules and (b) DNA—-Dps complexes adsorbed on a soaked mica
in a buffer solution. The regions in the box are enlarged at the top right. Fourier transformations of the
enlarged regions are shown at the bottom right. (c) AFM image of DNA-Dps complexes adsorbed on a GM-
HOPG surface in a buffer solution. (d) Height profile along the horizontal line in the AFM image. The AFM
images were obtained in the buffer solution. The sizes of the AFM images are 300x300 nm” (enlarged
regions — 50x50 nm®).

Individual Dps molecules and DNA—Dps complexes

To explore the DNA spatial arrangement in DNA—Dps complexes, we have visualized and
characterized the morphology of individual Dps molecules, DNA molecules and DNA-Dps
complexes. For this purpose, we have decreased the concentration of the components in the DNA—
Dps mixture by ~5 times, retaining the Dps/DNA ratio (see Experimental section). For the
investigation of biomolecules, we deposited them onto a GM-HOPG surface. This surface has been
shown to “trap” DNA molecules electrostatically at a low ionic strength [57], while retaining a
native-like conformation of adsorbed globular proteins (including ferritin) after their deposition,
followed by drying [39,58].

A typical AFM image of individual Dps molecules adsorbed onto a GM-HOPG surface is shown in
Figure 3a. The dark spots on the surface correspond to the defects of a GM-layer; their depth is
around 0.4 nm [59]. The molecules appear as globules with a mean height of 5.2 + 0.4 nm (N=235;
the height distribution histogram is shown in Figure 3b). The height value of a Dps molecule is
smaller than its crystallographic diameter, probably due to protein deformation by the AFM tip
[60], local probe-sample geometry [61], and protein dehydration. A wider tail of the height
distribution towards smaller values may indicate the presence of the fraction of Dps molecules,
which have not completely assembled into dodecamers, e.g., trimers [62]. The width of the Dps
molecules that takes into account an AFM tip deconvolution (see Materials and Methods) is (8.1 +
2.2) nm.
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Figure 3. (a) AFM image and (b) height distribution of individual Dps molecules adsorbed on a GM-HOPG
surface (the distribution is obtained from the analysis of several AFM images). The AFM image was obtained
in air. The size of the AFM image is 500x500 nm?.

The ability of superhelical circular plasmids to form melted (open) regions [63] and hairpin
structures [64] may impede an accurate determination of the DNA contour length from AFM
images (see also Supplemental Information, Figure S1). Thus, for the AFM investigation of
individual DNA-Dps complexes, we have used linearized DNA plasmids. AFM images of the
diluted mixture of the linearized DNA and Dps molecules deposited on a GM-HOPG surface,
reveal individual DNA molecules containing 1 to 7 globules along their contour (representative
examples are presented in Figure 4a; the upper left image shows a free linearized DNA molecule).
The height distribution of these globules is shown in Figure 4b: their height (5.4 £ 0.3 nm, N=140)
is similar to that of free Dps molecules adsorbed on a GM-HOPG surface (Figure 3). Therefore, we
interpret the structures with globules in Figure 4a as individual DNA—-Dps complexes.

The estimation of the real (deconvoluted) width of the Dps molecules DNA—Dps complexes gives
(9.0 = 2.2) nm. The morphological parameters (height, measured and deconvoluted width) of
individual Dps molecules adsorbed on a GM-HOPG surface are summarized in Table 1. The height
and width of Dps molecules within complexes are slightly larger than the values for free Dps
molecules (Table 1); however, each of these differences is statistically significant (two sample t-
test, p=0.01). The increase of the size (especially width) of Dps molecules in DNA-Dps complexes
may be induced by the contact of a protein molecule with a DNA strand.

5.0 55 6.0
Height, nm
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Figure 4. (a) A montage of AFM images of (upper left) a linearized DNA molecule and (other images)
individual linearized DNA—Dps complexes adsorbed onto a GM-HOPG surface. The AFM images were
obtained in air. The sizes of the AFM images are 400x400 nm?, 400x800 nm” and 800x400 nm®. (b) Height
distribution of Dps molecules in the complexes.

Table 1. Morphological parameters (mean values + SD, nm) of Dps molecules adsorbed on a GM-HOPG
surface. N — number of measurements.

