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INTRODUCTION

The structural and physicochemical parameters of
various families and forms of DNA molecules (A-, B-,
C-, D-, Z-, and H-DNAs) are generally known and
reliable data obtained by physical, biophysical, bio-
chemical, and molecular genetic methods [1–3]. The
conformation of the ribose ring ( -endo and -
endo in A- and B-DNAs, respectively) and the dis-
tance between base pairs along the duplex axis are
among the main criteria for differentiating between
the most widespread and well-known A- and B-DNA
families. It is generally believed that the distance
between base pairs along the axis of the DNA double
helix depends on many factors (humidity, ionic condi-
tions, etc.) and varies from 0.34–0.30 nm for B-DNA
to 0.33–0.25 nm for A-DNA [2].

On the other hand, it is known that the DNA mole-
cule is elastic and extendable like a spring. Such
extended DNA molecules with an increased distance
between base pairs along the duplex axis have been
obtained and studied. Modern methods of microma-
nipulation with single molecules have been used to
determine that a DNA molecule can be extended to
1.7 times its original length, with the distance

C3' C2'

 

between nucleotides increasing, in the case of
B-DNA, from 

 

ç

 

 = 3.4 

 

Å to 

 

ç

 

 = 5.8 

 

Å [4, 5]. The opti-
cal tweezers method was used to study the depen-
dence of the rate of DNA replication catalyzed by
DNA polymerase on the tension force applied to the
DNA template. It was found that the force applied
considerably affected the replication rate, which
increased if the force was small and decreased if the
force was greater than 4 pN. If the force was more
than 20 pN, replication stopped altogether [4].

In addition to single- and double-stranded DNAs,
structures of a higher order were studied. In the case
of a single chromatin strand (nucleosome), the rate of
the assemblage of a nucleoprotein structure (a DNA
molecule wrapped around a histone octamer) consid-
erably depended on the force applied. If the force
exceeded 10 pN, the assemblage ceased, which was
followed by a drastic increase in the length of the
chromatin strand. However, this process was revers-
ible: the nucleosome assemblage was resumed if the
applied force decreased [6, 7].

As the DNA molecule is so elastic, one wonders
whether it can be compressed like a spring. The results
of studying DNA–protein complexes with the use of
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Abstract

 

—Supercoiled 3993-bp pGEMEX DNA immobilized on four substrates (freshly cleaved mica, stan-
dard amino mica, and modified amino mica with an increased or decreased surface charge density in compari-
son to standard amino mica) has been visualized by atomic force microscopy in the air. Plectonomically super-
coiled DNA molecules, as well as single molecules with an extremely high compaction level (i.e., with a sig-
nificantly higher superhelix density compared to those previously observed experimentally or estimated
theoretically), have been visualized on modified amino mica with an increased surface charge density. The dis-
tance between nucleotide pairs along the duplex axis has been determined by measuring the contour length of
individual oversupercoiled DNA molecules. The estimated rise per base pair varies from 1.94 to 2.19 Å. These
supercoiled DNA molecules, which are compressed like a spring and have a decreased rise per base pair com-
pared to previously known DNA forms are considered to be a new form of DNA, S-DNA. A model of S-DNA
has been constructed. Molecules of S-DNA may be an intermediate in the course of the compaction of single
supercoiled DNA molecules into spheroids and minitoroids. The DNA oversupercoiling, followed by the com-
pression of the supercoiled molecules, has been shown to be accounted for by a high surface charge density of
amino mica on which DNA molecules are immobilized.
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atomic force microscopy (AFM) demonstrated that
the contour length of DNA molecules in the absence
of proteins, measured directly in AFM images, was
always smaller than the theoretically expected value
characteristic of B-DNA (corresponding to the dis-
tance between base pairs along the helix 

 

ç

 

 = 3.4 

 

