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Abstract—A model of possible conformational transitions of supercoiled DNA in vitro in the absence of pro-
teins under the conditions of increasing degree of compaction was developed. A 3993-bp pGEMEX supercoiled
DNA immobilized on various substrates (freshly cleaved mica, standard amino mica, and modified amino mica
with a hydrophobicity higher than that of standard amino mica) was visualized by atomic force microscopy in
air. On the modified amino mica, which has an increased density of surface positive charges, single molecules
with an extremely high degree of compaction were visualized in addition to plectonemic DNA molecules. As
the degree of DNA supercoiling increased, the length of the first-order superhelical axis of molecules decreased
from 570 to 370 nm, followed by the formation of second- and third-order superhelical axes about 280 and
140 nm long, respectively. The compaction of molecules ends with the formation of minitoroids about 50 nm
in diameter and molecules of spherical shape. It was shown that the compaction of single supercoiled DNA mol-
ecules immobilized on amino mica to the level of minitoroids and spheroids is due to the shielding of mutually
repulsing negatively charged phosphate groups of DNA by positively charged amino groups of the amino mica,

which has a high charge density of its surface.
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INTRODUCTION

The genomic DNA of giant length (from millimeter
to meter) in bacterial nucleoids and eukaryotic nuclei
whose volume is from as little as a few to hundreds
cubic micrometers is compacted to higher ordered
structures by interactions with proteins and other com-
pounds [1].? In its turn, the volume of, e.g., E. coli
nucleoid constitutes only about one fourth of the cell
volume. In the absence of proteins, a randomly com-
pacted DNA molecule occupies a much greater volume
than in the nucleus or nucleoid of a bacterial cell.
According to modern views, the compaction of DNA in
eukaryotic cells is due to its interaction with a number
of proteins, first of all, topoisomerases and histones,
followed by the formation of nucleosomes, chromatin
fibers, and chromosomes [2—4]. In this process, his-
tones neutralize in vivo up to 57% of negatively
charged phosphate groups of DNA [5], and the remain-
ing charge is neutralized by other positively charged

1 Corresponding author; phone: (38)-057 7001-708;
fax: (38)-057 7003-410; e-mail: o.lymunskiy @mail.ru.

2 Abbreviations: AFM, atomic force microscopy; APTES, 3-ami-
nopropyltriethoxysilane; scDNA, supercoiled DNA; overscDNA,
supercoiled-coil DNA.

ions of the cell environment, including mono- and mul-
tivalent cations, which constitute up to 1% of cell
mass [6].

About ten histone-like prokaryotic proteins that par-
ticipate in DNA compaction are known. The DNA-
binding proteins HU (heat unstable) and H-NS (his-
tone-like nucleoid structuring) are among them; they
exhibit no specificity to the DNA nucleotide sequence
[7]. Other proteins show specificity to DNA sequence
upon binding; these are IHF (integration host factor)
and HMG (high-mobility group) proteins modulating
the histon binding to DNA. In addition, condensins and
cohesins that belong to the SMS group (structural
maintenance of chromosome) were identified, which
play a key role in the condensation of chromosomes
and lead to direct condensation of DNA [8].

The structural organization of genome in the
nucleus of eukaryotes is studied using various model
systems. It was found by AFM that the structure of the
E. coli nucleoid changes during the cell growth: in the
stationary phase it is more compact than in the log
phase. However, in both phases, stationary and log, the
nucleoid is formed by fibers of about 80 nm diameter
[1]. In addition to the 80-nm fiber, a finer fiber of 40-nm
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diameter and a highly ordered loop were visualized in
the log phase of the nucleoid development.

Another model system, nucleosome, which is the
main repeating unit of chromatin, also received a wide
recognition. In this case, structures like “beads-on-
string” were visualized for linearized DNA in the com-
plex with a histone octamer formed by two molecules
of each of the proteins H2A, H2B, H3, and H4 [9]. The
compaction and condensation of DNA with the forma-
tion of toroids and fibers (rod-like structures) can also
be achieved under the conditions other than complex-
ation with proteins [10, 11]. Numerous studies showed
that polycations (polylysine, protamine, cobalt hexam-
ine) and natural (spermine**, spermidine**) and syn-
thetic polyamines (diaminopropane®*) can cause the
DNA condensation and the formation of toroids [12—
15]. Moreover, it was demonstrated that the presence of
proteins and water-soluble multivalent cations is not
necessary for the DNA condensation [16]. The conden-
sation of DNA followed by AFM visualization can also
be accomplished by immobilizing its molecules on the
positively charged surface of amino mica (as opposed
to the variant with the use of freshly cleaved mica in the
presence of metal cations, due to the limitations inher-
ent in this method). The degree of DNA condensation
can thus be varied by applying aminosilane derivatives
used for a modification of mica and by changing the
NaCl concentration during DNA immobilization [16,
17]. However, the use of a narrow range of NaCl con-
centrations (10-100 mM) in the works permitted no
obtaining of highly compacted DNA structures other
than toroids. Interestingly, under the conditions of con-
densation of linear DNA molecules, multimolecular
aggregates rather than condensed structures from single
DNA molecules were formed [18, 19].

Thus, the compaction of DNA to the level of nano-
particles is a fundamental biological phenomenon that
plays an important role in the DNA packing in viruses,
prokaryotic nucleoids, eukaryotic nuclei, and in the
development of nonviral systems for the transport of
genetic information to eukaryotic cells in vitro and in
vivo (using cationic liposomes and polypeptides for
DNA condensation) [16].