Heioht Width Width
g (measured) | (deconvoluted)
Free Dps 52+04 21£1 8.1+22
molecules (N = 235) (N=102) T
Dps molecules
in DNA-Dps 54403 22l 9.0+23
complexes (V= 140) (N=48)

Analysis of contour length of DNA—Dps complexes

The mean contour lengths of free DNA molecules and DNA-Dps complexes containing 1 to 7 Dps
molecules are within the range of 1500 — 1550 nm (Figure 5a). These values do not depend (within
the errors) on the number of protein molecules bound to the DNA, which indicates that the DNA
molecule does not wrap around the Dps molecule upon complex formation. This behavior
differentiates Dps from histone proteins, which typically wrap around DNA [65]. However, these
data do not exclude the fact that DNA may sweep along a Dps molecule. The previous work [13]
demonstrated a parallel shift of the protein layers relative to each other, forming grooves for DNA
accommodation, whereas DNA does not wrap around the protein, it only bends near it.

Analysis of DNA bending in DNA—Dps complexes

Information concerning DNA bending upon its binding with Dps molecules can be obtained from
AFM images by directly measuring the angle 0 between two tangents to the DNA contour at the
entrance points of a protein globule (tangent method, Figure 5b, right central part) [66].
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Figure 5. (a) Mean DNA—Dps complex length as a function of the number of bound molecules in the
complex. (b) (left) Box chart for the distributions of the apparent DNA bending angle § in DNA-Dps
complexes and free DNA molecules at a contour distance /=22 nm flipped over a zero value; (bottom right)
the corresponding distributions (solid lines are Gaussian fits for each distribution); (top right) the schematic
illustrating the definition of the bending angle 6. (c) <cos(6)> as a function of the contour length [ of a
segment of a free DNA molecule (thin red curve) and the value of <cos(8)> for DNA-Dps complexes (grey
line, the width takes into account the standard deviation of the mean). (d) Distribution of the normalized
contour distance D,,,/L between a Dps molecule in a DNA-Dps complex and its nearest end.

The distribution (and the box chart) of the angle 8 for DNA—Dps complexes and its Gaussian fit are
shown in Figure 5b with blue columns (the total number of analyzed complexes is 328) and a blue
line, respectively. The maximum at a zero value may indicate that upon binding with DNA, Dps
does not bend DNA. The length of a hidden DNA segment between two exit points of DNA arms
coming out from a Dps molecule in AFM images can be estimated by an apparent (i.e., convoluted
by an AFM tip) lateral diameter of a Dps molecule (22 + 1 nm, Table 1). The distribution (and the
box chart) of the angle 8 for free DNA molecules obtained for a separation length of 22 nm is
shown as a reference in Figure 5b with red columns (the total number of analyzed angles is 1515).
The Gaussian fit of the distribution is shown with a red line. The observed differences in the angle
distributions for DNA—-Dps complexes and free DNA molecules may be caused by “freezing” the
fluctuations of DNA contour orientation inside a certain DNA segment with a length /;,, so that
0=0 at ;. The length of this segment may be considered as a contact length of DNA with a bound
Dps molecule.

To estimate /;, we have calculated <cos(6)> for DNA-Dps complexes (0.662 + 0.022 rad) and
compared it with the dependence of <cos(#)> on a segment length / for a free DNA molecule
(Figure 5c). According to this graph, the length of the fluctuating DNA segment inside a broadened
image of a Dps molecule is 16 + 2 nm, which gives 6.0 + 2.2 nm for the estimation of /.
Therefore, we can conclude that a DNA-bound Dps molecule contacts with a DNA segment of
about 6 nm length.

Analysis of Dps binding specificity
12



To analyze the specificity of Dps binding with DNA, we have measured the contour distance D,y
between each DNA bound Dps molecule and the nearest end of a complex (the total number of
analyzed complexes was 143) [66]. The normalized distance D.,4/L is rather evenly distributed
along the DNA matrix (Figure 5d), indicating that the linearized plasmid DNA does not have
pronounced Dps binding sites. This observation is in agreement with previous work reporting the
absence of sequence specificity of Dps binding with DNA and the major role of electrostatic
interactions in DNA—Dps binding [2,14]. The non-specific character of DNA-Dps binding justifies
the utilization of linear DNA scaffolds to delineate the general characteristics of DNA—Dps
complexes.