Å).
This effect was attributed to the presence of the stage
of drying the sample in the course of DNA immobili-
zation on mica, the resolution of the atomic force
microscope, as well as the error of the algorithm for
measuring the DNA contour length [8]. However, we
believe that the mica surface characteristics (namely,
the surface charge density that, in turn, determines the
hydrophobic properties of the substrate) make the
main contribution to the change in the conformation
of DNA adsorbed on mica. Earlier studies on measur-
ing the contour length of DNA in AFM images dem-
onstrated that immobilization of linear DNA on the
surface of freshly cleaved mica (characterized by a
relatively low surface charge density) was accompa-
nied by a partial B- to A-form transition [9]. It should
also be taken into account that the aforementioned
method of DNA immobilization on mica surface in a
buffer solution containing 

 

Mg

 

2+

 

 ions has substantial
limitations. Like other methods of DNA immobiliza-
tion on mica with the use of polycations (polylysine,
spermine, and spermidine), this method allows DNA
to be studied in a narrow range of ionic strength
(10 mM 

 

Na

 

+

 

 < 

 

I

 

 < 200 mM 

 

Na

 

+

 

) and, hence, a low
degree of the shielding of DNA phosphate groups.

Other methods have been developed as alternative
to DNA immobilization from buffer solution contain-
ing 

 

Mg

 

2+

 

. They are based on coating mica with sili-
cone in a vapor of an amino silane derivative [10, 11]
or an aqueous solution of amino silatrane [12]. The
main characteristic of amino mica so prepared is the
possibility of measurements in wide ranges of pH and
ionic strength. In addition, this amino mica has a
higher surface charge density than freshly cleaved
(unmodified) mica has [13]; however, the adhesion
force characterizing the surface properties of amino
mica remains the same, only slightly varying depend-
ing on the technique of substrate preparation.

Having modified the procedure of amino mica
preparation in a vapor of the amino silane derivative,
we developed a method for obtaining amino mica with
a controlled surface charge density. This allowed us to
obtain amino micas with both an increased density of
surface charge (i.e., charged protonated amino
groups), compared to standard amino mica [10, 11],
and a decreased surface charge density.

In this study, we compared the effects of surface
properties of four substrates for AFM visualization of
DNA (freshly cleaved mica, standard amino mica, and
amino micas with an increased and decreased surface
charge densities) on the conformation of both helical
and linear DNA molecules. The use of modified amino

mica with an increased surface charge density and
hydrophobicity allowed us to visualize different
stages of oversupercoiling of circular DNAs resulting
in the appearance of a supercoil axis of molecules of
the second and third orders, as well as the compaction
of single supercoiled DNAs into hemispheroids and
spheroids. In addition to highly compact DNA mole-
cules, we visualized single molecules of supercoiled
DNA, which we assume to result from the transition
between plectonomically supercoiled DNAs and
highly compact structures formed not only by mono-
mers, but also by dimers and trimers. By measuring
the contour lengths of supercoiled DNA molecules in
AFM images, we determined the rise per base pair
along the double helix axis for these supercoiled mol-
ecules. The values obtained (

 

ç

 

 = 1.94–2.19 

 

Å) indi-
cate that a decrease in rise per base pair along the
duplex axis is one of the mechanisms of DNA com-
paction. We consider these supercoiled DNA mole-
cules with a rise per base pair of 

 

ç

 

 = 1.94–2.19 

 

Å to
be a novel DNA form which we have termed S-DNA
(S stands for 

 

spring

 

). Indeed, elastic supercoiled DNA
molecules on the mica surface resemble springs: they
can be both compressed, with the rise per base pair
decreased, and extended (in this study, we obtained
images of stretched supercoiled DNA molecules with
a rise per base pair of 

 

H

 

 = 4.87–5.36 

 

Å).

EXPERIMENTAL

 

DNA preparation for AFM.

 

 We used supercoiled
3993-bp pGEMEX DNA (Promega, United States)
and 1414-bp linear DNA obtained by amplifying a lin-
earized pGEMEX DNA. Freshly cleaved mica, stan-
dard amino mica, and modified amino micas with sur-
face amino group densities increased and decreased,
compared to standard amino mica, served as sub-
strates. To apply DNA on freshly cleaved mica, we
used a 10 mM HEPES buffer solution containing
2.5 mM 

 

MgCl

 

2

 

. A 10-

 

µ

 

l drop of a 0.1–1 

 