In this study, we obtained images of single scDNA
molecules whose degree of compaction far exceeds that
achieved previously. The use of a new substrate for
DNA immobilization, we had previously developed,
which is a modified amino mica with a higher density
of positive surface charges and a higher hydrophobicity
[20] as compared with the standard amino mica,
enabled the visualization of successive stages of com-
paction of single circular DNA molecules. Compacted
structures were detected that are formed both by a two-
fold and fourfold decrease in the length of the superhe-
lical axis of molecules with the subsequent formation
of rod-like structures and second- and third-order
superhelical axes, respectively, and by the subsequent
assembly of single scDNA molecules into minitoroids,
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semispheroids, and spheroids with the formation of
oversupercoiled structures (overscDNA).

RESULTS AND DISCUSSION

The surface of mica, a standard substrate for AFM,
is negatively charged in buffer solutions at neutral pH
values [21]. Therefore, the immobilization of nega-
tively charged DNA molecules on the mica surface is
carried out using several approaches that enable a
change in the total negative surface charge of mica to
the positive [9, 22, 23]. Note that the surface of freshly
cleaved (i.e., unmodified) mica has hydrophilic proper-
ties, which is expressed in the spreading of a drop of a
DNA solution on the mica surface. At the same time,
amino mica obtained by the modification of mica with
aminosilanes [23], which carry positively charged
amino groups on their surface, has clearly observed
hydrophobic properties, which is visually manifested in
the fact that a DNA drop does not spread on the surface
but takes the shape close to spherical [20]. Mica can be
modified by aminosilanes in both solution (in this case,
self-associated monolayers of aminosilane molecules
are formed on the surface of amino mica) [24, 25] and
in gas phase [22]. In the first variant, the adsorbed DNA
molecules are at a distance of about 1 nm from the mica
surface (with the use of APTES) [24]. In the second
variant, which is used in this study, this distance is
much more difficult to determine, because the structure
of the surface layer of amino mica has been studied
only by indirect methods. For example, an analysis of
AFM images of structures such as spheroids and
dimers compacted on the amino mica obtained in gas
phase indicates that scDNA molecules appear to be par-
tially immersed into the surface layers of aminosilane.
Adjacent to these structures with an increased density
are always regions of amino mica in which the height
of the aminosilane layer is substantially less than its
height in the absence of spheroids or dimers [26, 27].

The localization of DNA molecules immobilized on
the surface of amino mica radically differs from that on
freshly cleaved mica (in the presence of Mg?*). In the
first case, DNA molecules are at a much greater dis-
tance from the mica surface than upon adsorption onto
mica coated with magnesium ions. In addition, the
“dip” of a DNA molecule in aminosilane layers on the
mica surface provides, due to volume interactions, not
only a stronger (compared with linear interactions in
the case of freshly cleaved mica in the presence of
Mg?*) shielding of negatively charged phosphate
groups of DNA by positively charged amino groups
exposed on the amino mica surface, but also a dynamic
mobility of DNA molecules.

The substrates for DNA immobilization used in this
study can be arranged in the order of increasing hydro-
phobicity as follows:

freshly cleaved mica < standard amino mica <
modified amino mica.
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Fig. 1. AFM image of supercoiled pPGEMEX DNA in air
after the application of DNA solution in TE buffer on the
surface of (a) standard amino mica and (b) modified
amino mica. Supercoiled DNA molecules of different
degrees of compaction, from (a) plectonemic to (b) super-
coiled-coil molecules with different lengths of the superhe-
lical axes (two molecules in toroidal conformation and in a
conformation close to toroidal, are shown by white vertical
arrows) and DNA in spheroidal conformation (two sphe-
roids are shown with inclined black arrows) are presented.
The scan size for both images is 2 um X 2 um.

The immobilization of scDNAs on the modified
amino mica, which has a higher density of positive sur-
face charges [26, 27] compared not only with freshly
cleaved mica but also with the standard amino mica
[26, 27], leads to a substantial compaction of DNA
molecules (Fig. 1). The table gives the most typical
variants for 98 visualized single overscDNAs with the
corresponding parameters out of 108 individual scDNA
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molecules (the remaining ten molecules are the inter-
mediate variants of condensed molecules shown). The
amount of plectonemic scDNAs (A2) with a low den-
sity of supercoils (with ¢ of approximately —0.024) is
21%; overscDNAs with a high value of ¢ of about —
0.13, which form the first-order superhelical axis (B3),
amount to 12%; overscDNAs forming the second-order
superhelical axis (C3, B2, C2) amount to 27%; mole-
cules forming the third-order superhelical axis (D2, D3,
E2) amount to 14%; and the most compacted mole-
cules, spheroids, constitute 17%.

The physicochemical properties of amino mica
obtained by modification in vapors of aminosilane
derivatives and used as a substrate for AFM have insuf-
ficiently been studied. Only rough estimates of the sur-
face density of amino groups were obtained. For exam-
ple, it was found for the standard amino mica that only
50% of amino groups exposed on the surface are active,
i.e., protonated (the information for the modified amino
mica is unavailable). However, based on the measure-
ments of the half-period of activity (the time during
which the amount of immobilized DNA molecules
decreases two times) of standard and modified amino
mica (by calculating the amount of immobilized DNA
molecules on a certain area of amino mica after its stor-
age in argon atmosphere) [26], we presume that almost
all amino groups of the modified amino mica are proto-
nated.