Analysis of DNA organization in DNA—Dps quasi-crystal formations

Moreover, some fractions of DNA—Dps complexes contain arrangements composed of several tens
of Dps molecules (Figure 6a) ordered in a two-dimensional quasi-crystal structure (see the enlarged
height and phase images in the middle and right columns, respectively). We suggest that spatial
organization of DNA in these formations is similar to that in DNA—-Dps co-crystals.

nm
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0
a
25000 - 3
]
n
§% 20000 - —T
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=3 g 15000 -
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2 > 10000 | #
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o
[m] * ——
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b "Lacking" DNA fragment length, nm

Figure 6. DNA spatial arrangement in DNA—Dps crystals. (a) (left column) A montage of AFM height
images demonstrating individual complexes of plasmid DNA with small Dps arrangements (quasi-crystals).
Enlarged regions with Dps arrangements are shown as height (middle column) and phase (right column). The
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AFM images were obtained in air. The size of AFM images is 250x400 nm? (enlarged regions — 100x100
nm?). (b) Volume of a of Dps-DNA quasi-crystals as a function of contour length of a “lacking” DNA
fragment (<L> — L;;). A line of equality, i.e., having a slope angle of 45° is shown as a reference.

It is noteworthy that the cumulative contour length of each DNA—Dps complex outside the Dps
arrangement (Figure 6a) is considerably (200 — 600 nm) smaller than the mean contour length of a
DNA molecule, or DNA-Dps complexes containing 1 — 7 single Dps molecules (~1500 nm; Figure
5a). This observation provides an insight into DNA organization in a DNA-Dps co-crystal.

The observed decrease of the apparent contour length of DNA—Dps complexes can be assigned to a
fraction of a DNA contour located inside the Dps arrangements of corresponding DNA—Dps
complexes and therefore is not resolved in the AFM images. However, this “lacking” DNA
fragment is always considerably larger than the lateral size of Dps arrangements, which is usually
~50 — 70 nm (Figure 6a). Therefore, the DNA contour cannot directly follow along a Dps
arrangement from one entrance point of an apparent DNA contour to another. As discussed above
(Figure 5a), DNA wrapping around Dps molecules is also unlikely and can be ruled out (except the
outermost molecules in the protein arrangement). In light of these considerations, it follows that a
DNA contour changes its direction several times inside a Dps arrangement. A radius of a Dps
molecule (4.5 nm) is sufficient to allow DNA to turn without disruption of its helical structure (the
threshold radius of DNA curvature is 3.5 nm [67]).

The volume of Dps-DNA quasi-crystals demonstrates a growth upon increase of the “lacking”
DNA segment length (<L> — L,;;. where <L> is the mean DNA contour length and L, is the length
of a visible fraction of a DNA contour in a DNA-Dps complex, Figure 6b). The linear fit of this
dependence (shown with a line in Figure 6b) gives the coefficient of proportionality between the
volume and the length of 569 nm* (R’=0.83). Considering an apparent volume (i.e. a volume
including all spaces between a molecule and a substrate) of one Dps molecule in a Dps-DNA co-
crystal as a volume of a rectangular parallelepiped with 9%9 nm base and 5.2+0.4 nm height (Table
1), we can estimate the length of a DNA per one Dps molecule in a Dps-DNA quasi-crystal as
7.5+1.4 nm. This value corresponds to a ~7.8 nm spacing of hexagonally arranged Dps
dodecamers.

The obtained estimation fits very well the model proposed in [13] from the results of small-angle
X-ray scattering data. According to this model, the contour of a DNA molecule follows along the
rows of ordered Dps molecules in a hexagonal Dps sheet. The model is insensitive to the particular
DNA path and only defines a general organization of DNA relative to Dps molecules in the crystal.
In complexes such as those in Figure 6a, a DNA thread may turn around when it reaches the
boundary of a Dps arrangement.

Conclusions

The obtained SAXS reconstruction of Dps molecules have shown that the N-terminal regions of the
protein freely extend into solution and are accessible for interaction with DNA. Using linearized
plasmids as a model DNA scaffold, we have visualized and characterized individual DNA—Dps
complexes with sub-molecular resolution. The analysis of contour lengths of DNA complexes with
single Dps molecules has demonstrated that DNA does not wrap around Dps molecules upon
complex formation, ruling out a histone-like organization of DNA in DNA-Dps complexes.
Tangent method analysis has demonstrated that Dps molecules contact with a ~6 nm DNA segment
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in the vicinity of a binding site. Moreover, AFM does not reveal specific binding of Dps to the
plasmid DNA molecule. The analysis of contour lengths of individual DNA complexes with small
Dps quasi-crystals evidences that DNA may be arranged along the rows of ordered Dps molecules
in a sheet of a Dps crystal.
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