µ

 

g/ml DNA
solution buffered with TE (10 mM Tris-HCl (pH 7.9)
and 1 mM EDTA) was applied on a strip of amino
mica or modified amino mica 1 cm

 

2

 

 in size, exposed
for 2 min, washed with deionized water, blown with a
flow of argon, and incubated at a pressure of 100 mm Hg
for 20 min. Standard mica was obtained as described
in [14] by modifying freshly cleaved mica with amino
groups in a vapor of distilled 3-aminopropyl triethoxy-
silane (APTES) and 

 

N

 

,

 

N

 

-diisopropyl ethylamine. The
reagents were from Aldrich (United States) and Wak-
enyaku (Japan). APTES was distilled in an atmo-
sphere of argon at low pressure. For amine modifica-
tion, freshly cleaved mica was incubated in the pres-
ence of APTES and 

 

N

 

,

 

N

 

-diisopropyl ethylamine
solutions) in a 2.5-l glass desiccator filled with argon
for 1 h. The modified mica was stored in the desiccator
in an argon atmosphere for one month. To prepare
buffer solutions and DNA samples, we used ultrapure
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water with a specific electrical resistance of 

 

~17

 

 M

 

Ω

 

 cm
obtained with the use of a Milli Q device (Millipore,
United States). Modified amino mica was obtained by
slightly altering the technique for obtaining standard
amino mica. Amino mica with a decreased surface
amino group density was obtained via treating freshly
cleaved mica with a vapor of undistilled APTES by
the method similar to that used for obtaining standard
amino mica.

 

DNA preparation for PCR.

 

 For PCR, we used
linear DNA obtained by digesting supercoiled
pGEMEX  DNA with 

 

Sca

 

I restriction endonuclease
(New England Biolabs, United Kingdom). We con-
structed primers L1 and L2 that determined a DNA
fragment containing the promoter and transcription
termination region of T7 RNA polymerase. The L1
and L2 primers were obtained from Sigma (United
States). Their sequences and the corresponding posi-
tions ion pGEMEX DNA were as follows:

5'-cgc tta caa ttt cca ttc gcc att c-3'
forward primer L1 (3748–3772)

5'-ctg att ctg tgg ata acc gta tta ccg-3'

 

reverse primer L2 (1168–1142) 

Hot-start PCR was performed in 50 

 

µ

 

l of reaction
mixture using a GeneAmp 9700 amplifier (Perkin
Elmer, United States) at the following temperature
and time parameters: initial incubation, 2 min at 

 

95°ë

 

;
denaturing, 1 min at 95

 

°

 

C; annealing, 1 min at 69–73

 

°

 

C;
synthesis, 1 min at 74

 

°

 

C; number of cycles, 35. To
perform PCR, we used two forms of thermostable
high-precision DNA polymerase: Pyrobest DNA
polymerase (TaKaRa, Japan) and Invitrogen Platinum
DNA polymerase (Invitrogen, Japan). The reaction
mixture contained 2.5 U of DNA polymerase, reaction
buffer solution, 2.5 mM MgCl

 

2

 

, 0.2 mM dNTP, 1 

 

µ

 

M
of each primer, and a DNA template. The annealing
temperature was determined theoretically using the
Oligo software. To minimize the amplification of non-
specific fragments, we performed PCR several times
at different annealing temperatures (69, 71, and

 

73°ë

 

). To visualize the amplicons, 15 

 

µ

 

l of the PCR
product was separated by electrophoresis in 2% (by
volume) TAE agarose gel and stained with ethidium
bromide.

The following procedure was used to purify the
amplified DNA fragment. After the completion of
electrophoresis, the strip that contained the amplicon
was cut from the gel with the use of a low-intensity
long-wave UV light source (BioRad, United States).
We subsequently purified the amplicon from nucle-
otides, primers, DNA polymerase, and ethidium bro-
mide with the use of a QIAquick PCR Purification Kit
(QIAgen, Japan) as recommended by the manufac-
turer, extracted it with a phenol–chloroform mixture,
and reprecipitated with ethanol.

 

Atomic force microscopy.