Despite a great number of experimental studies of
the DNA interaction with multivalent cations, the theo-
retical aspects of this phenomenon were investigated
insufficiently. Even small polyamines cannot be repre-
sented as simple point ions, as assumed in classical the-
ories of polyelectrolytes, e.g., in the condensation the-
ory of Manning [29] and the Poisson-Boltzmann the-
ory [30]. The Manning condensation theory, which
predicts the direct relationship between the neutraliza-
tion of DNA charge and the concentration of mono- and
multivalent ions and which was preferred in the 1970—
1980s, states that about 90% negative charge of phos-
phate groups should be neutralized for DNA compac-
tion [15]. However, the experiments carried out by inte-
gral methods (e.g., by calorimetric analysis) indicated
that DNA condensation proceeds at different degrees of
neutralization of the charge of DNA phosphate groups,
from 67% for cobalt hexamine to 87% for spermidine
[31]. In addition, it was shown that the theoretical
approach of Manning is a rather rough approximation
of the Poisson—Boltzmann theory [32]. Therefore, M.
Frank-Kamenetskii proposed to revise the conclusions
of the Manning theory or take them with caution [32].

The consideration of DNA as an infinitely long neg-
atively charged cylinder (in terms of the maximally
simplified model of the theory of polyelectrolytes), one
negative charge was determined to be located on an
area of 1.07 nm? [33]. At the same time, a dodecylam-
monium cation can occupy an area of 0.90 nm?, which
points out, in the opinion of the authors of [33], that the
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Parameters of pPGEMEX scDNA molecules (contour length, volume, and others) determined from AFM images. The excluded
volume for pPGEMEX DNA (3993 bp) V = 4010 nm?

S . . . . Contour length Volume
Vapant*ln Molecule(s) Maximumheight| Minimal height of a supercoiled Length of super- of molecule V.,
Fig. 6 H_..,nm h .., nm helical axis /, nm 3
max min molecule /, nm nm

A34(3) 0.80 0.35%%* 1243 466* 3510
A2°(21) 0.99 0.35%* 1216 - 3530
B3 (12) 0.95 0.35%* 567 567* 4440
C3(16) 1.69 0.78 279 279° 3280
B2 4) 1.35 0.28** 260 260P 3470
C2(7) 1.36 0.30%* 270 270° 3520
D2 (3) 3.00 1.25 140 140¢ 5180
D3 (7) 1.74 0.84 260 260 3980
E2 4) 2.60 1.85 - - 3620
E3 (17) 3.45 0.30%** - - 3140
B1 (1) 1.40 0.35%* 548 548 6300
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Table (Contd.)

LIMANSKAYA, LIMANSKII

L . . . . Contour length Volume
Variant in Molecule(s) Maximum height | Minimal height of a supercoiled Length of super- of molecule V.,
Fig. 6* H,..,nm Ripin, NM helical axis /, nm 3
a molecule /, nm nm
E1 (1) 2.00 0.87 269 269°¢ 7080
Cl() 2.00 0.45%%* - 401 6840
D1 (1) 2.10 0.30%* 267 267 6570

* The number of molecules visualized for each variant is given in parentheses.

** Double-stranded DNA.

2 Length of the first-order superhelical axis; b Length of the second-order superhelical axis; € Length of the third-order superhelical axis;
DNA is adsorbed on unmodified mica; ® DNA is adsorbed on standard amino mica.

DNA charge could be completely neutralized during
the DNA—cation interaction.

Recent calculations of DNA-counterion interac-
tions by the method of molecular dynamics yielded
unexpected results. For example, it was reported in [34]
that there are fundamental differences in the interaction
of DNA with natural (spermidine®* and spermine**) and
synthetic (diaminopropane?*) polyamines. First, it was
shown that the binding of NH;* or Na* cations to one
site on the DNA practically rules out the binding of
another cation to the adjacent site located at a distance
of less than 0.8 nm, due to electrostatic repulsion. In
other words, the binding sites for the polycations stud-
ied are localized along the double-stranded DNA at a
distance of 0.4 nm from each other, whereas the adja-
cent binding sites for the cations were estimated in [33]
to be separated by a distance of 0.17 nm along the axis.
Second, it was demonstrated that, unlike the natural
polyamines, a synthetic diaminopropane polycation
can form bridges between the adjacent phosphate
groups along the DNA chain.

We estimated the density of amino groups on the sil-
icon surface, which, to a first approximation, can be
considered as similar to the surface of mica after treat-
ment with APTES. In the first variant, in which one
APTES molecule reacts with three OH groups exposed
on the silicon surface (according to the model of the
APTES-treated surface [35]), one amino group was
localized on the area of 12.90 nm?. At the same time, it
was experimentally found for the surface of silicon
nitride (material used for manufacturing AFM probes
[36]) that the number of amino groups on an area of 1 X
10° nm? after modification with APTES in the gas phase
is 1730 = 200 [35], which corresponds to one amino
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group on an area of 6 X 10> nm?. In the second variant,
at the presumption that one APTES molecule reacts
with one OH group of the oxidized silicon surface, we
found that one NH, group is localized on the area of
3.87 nm?. These estimates are consistent in the order of
magnitude with the conclusions in [34] from which we
calculated that the binding site for the cation on DNA
occupies an area of 2.51 nm?. In this case, at the cation
binding sites distance of 0.4 nm along the DNA strand,
42% negative charges of phosphate groups would be
neutralized in the reaction with polycations provided
that all binding sites on DNA are occupied with polyca-
tions.

Thus, these data indicate that the interaction of
DNA with the surface of modified amino mica is qual-
itatively similar to the DNA—polyamine interactions of
DNA molecules with the positively charged matrix
whose hydrophobicity varies depending on the proce-
dure of mica modification in gas phase.

Also note that the surface properties of amino mica
are determined by a variety of factors. For example, it
was empirically established that the standard amino
mica used as an AFM substrate for DNA visualization
can be obtained by the treatment in the vapors of only
distilled APTES in an atmosphere of inert gas. The use
of undistilled APTES (which undergoes hydrolysis in
an atmosphere of air) leads to amino mica with a low
surface charge density, which is unsuitable for obtain-
ing high-quality DNA images [20].

The surface properties of amino mica (elasticity and
charge) can be characterized by various methods,
including X-ray spectroscopy and AFM force measure-
ments, by means of the determination of the amount of

No. 5 2006



COMPACTION OF SINGLE SUPERCOILED DNA MOLECULES

protonated amino groups and the adhesion force,
respectively. Using AFM force measurements for stan-
dard amino mica, we have previously determined the
adhesion force (i.e., the force necessary for separating
the surfaces of amino mica and the probe that come and
remain in contact during approaching) to be about 2—
4.6 nN in TE buffer for various probes [36]. On the
other hand, it has been established that the topology of
scDNA immobilized on amino mica is just the most
sensitive peculiar indicator of the suitability of amino
mica surface, since amino mica is used as a substrate
for the visualization of linear and scDNAs.

Single scDNA molecules forming the second-order
superhelical axes are shown in Fig. 2a. The lengths of
the superhelical axes of these highly compacted mole-
cules decreased, compared with plectonemic DNA, to
one fifth of the contour length of the relaxed molecule
(I =260 nm).

Another variant of the highly compacted scDNA
molecule formed on the surface of modified amino
mica is a spheroid (Fig. 2a). For a more precise calcu-
lation of the volume, we as a rule used the longitudinal
section of the molecule by a secant plane perpendicular
to the plane of mica rather than the height of a overscDNA
molecule measured at one point (which substantially
varies): with a characteristic height of the double helix
of DNA immobilized on mica of 0.3—0.4 nm, the height
at the nodes formed by two twisted DNA strands may
be as much as 1.3-1.8 nm.

It is possible to obtain the number of compacted
supercoiled DNA molecules involved in the formation
of a particular aggregate from the volume of the con-
densed structure calculated directly from the AFM
image. The DNA volume is easily calculated by multi-
plying the DNA diameter by the area of the cross sec-
tion of the molecule upon the assumption of the B-form
of DNA (i.e., the distance between the bases along the
axis of the double helix # = 0.34 nm). For example, the
volume of spheroid V calculated from the area of the
cross section and the diameter given in Fig. 2a is
3140 nm?. Since the excluded volume of the pPGEMEX
DNA under the assumption of the B-form DNA is
Vexa = 4010 nm?, these results suggest that the spheroid
is formed by a single DNA molecule.

Further compaction results in the formation of mol-
ecules with even twofold lesser length of the superheli-
cal axis (the length of the third-order axis / = 140 nm,
variant D2, table) and molecules of spherical confor-
mation, such as semispheroids (variant E2, table) and
spheroids (E3, table).

The compaction on the modified amino mica occurs
not only in the case of single DNA molecules. Figure
2b presents an image of a dimer (V 7080 nm?), a com-
pacted structure formed by two DNA molecules; the
length of the superhelical axis of the dimer is 260 nm as
is the length of the superhelical axis of a single mole-
cule (Fig. 2a).
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Compacted Molecules are Formed not Only
by Dimers but also by Single DNA Molecules

The condensation of DNA by the action of various
factors, including proteins [10, 11], has earlier been
demonstrated only for dimers and trimers, but not for
single DNA molecules. Therefore, let us consider in
detail the S-shaped overscDNA molecule shown in Fig.
2a, which is in a conformation similar to toroidal. The
AFM image of this molecule at a higher-resolution
(Fig. 3a) and its three-dimensional image (Fig. 3b)
clearly demonstrate that it is formed by several distinct
strands (a part of the molecule formed by three locally
diverging strands is shown by arrows in Fig. 3a). From
the profile of the section (Fig. 3b) drawn through these
strands (the line along which the secant plane was
drawn perpendicular to the plane of the figure is shown
in the insert), it is possible to determine the height of
these strands. Note that a possibility to measure the
height of a biopolymer immobilized on the substrate at
a subnanometer resolution (!) is an extremely important
feature of AFM, which favorably distinguishes it from
electron microscopy also in this respect. Since the
height of two DNA strands is 0.3 nm and the height of
the third strand is 0.6 nm, this means that two separated
sccDNA strands are double-stranded DNAs and the
strand whose height is equal to the doubled height of
the DNA molecule on mica (4 0.6 nm) is formed by two
twisted double-chain strands.

Thus, an analysis of this section profile indicated that
the S-shaped overscDNA is formed by four double-chain
DNA strands. The contour length of the overscDNA is
260 nm, and one can conclude that this compact structure
is formed by a single circular DNA molecule “folded in
two”. Note that, with a contour length / of 260 nm, the
number of DNA strands in the section profile for a dimer
should be equal to eight.

Another section profile of this C-shaped molecule is
shown in Fig. 3d. which confirms that it is formed by
strands whose heights are equal to the height of the
double-stranded DNA (2 0.3 nm). In fact, the analysis
of the section profile, along with the determination of
the excluded volume of the molecule, also enables to
differentiate monomolecular structures from the aggre-
gates formed by several molecules. A thorough analysis
of AFM images of overscDNA (e.g., Figs. 3a and 3d)
indicates that the height of two twisted DNA strands
forming the scDNA is equal to twice the height of a
strand of the double-stranded DNA (% 0.3 nm) provided
only that the strands are wrapped around each other and
are tight against one another. Otherwise, when the
strands are twisted relative to one another but do not
closely adjoin each other, the height of the molecule
may be as great as 1.3—1.8 nm.