 

 We used a Nanoscope
IV MultiMode System atomic force microscope
(Veeco Instruments, United States) equipped with an
E-scanner (with a maximum range of 12 

 

µ

 

m). AFM
images of DNA were recorded using the vibrating
variant of AFM in the air in the mode 

 

height

 

 at room
temperature. Scanning was performed by means of
OMCL-AC160TS cantilevers (Olympus Optical,
Japan) with a resonance frequency of 340–360 kHz
and a constant rigidity of 42 N/m, at a scanning fre-
quency of 3 Hz. The images were obtained in the

 

250 nm

250 nm

(a)

(b)

 

Fig. 1.

 

 AFM images of stretched supercoiled pGEMEX
DNA molecules immobilized on amino mica with a
decreased amino group density. (a) The DNA contour
length is 

 

L

 

 = 1943 nm, which corresponds to a rise per base
pair along the double helix axis of 

 

H 

 

= 4.87 Å. The frame
size is 1.13 

 

×

 

 1.13 

 

µ

 

m. (b) The DNA contour length is 

 

L

 

 =
2140 nm; 

 

H

 

 = 5.36 Å. The frame size is 1.07 

 

×

 

 1.07 

 

µ

 

m.
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512 

 

×

 

 512

 

 pixel format, smoothed, and analyzed with
the use of the Nanoscope (version 5.12r3) software,
(Veeco Instruments, United States).

The volume of DNA molecules was calculated on
the basis of their actual parameters measured in the
AFM image (the height, length, and width of the mol-
ecules), without a correction for widening the DNA
diameter. To measure the volume of molecules more
accurately, we constructed longitudinal and, usually,
transverse sections of the molecules with the use of a
built-in option of the Nanoscope software.

RESULTS AND DISCUSSION

The surface of mica, a standard substrate for
immobilizing biomolecules in AFM studies, is nega-
tively charged in buffer solutions at neural pH values
and a low ionic strength [15]. Therefore, several meth-
ods of changing the total surface charge from negative
to positive are used to absorb negatively charged DNA
molecules on mica surface under the given conditions.
The simplest method is to add 

 

Mg

 

2+

 

 or 

 

Ni

 

2+

 

 ions to the
DNA solution a drop of which is applied on the sur-
face of freshly cleaved mica [16]. Alternative
approaches involve the modification of the mica sur-
face with various polycations, such as polylysine,
spermine, and spermidine [17–19]. However, all of
these approaches have one substantial drawback:
DNA can be immobilized on mica in very narrow
ranges of pH and ionic strength, which makes it
impossible to markedly change the surface charge
density of the substrate.

We modified the method of amino modification of
AFM probes in a vapor of APTES, an aminosilane
derivative, that we developed earlier [20] to use it for
obtaining amino mica with desirable characteristics,
i.e., with a controlled surface charge density. By mod-
ifying the standard procedure for obtaining amino
mica (the surface of which has a positive charge in a
wide range of both pH and ionic strength of the solu-
tion), we obtained amino micas with both increased
and decreased surface charge densities compared to
standard amino mica. Hereinafter, by modified amino
mica we mean amino mica with an increased surface
charge density, unless otherwise indicated.

Figure 1 shows the AFM image of stretched super-
coiled pGEMEX DNA molecules immobilized on amino
mica with a decreased surface charge density [21].
Stretched DNA molecules were formed during the
preparation of the specimen for AFM, when the mica

 

500 nm

500 nm

500 nm
(c)

(b)

(a)

 

Fig. 2.

 

 AFM images of a 3993-bp supercoiled pGEMEX DNA in air obtained after DNA dissolved in a TE buffer solution was
applied on the surface of (a) standard amino mica and (b) modified amino mica characterized by a higher surface amino group den-
sity (i.e., an increased charge density) compared to standard amino mica. The figure shows supercoiled DNA with different degrees
of compaction, from (a, c) plectonomically supercoiled to (b) oversupercoiled molecules with different lengths of the supercoil axis.
Frame sizes: (a) 2 

 

×

 

 2 

 

µ

 

m; (b) 2.7 

 

×

 

 2.7 

 

µ

 

m; (c) 2 

 

×

 

 2 

 