We visualized one more structure, a minitoroid,
which is superficially similar to the spheroid on the
low-resolution AFM image. Figure 4 shows a minitor-
oid formed by a single scDNA, the section profiles, and
the three-dimensional image of the molecule. The vol-
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Fig. 2. AFM image of single pPGEMEX sccDNA molecules, their dimers, and spheroids on modified amino mica. (a) The length of
the second-order superhelical axis of each of the DNA molecules is 260-270 nm, i.e., about one fourth of the contour length of the
relaxed molecule. The arrow shows a spheroid. The gray shading scale corresponding to the 0—10 nm range of the Z coordinate is
given, which enables one to determine the height of the immobilized molecule. The scan size is 500 nm X 500 nm. () Section profile
of the DNA molecule in spherical conformation, which makes it possible to determine the height of the molecule. The maximal
height of the spheroid A,;,,, = 3.65 nm. The line along which the section was made is shown in the insert. (¢) AFM image of a dimer
formed by two overscDNA molecules (shown by an arrow) with the length of superhelical axis of 260 nm and the volume equal to
the doubled volume of a single sScDNA molecule. The scan size is 500 nm x 500 nm. The gray shading scale corresponds to the 0—
10 nm range of Z coordinate. Near the dimer, a semispheroid formed by a single DNA molecule is adsorbed.
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Fig. 3. (a) AFM image, (b, d) section profiles, and (c) a three-dimensional image of a single pPGEMEX overscDNA molecule that
forms the second-order helical axis. (a) Arrows show separated DNA strands whose section profile is shown in Fig. 4b. The black
arrow shows a spheroid. (b) The line along which the secant through three separated strands is drawn is shown in the insert. The
height of two peaks is 0.3 nm, and the height of the third peak is 0.6 nm. (d) The profile of the section drawn through the separated
strands of overscDNA; the secant plane is drawn along the line shown in the insert. The height of these strands is 0.3 nm, which
corresponds to the height of the strand of the double-strand DNA. The scan size is 250 nm X 250 nm.

ume of this molecule is 3980 nm?3, which corresponds
to the volume of a single pPGEMEX DNA molecule.
One can see from the section profiles in Figs. 4b and 4¢
that three of four segments of the toroid have the equal
heights (2 1.74 nm), whereas the fourth segment is
almost twice as little in height (0.84 nm). This means
that the fourth segment has the number of turns of the
scDNA rod-like structure less than in the other three
segments; i.e., the minitoroid is a peculiar minitoroid
with a slit in the upper part whose length is equal to one
quarter of the circumference length.

The parameters of the majority of visualized com-
pacted scDNAs are given in the table. It has earlier been
shown that several linear or circular DNA molecules
are involved in the formation of toroids [12, 16, 19, 37].
We also visualized toroids formed by two overscDNAs.
In all positions of the table, except for the dimeric rod
of variant E1, the characteristics of AFM images of sin-
gle DNA molecules are given.

RUSSIAN JOURNAL OF BIOORGANIC CHEMISTRY  Vol. 32

Compaction of overscDNA Molecules Occurs
with the Formation of Second- and Third-Order
Superhelical Axes

It has earlier been established that the length of the
scDNA axis remains constant within the superhelix
density range of 0.03 < |6| < 0.12 and constitutes about
35% of the contour length of a relaxed molecule [38].
This condition is fulfilled for the pGEMEX scDNA
molecules adsorbed onto freshly cleaved mica, which
has a relatively low surface charge density. In this case
(Fig. 5a), the length of the superhelical axis is 466 *
5Snm (which is 35% of the contour length of DNA
under the assumption of its B form), the superhelix den-
sity 0 = —0.024, and the number of nodes n = 7-8. For
scDNA immobilized on the surface of modified amino
mica, molecules with both a much higher superhelix
density and different lengths of superhelical axes were
visualized (Figs. 56—-5d). The length of the superhelical
axis of the molecule shown in Fig. 5b is 567 £ 18 nm,
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Fig. 4. (a) AFM image, (b, c) section profiles, and (d) a three-dimensional image of a single pPGEMEX overscDNA molecule that
forms a minitoroid. (a) The scan size is 250 nm x 250 nm. (b) The height of two toroid segments through which the secant plane is
drawn is 1.74 nm. (c¢) The heights of two other toroid segments, which were determined from the section profile, are 1.74 and 0.84
nm, respectively. The secant planes are drawn along the lines shown in the inserts. Triangles show the corresponding peak on the
section profile and the level relative to which the height of the large peak was measured. The height of this segment of the minitoroid
is 1.74 nm. (a, d) The external diameter of the minitoroid is 50-60 nm, and the internal diameter is 15-25 nm.
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7 nm

453

7 nm

Fig. 5. AFM image of pGEMEX scDNA with different lengths of the superhelical axes. DNA is immobilized on (a) a freshly cleaved
mica from a buffer containing Mg2+ and (b—d) on modified amino mica. (a) The length of the superhelical axes are 466 + 5 nm for
both molecules. The molecule shown by an arrow has seven nodes or mutual intersections of DNA strands and is characterized by
a superhelix density 6 of —0.024. (b) [ is 567 nm, 6 —0.13; the molecule has 19 nodes. DNA fragments for which the profiles of cross
and longitudinal sections shown in Fig. 7 were plotted are indicated by black and white arrows, respectively. (c) overscDNA with
the second-order superhelical axis of 279 nm and the number of nodes equal to seven. (d) overscDNA with the third-order super-
helical axis of 140 nm. The upper limits of the gray shading scale corresponding to the height of the object on the image are (a) —
5, (b, ¢) =7, and (d) —8 nm. (a—d) The length of the segment corresponds to 100 nm.

but the number of nodes (n = 19) is considerably
greater, and the superhelix density ¢ is —0.13.