µ

 

m. (a, b) Freshly prepared mica; (c) modified mica after two weeks of storage.
The arrow indicates a supercoiled DNA molecule whose AFM image at a greater resolution is shown in Fig. 3b.
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was washed with ultrapure water after exposure in the
presence of DNA solution. The increase in the con-
tour length of stretched pGEMEX DNA molecules to

 

L

 

 = 1943 nm (Fig. 1a) and 

 

L

 

 = 2140 nm (Fig. 1b) indi-
cates that the extension of the supercoiled DNA
increases the rise per base pair from 

 

H

 

 = 4.87 

 

Å and

 

H

 

 = 5.36 

 

Å, respectively. The data obtained for stretched
pGEMEX DNA molecules agree with published
results of studies on stretched DNAs performed by
various methods [22].

The AFM images of supercoiled pGEMEX DNA
shown in Fig. 2 demonstrate that the surface charac-
teristics of amino mica substantially affected the con-
formation of DNA molecules. The molecules immobi-
lized on standard amino mica (Fig. 2a) were in a con-
formation similar to plectonomic, whereas an increase
in the surface charge density led to a striking compac-
tion of DNA molecules (Fig. 2b). In addition to
numerous highly compacted molecules, we visualized
oversupercoiled DNA molecules that drastically dif-
fered in shape from both the plectonomically super-
coiled DNA molecules obtained on standard amino
mica (Fig. 2a) and the supercoiled molecules obtained
on modified amino mica (with an increased charge
density) that was stored for two weeks before DNA
immobilization (Fig. 2c). One of these supercoiled
DNA molecules is indicated by an arrow in Fig. 2b.
The frames shown in Fig. 2 are comparatively large
(

 

~2 

 

×

 

 2

 

 

 

µ

 

m) and demonstrate that the surface of amino
mica contained only DNA molecules; it was free of
impurities, foreign nanoparticles, which are encoun-
tered in some AFM studies.

It is crucially important for estimating the surface
characteristics of modified amino mica that the DNA
image (the shape and number of molecules) on modi-
fied amino mica stored for two weeks before use (Fig. 2c)
were similar to the AFM image of the molecules on
freshly made standard amino mica (Fig. 2a). This
means that, first, the number of active (protonated)
amino groups on the surface of modified amino mica
was considerably larger than the number of amino
groups on the surface of standard amino mica (note
that the results of earlier X-ray photoelectron spectro-
scopic studies [23] showed that only 50% of amino
groups on the surface of standard amino mica were
active) and, second, their resistance to oxidation is
considerably higher than that of the amino groups of
standard amino mica. Earlier, we found that the num-
ber of amino groups on the surface of standard amino
mica considerably decreased after two weeks of stor-

 

100 nm
(a)

100 nm

100 nm

(b)

(c)

 

Fig. 3.

 

 AFM images of single supercoiled pGEMEX DNA molecules immobilized on (a) freshly cleaved mica (the image has been
obtained after applying a drop of DNA dissolved in a 10 mM HEPES buffer solution containing 2.5 mM MgCl

 

2

 

), (b) standard
amino mica, and (c) modified amino mica. Frame sizes: (a) 583 

 

×

 

 583 nm; (b) 500 

 

×

 

 500 nm; (c) 500 

 

×

 

 500 nm. Contour lengths
of the pGEMEX DNAs: (a) 1243 nm, (b) 1216 nm, and (c) 873 nm. The lengths of the supercoil axes of the DNA molecules:
(a) 466 nm, (c) 382 nm.
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age, and the half-activity period of standard amino
mica was estimated to be precisely two weeks. Thus,
modified amino mica considerably surpasses standard
amino mica in the stability and surface density of
amino groups. Due to these differences, immobiliza-
tion of supercoiled DNA on modified amino mica
allowed us to obtain images of individual DNA mole-
cules with an extremely high level of supercoiling that
had not been previously observed experimentally or
even considered theoretically. It is also important that
the oversupercoiled DNA is considerably more sensi-
tive to the surface characteristics of the substrate com-
pared to linear DNA. Let us analyze these oversuper-
coiled DNA molecules in more detail.

Several parameters are commonly used to charac-
terize the topology of supercoiled DNAs (molecules
whose axis may be coiled, in contrast to linear DNAs).
These are supercoiling density, the number of nodes
(supercoils), and the supercoil axis length. The super-
coiling density (

 

σ

 

) may be defined as the ratio of the
number of supercoils to the number of coils in a
relaxed double helix [24]. Images of DNA molecules
obtained at a higher resolution (Fig. 3) demonstrate
striking differences in topology between DNA mole-
cules immobilized from a buffer solution containing
2.5 mM MgCl2 on freshly cleaved mica (Fig. 3a), stan-
dard amino mica (Fig. 3b), and modified amino mica
(Fig. 3c). Figure 3a shows the images of plectonomi-
cally supercoiled DNA molecules characterized by a
low supercoiling density (seven supercoils or nodes,
σ = –0.018). Earlier, similar images were obtained for
plasmid DNAs on substrates treated with the polycat-
ions polylysine and spermine [18, 19]. Supercoiled
pGEMEX DNA molecules immobilized on standard
amino mica (Fig. 3b) were more compact; however,
their contour length measured in the AFM image was
only slightly shorter (L = 1216 nm) than that of plec-
tonomically supercoiled DNA on mica that had Mg2+

ions on its surface (L = 1243 nm, Fig. 3a).

The supercoiled DNA molecule immobilized on
modified amino mica that is shown in Fig. 3c consid-
erably differed form the DNA molecules shown in
Figs. 3a and 3b in all its parameters: the number of
nodes was increased to 11, the supercoil axis was
shortened to 382 nm, and the contour length calcu-
lated from the AFM images was L = 873 nm (!).

The measurement of the length of a single native
DNA molecule at a subnanometer resolution, which is
a characteristic feature of AFM, makes it possible to
determine the distance between base pairs along the
axis of the DNA double helix (the rise per base pair),
provided that the number of nucleotides in the given
molecule is known. Whereas the rise per base pair for
the pGEMEX DNA molecule shown in Fig. 3a is H =
3.11 Å, this value calculated for the oversupercoiled
DNA shown in Fig. 3c was as small as ç = 2.19 Å (!).
The value ç = 3.11 Å agrees with earlier data on a
slight decrease in the contour length of DNA dried on
mica, if the DNA is assumed to be B-DNA [8]. How-
ever, the value ç = 2.19 Å indicates that supercoiled
DNA molecules immobilized on amino mica with an
increased charge density undergo considerable
intramolecular changes that not only increase the
degree of supercoiling, but also decrease the rise per
base pair.

Figure 4 shows other AFM images of individual
supercoiled pGEMEX DNA molecules on modified
amino mica. The rises per base pair calculated for the
oversupercoiled molecules shown in Figs. 4a and 4b,
respectively, are ç = 1.94 Å and ç = 2.11 Å. We used
the volume of a DNA molecule calculated directly

100 nm
(a)

100 nm
(b)

Fig. 4. AFM images of supercoiled pGEMEX DNA molecules
on modified amino mica. The frame size in 500 × 500 nm in
both images. (a) The contour length of the DNA molecule is
776 nm, which corresponds to a rise per base pair along the
double helix axis of H = 1.94 Å. (b) The contour length of
the DNA molecule is 852 nm, which corresponds to a rise
per base pair along the duplex axis of H = 2.11 Å.



MOLECULAR BIOLOGY      Vol. 40      No. 1      2006

S-DNA, OVERSUPERCOILED DNA WITH A SMALL RISE PER BASE PAIR 113

from its AFM image as a parameter that allowed a sin-
gle molecule to be distinguished from a dimer or
another highly compact structure formed by several
molecules. Its value for single DNA molecules insig-
nificantly differed from the theoretically expected
excluded volume of the molecule (Vexcl = 4010 nm3)
and permitted reliable differentiation between single
DNA molecules and aggregations. To calculate the
volume more accurately, we usually used the longitu-
dinal section of the molecule by a plane perpendicular
to the plane of the mica, rather than the height of the
molecule measured at one point (which considerably
varies for oversupercoiled DNAs: given the character-
istic height of one strand of the double helix h = 0.3–
0.4 nm, the height at nodes formed by two intersecting
DNA strands may be as large as 1.3–1.8 nm).