We also visualized DNA molecules with consider-
ably smaller lengths of superhelical axes, /| = 279
(Fig. 6¢) and 140 nm (Fig. 5d) upon the immobilization
on the surface of modified amino mica. Since the vol-
umes of both molecules correspond to that of a single
pGEMEX DNA molecule, it can be assumed that the
molecule with / of 279 nm (Fig. 5¢) is formed as a result
of folding in two of the molecule with / of 567 nm
(Fig. 5b), and the molecule with / of 140 nm (Fig. 5d),
as a result of folding in two of the molecule with / of
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279 nm (Fig. 5¢). Thus, upon immobilization of scDNA
molecules on the surface of amino mica with a rather
high density of amino groups, we visualized overscDNAs
forming the second-order (Fig. 5c¢) and third-order
superhelical axes (Fig. 5d) whose lengths are, respec-
tively, about two and four times less than the length of
the first-order superhelical axis (Fig. 5b).

Based on the analysis of the AFM images obtained,
we proposed a scheme of step-by-step compaction for
both single DNA molecules and dimers (Fig. 6). Vari-
ants B1, C1, D1, and E1 designated by rectangles cor-
respond to scDNA dimers, which was determined by
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2 3
f !

Fig. 6. A model of compaction of a single scDNA molecule based on AFM images of pPGEMEX overscDNA. Al and A2, standard
amino mica; A3, freshly cleaved mica; the remaining AFM images were obtained with modified amino mica. Arrows show the direc-
tion of the steps of further DNA compaction; rectangles indicate four dimers. As the surface density of the charge or protonated
amino groups increases (i.e., on going from freshly cleaved and standard amino mica to modified amino mica), different topological
variants of compacted DNA molecules are formed. B3, overscDNA forming the first-order superhelical axis (the contour length of
the compacted molecule constitutes half the contour length of the relaxed molecule); B2, C2, and C3 are overscDNAs forming the
second-order superhelical axes (the contour length of the compacted molecule is equal to one fifth of the contour length of the
relaxed molecule); D2, overscDNA forming the third-order superhelical axis (the contour length constitutes one tenth of the contour
length of the relaxed molecule); E2 and E3 are spheroids; D3, minitoroid formed by a single DNA molecule. B1, C1, and D1 are

condensed structures formed by two DNA molecules.

calculating the volumes of these molecules; all the
other variants denote single molecules. The least com-
pacted molecules are shown in positions A1-A3, the
most compacted molecules, in positions E1-E3. In
position A3, an image of pPGEMEX scDNA immobi-

lized on freshly cleaved mica with Mg?* is given. The
molecules of pGEMEX scDNA immobilized on stan-
dard amino mica (Al and A2) with a higher surface
charge density compared with freshly cleaved mica
have a different appearance. They also appear as plec-
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tonemic DNA molecules but are more compact, i.e., are
localized on a smaller area of the substrate.

Several variants of scDNA compaction can be seen
upon going to modified amino mica (all other images
were obtained with it), which is characterized by a
much higher surface charge density and a higher hydro-
phobicity than standard amino mica. At the first stage,
the number of nodes increases, and overscDNAs (B3)
with the length of the superhelical axis equal to about
half the contour length of the relaxed molecule are
formed, which resemble peculiar rods in the appear-
ance.

At the second stage, this rod-like molecule is folded
in two, the length of the superhelical axis further
decreases two times and is about one fifth of the con-
tour length of the relaxed molecule (C3, B2, C2). At
this stage, both further formation of rod-like structures
(C3) and the formation of toroids (C2) can occur. At the
third stage, shorter rods (D2) with even twice as little
length of the superhelical axis, / ~ 140 nm, are formed.
In addition, a minitoroid (D3) can be formed from both
toroid (C2) and a rod-like molecule (C3). At the fourth
stage, the further compaction of toroids and rods leads
to the formation of semispheroids (E2) and spheroids.

High-resolution AFM images of these highly com-
pacted DNA molecules are presented in Fig. 7. Interest-
ingly, these minitoroids appear both as groups (Fig. 7a)
and as single structures (Fig. 4a).

An attempt to answer the question why different
DNA molecules are compacted to a different degree
leads to the assumptions that (i) protonated amino
groups are nonuniformly immobilized on the surface
of modified amino mica and (ii) spheroids and semi-
spheroids are formed in the regions of modified
amino mica that have a maximal density of reactive
amino groups. The localization of morphologically
similar forms of scDNAs (minitoroids and rod-like
molecules with the lengths of superhelical axes of
570 and 280 nm) on the mica sites of about 500 X
500 nm suggests that the densities of the surface
charges of the modified amino mica vary. The pres-
ence of this charge density gradient just leads to dif-
ferent degrees of shielding of the DNA phosphate
groups and, as a consequence, to the formation of
morphologically different variants of compacted
scDNAs. In addition, a DNA sample under study
contains a set of topoisomers that have different
supercoil densities. In the case when the characteris-
tic time of DNA compaction is comparable with the
access time of DNA molecules to the amino mica
surface, topoisomers with different numbers of
supercoils can condense to aggregates with different
compaction degrees.