As evident from the parameters of DNA molecules
shown in Table 1, the volume of oversupercoiled DNA
molecules (nos. 3–5 in Table 1; Figs. 3c, 4) agreed,
within the experimental error, with the volume of a
single supercoiled DNA molecule immobilized on
either freshly cleaved mica or standard amino mica
(nos. 1, 2 in Table 1; Figs. 2a, 2b). The volumes (V) of
dimers (nos. 3–6 in Table 2) and trimers (no. 7 in Table 2)
were, respectively, two and three times larger than the
volume of a single molecule. Note that highly com-
pact structures, hemispheroids (no. 1 in Table 2) and

spheroids (no. 2 in Table 2), were also formed by sin-
gle molecules. The substantially smaller volume of
the spheroid (no. 2 in Table 2), compared to that of a
single molecule, is explained by the fact that volume
of DNA strands protruding from the spheroid was not
taken into account.

Oversupercoiled Molecules Are Formed 
by Single DNA Molecules

The calculation of the volumes of condensed struc-
tures permitted unambiguous differentiation between
aggregations (dimers, trimers, etc.) and single DNA
molecules. To calculate the volume of the oversuper-
coiled DNA molecule shown in Fig. 5a, we con-
structed three longitudinal sections of the fragments
of the molecule, two of which are shown in Figs. 5b
and 5c. The resultant volume of this oversupercoiled
molecule (no. 3 in Table 1) fit both the experimentally
determined excluded volume of a single supercoiled
DNA molecule (no. 1 in Table 1) in the AFM image
and the value calculated theoretically.

The height of wound threads formed by double-
stranded DNAs is another important evidence that sin-
gle molecules rather than wisps are supercoiled.
Arrows in the AFM image (Fig. 5a) and the three-
dimensional image of this molecule indicate clearly

Table 1.  Parameters of supercoiled pGEMEX DNA molecules determined from AFM images

No. Molecule Height
(hmax, nm)

Height
(hmin, nm)

Contour length of
an oversupercoiled 
molecule (L, nm)

Length of the 
supercoil axis 

(l, nm)

Contour length
of a relaxed mole-
cule (Lrelax, nm)

Rise per base 
pair (H, Å)

Volume 
(V, nm3)

1a 0.80 0.35* 1243 466 1243 3.11 3510

2b 0.99 0.35* 1216 – 1216 3.05 3530

3 2.00 0.35* 390 370 873 2.19 3830

4 1.80 0.27* 577 282 776 1.94 3830

5 1.33 0.35* 642 390 852 2.11 3800

Note: The theoretical excluded volume of pGEMEX DNA is V = 4010 nm3.
* Double-stranded DNA; a DNA immobilized on mica in a buffer solution containing MgCl2; b DNA immobilized on standard amino

mica.
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distinguishable threads. The measured height of these
partly disjoined threads (Fig. 5e) showed that they
were formed by double-stranded DNA, because the
height of each thread (h = 0.38 nm) was the same as
the height of a single DNA molecule immobilized on
unmodified mica (no. 1 in Table 1), which, in turn,
agreed with published AFM estimates of the height of

DNA adsorbed on a substrate [18]. Similar measure-
ments were made for another supercoiled DNA (Fig. 6).
Both the volume (no. 4 in Table 1) and the measured
height of the threads of this molecule (h = 0.38–
0.40 nm) confirmed that a single (!) DNA molecule
formed this structure. The volumes of other visualized
highly compact structures shown in Table 2, namely,
the hemispheroid (no. 1), spheroid (no. 2), dimers
(nos. 3–6), and the trimer (no. 7), confirm the reliabil-
ity of this method for determining the volumes of con-
densed structures, as well as the effectiveness of their
differentiation.

We consider these supercoiled DNAs, in which the
rise per base pair along the duplex axis (ç ~ 2 Å) is
decreased, compared to well-known DNA forms, to be
a novel form of DNA, which we have termed S-DNA
(S stands for spring).