Another compaction variant is the scDNA compac-
tion of dimers rather than single molecules. The mole-
cules whose AFM images are shown in positions B1,
C1, D1, and E1 form dimers, as determined from their
calculated volumes. Two plectonemic molecules (Al
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Fig. 7. AFM images of compacted molecules of pPGEMEX
scDNA. (a) Three minitoroids formed by single DNA mol-
ecules. The scan size is 400 nm X 400 nm. (b) Semispheroid
with a height in a maximum /,,,, 2.6 nm. The height of the
uncompacted DNA strand is 0.3 nm, which corresponds to
the height of double-stranded DNA. The scan size is
250 nm X 250 nm. (c¢) Spheroid with a height &, 3.45 nm.
The scan size is 250 nm x 250 nm.
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Open circular —

Supercoiled — ~— 3.0kbp

- 1.5kbp

Fig. 8. Analysis of pPGEMEX1 scDNA after electrophoresis
in 2% agarose gel followed by staining with ethidium bro-
mide. Lane /, pPGEMEX1 scDNA with the expected length
of 3993 bp; 2, a 1400-bp amplicon; 3, a 1000-bp marker.
The 3000-bp marker stands out due to its higher intensity.

and A2) initially form rod-like structures (B1). Then a
toroid (C1 and D1) or a rod (E1) with the superhelical
axis length being one fifth of the contour length of the
relaxed molecule can be formed. Position D2 also cor-
responds to a toroid formed by two overscDNA mole-
cules.

Thus, we proposed the model of DNA compaction.
It shows that, at a high surface charge density of the
substrate on which DNA molecules are immobilized,
the compaction of not only dimers and trimers of DNA
but also of single DNA molecules can occur. The use of
modified amino mica with a high surface charge den-
sity results in an extremely high compaction of single
scDNA molecules (along with the compaction of
dimers) due to the shielding of negatively charged
phosphate groups of DNA by positively charged proto-
nated amino groups of modified amino mica.

As distinct from the earlier studied multimolecular
compaction of linearized and scDNA molecules, we
investigated the compaction of single scDNA mole-
cules. As the density of DNA supercoils increases, a
decrease in the length of the superhelical axis takes
place (remember that, according to earlier studies, the
length of the superhelical axis remains unchanged as
the density of supercoils increases and constitutes just
35% of the contour length of the relaxed molecule
[38]). Further compaction of single DNA molecules is
first characterized by the formation of the second-order
helical axis (the length of the superhelical axis is 20%
of the contour length of the molecules) and then the
third-order helical axis whose length is about 10% of
the contour length of the relaxed molecule. In other
words, a step-by-step folding of the DNA molecule in
two and four, respectively, takes place. The compaction
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process ends with the formation of minitoroids with a
diameter of about 50 nm and semispheroids and sphe-
roids. A low amount of visualized scDNA molecules
with a superhelical axis length / ~ 140 nm (~3%) and
semispheroids (~4%) as compared with the amount of
spheroids (~17%) indicates, in our opinion, that both
semispheroids and overscDNAs forming the third-
order helical axis are intermediate (i.e., transient) forms
in the compaction of scDNAs to spheroids.

It is known that the genomic DNA of Escherichia
coli is localized in duplex nucleoids [7]. The degree of
DNA compaction in nucleoids isolated in the presence
of natural multivalent polyamines, such as polylysine,
spermine**, and spermidine** is similar to that of native
nucleoids in vivo and substantially higher than in nucle-
oids isolated in the absence of polycations. The reten-
tion of the duplex nucleoid and the possibility to control
DNA compaction in E. coli nucleoids by changing the
polycation concentration indicate an important role of
polycations in the compaction of genomic DNA in
vivo.

It is interesting to note that the theoretical value
of the diameter of DNA double helix (2 nm) signifi-
cantly differs from the values of height (0.3—0.4 nm)
and width (7-10 nm) of the molecule experimentally
measured from AFM images. This is due to several
reasons. It is commonly supposed that, in the mea-
surement of the DNA strand width, the increase in
the DNA diameter is due to a large radius of round-
ing of the AFM probe (5-10 nm), insufficient fixa-
tion of DNA molecules on support, etc. However, the
reliable coincidence of the theoretically calculated
excluded volume of the pPGEMEX DNA and the vol-
ume of the DNA molecule determined from AFM
images (see table) suggests that the increase in the
DNA diameter upon adsorption onto mica is not due
to instrumental errors. We think that the inconsis-
tency of the measured width with the theoretically
calculated diameter of DNA molecules is due to their
conformational changes by the action of the surface
properties of mica, which are accompanied by a con-
siderable decrease in their height but, at the same
time, with the retention of volume. We would like to
particularly emphasize this circumstance, because
the high values of the width of DNA molecules
immobilized on mica is explained in the majority of
studies of the AFM visualization of DNA [4, 28] just
by an instrumental errors and insufficient fixation of
biomolecules. Thus, our explanation for the increase
in the DNA diameter under AFM measurements
abolishes the available contradiction between the
highest subnanometer resolution of AFM along the Z
coordinate and the error in the lateral measurement
of the DNA diameter.

Theoretical [39] and experimental [24, 40] studies
of the amino mica surface revealed problems in the for-
mation of aminosilane layers on the surface of amino
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mica treated by APTES vapors. It was found [24] that,
along with APTES layers, mobile APTES molecules
not built into the layers are present on the mica surface.
The condensation of DNA on amino mica was
explained just by the presence of these mobile ele-
ments, which act as multivalent cations. A study of the
effect of relative ambient humidity on the immobiliza-
tion of linear DNA on amino mica obtained by treat-
ment in vapors of undistilled APTES, which is a very
important circumstance, showed that, at a low relative
humidity, no DNA condensation occurs because of
absence of mobile APTES molecules on the mica sur-
face. These results agree with the results of our study
and explain the formation of DNA aggregates on mica
obtained using undistilled APTES, which is just char-
acterized by a high relative humidity.

It should be also taken into account that the prop-
erties of chemical compounds at the liquid—solid (in
this case, mica) interface and in solution substan-
tially differ. In other words, the surface properties of
substrate substantially affect the molecules occur-
ring near the surface. For example, it is known that
the ionization constant of terminal groups of differ-
ent silane derivatives adsorbed on a mica surface
(determined from titration curves) is by 3-6 pH units
lower than that in solution [41, 42]. The pK value for
APTES in solution is ~10 [43], whereas the pK for
the amino groups of APTES upon immobilization on
the mica surface is ~7.

We used the same procedure for the preparation of
sample for the modified and standard amino mica, on
which only plectonemic scDNA molecules were visu-
alized and highly compacted structures were absent.
This means that the compaction of DNA molecules
occurs by the action of surface properties of modified
amino mica. We think that the compaction of scDNA
molecules in solution occurs near the amino mica sur-
face, because, in this case, both the conformational
mobility of molecules and a high level of shielding of
the DNA phosphate groups necessary for compaction
are provided.

EXPERIMENTAL

The following chemicals were used: HEPES, TE
buffer of analytical grade, N,N-diisopropylethylamine
of research grade, mica of technical grade, argon of
technical grade (Wakenyaku, Japan); 3-aminopropyltri-
ethoxysilane (APTES) of research grade (Aldrich); and
pGEMEX1 DNA (Promega).

Preparation of DNA samples for AFM.
pGEMEX1 scDNA of 3993 bp long was used with-
out additional purification (Fig. 8). The presence of
one band on the electrophoregram for the scDNA
fraction (whose mobility in the gel is the same as that
of 4000-bp marker) indicates the homogeneity of the
sample throughout the length of the sequence.
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Freshly cleaved mica, standard amino mica, and a
modified amino mica were used as substrates. DNA
was applied on a freshly cleaved mica using 10 mM
HEPES buffer containing 2.5 mM MgCl, (note that

Mg?* ions are used only for immobilizing DNA on
freshly cleaved mica). A drop of DNA solution in TE
buffer (10 mM Tris-HCI, pH 7.9, 1 mM EDTA) (10
ul) without magnesium ions was applied on a strip of
amino mica or modified amino mica of size 1 cm?,
the strip was rinsed after a 2-min exposure with
deionized water, blown dry with a stream of argon,
and the sample was kept for 20 min at a pressure of
100 mm Hg. For visualization of single molecules,
the stock DNA solution at a concentration of 2 pg/ml
was diluted with TE buffer to a concentration of
0.022 pg/ml to detect 7-10 molecules for an image
of 2 X 2 um and provide the frequency of compacted
molecules acceptable for statistical processing.

Standard amino mica was prepared as described
in [29] by the modification of freshly cleaved mica
with amino groups in vapors of distilled APTES and
N,N-diisopropylethylamine. The distillation of APTES
was carried out at a reduced pressure in argon atmo-
sphere. For amino modification, a freshly cleaved
mica was incubated for 1 h with APTES and
N.N-diisopropylethylamine solutions in a 2.5-1 glass
desiccator filled with argon. The modified mica was
stored in the desiccator in an atmosphere of argon for
one month. Buffer solutions and DNA samples were
prepared using ultrapure water with a specific resis-
tance of ~ 17 Mohm cm obtained on a Milli Q device
(Millipore, United States).

Modified mica was obtained by minor modifica-
tions of the method used for the preparation of the
standard amino mica [20]. In brief, the procedure was
as follows. Freshly cleaved mica was modified using
triple distilled APTES in a 2.5-1 glass desiccator filled
with argon. An APTES solution (120 pl) in the cover
from a plastic micro test tube was placed for 4 h and
N.N-diisopropylethylamine (40 pl), for 5 h to the bot-
tom of the desiccator. The distillation of APTES was
carried out at a reduced pressure in argon atmosphere.
For the amino modification of mica, freshly cleaved
mica was kept for 24 h in the desiccator in vapors of
APTES and N,N-diisopropylethylamine. Both stan-
dard and modified amino mica were characterized
using immobilized pPGEMEX scDNA molecules on an
area of 4 um?. The half-period of activity of standard
amino mica was about 14 days; i.e., the amount of
immobilized DNA molecules after the storage in
argon atmosphere decreased two times. The half-
period of activity of modified amino mica was about
28 days, which indicated that the amount of proto-
nated amino groups was two times greater than in
standard amino mica, i.e., the protonation of amino
groups was about 100%.
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Atomic force microscopy. A Nanoscope [V Mul-
tiMode System (Veeco Instruments Inc., United
States) equipped with an E scanner (maximum range
12 um) was used. AFM images of DNA were
recorded at room temperature in air using a tapping
variant of AFM in the “height” regime. Scanning was
carried out by OMCL-AC160TS cantilevers (Olym-
pus Optical Co., Japan), which have a resonance fre-
quency of 340-360 kHz and a spring constant of
42 N/m. Scanning frequency was 3 Hz. Images were
obtained at 512 x 512 pixel format, smoothed, and
analyzed using the Nanoscope software, version
5.12r3 (Veeco Instruments Inc., United States).

The volume of DNA molecules was calculated
from the parameters of DNA molecules (height,
length, and width) measured from AFM images. For a
more precise determination of molecular volume, lon-
gitudinal, as a rule, and cross sections of molecules
were constructed using the built-in option of the
Nanoscope software.
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