Table 2.  Parameters of compacted structures formed by (1, 2) one, (3–6) two, and (7) three supercoiled pGEMEX DNA
molecules determined from AFM images

No. Molecules Height
(hmax, nm)

Height
(hmin, nm)

Contour length
of the oversupercoiled

molecule (L, nm)

Length
of the supercoil

axis (l, nm)

Volume
(V, nm3)

1 2.60 1.85 – – 3620

2 3.45 0.30* – – 3140

3 1.40 0.35* 548 548 6300

4 2.00 0.87 269 269 7080

5 2.00 0.45* – 401 6840

6 2.10 0.30* 267 267 6570

7 3.50 1.00 260 260 10650

* Double-stranded DNA.

Table 3.  Parameters of A-, B-, and S-DNAs

A-DNA B-DNA S-DNA

Rise per base pair along 
the helix axis, Å

2.56–3.29 3.03–3.37 1.94–2.19

Base slope, deg 20.2–10 16.4–5.9 30.5–27

Distance between bases, 
Å

2.72–3.34 3.16–3.39 2.25–2.45
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It was earlier demonstrated that the rise per base
pair in a double-stranded DNA was linearly related to
the slope of the bases relative to the helix axis [2].
Figure 7 shows the plot approximated to a rise per
base pair of H = 1.9 Å. The module of the slope of
bases in S-DNA (γ) determined from this plot falls
within the interval 27° < γ < 30.5°, which corresponds
to the range of rise per base pair values 1.94 Å ≤ H ≤
2.19 Å. Although the A- to B-form transition, when
the rise per base pair increases, is accompanied by a

change of the sign of γ from positive to negative, we
have no data on the sign of γ in the case of the slope of
bases in S-DNA.

To understand the mechanism of DNA elasticity
more comprehensively, we preliminarily studied the
compressibility of linear DNA molecules, taking into
account that the contour length of linear DNA was
earlier found to decrease upon the immobilization on
mica with a low surface charge density [8]. For this
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Fig. 5. (a) AFM image of a single oversupercoiled pGEMEX S-DNA obtained after the immobilization on the surface of modified
amino mica characterized by a high surface charge density. The frame size is 250 × 250 nm. The rise per base pair along the duplex
axis for this molecule is H = 2.19 Å. Arrows indicate two threads, each formed by a DNA double helix, twisted into a right oversu-
percoiled DNA with distinct 11 supercoils (nodes). (b, c) Longitudinal sections of the pGEMEX DNA molecule. The section plane
is perpendicular to the plane of the figure; the line at which the two planes intersect is shown in the insets. The molecule volume
has been calculated as the product of the molecule width and the sum of the cross-section areas. (b) Six or (c) five peaks in the sec-
tion profiles correspond to six and five nodes, respectively. (d) The three-dimensional image of the molecule. The arrows indicate
partly separated threads of the duplex forming the oversupercoiled molecule. (e) The transverse section through the separated
threads of the duplex. The inset shows the line at which the section plane is drawn perpendicular to the plane of the figure. Two
peaks correspond to the section profiles of the two threads that were used to determine their heights. The maximum height of the
peak corresponds to the height of the molecule fragment. The arrows at the section and the inset indicate the peak and the corre-
sponding DNA double helix with a height of h = 0.38 ± 0.05 nm.
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purpose, 1414-bp linear DNA was immobilized on
freshly cleaved mica (Fig. 8a) and modified amino
mica (Fig. 8b). The contour length of molecules was
determined from the distributions of the contour

length of visualized replicons. For DNA molecules
immobilized on freshly cleaved mica, the contour
length was L = 435 ± 15 nm (Fig. 9), which corre-
sponded to a rise per base pair along the helix axis of
ç = 3.10 Å. This value falls within the intervals of the
rise per base pair in both B-DNA (3.03 Å < ç < 3.37 Å)
and A-DNA (2.56 Å < ç < 3.29 Å) [2]. The contour
length of the amplicon immobilized on modified
amino mica was L = 296 ± 14 nm, which corresponded
to rise per base pair along the duplex axis of ç = 2.09 Å.
Some of the numerous DNA structural parameters
(the slopes of bases and the axis, rise per base pair
along the duplex axis, propeller twist, coil repeat, etc.)
are shown in Table 3 for the case of compressed
S-DNA as compared with previously known forms, A-
and B-DNAs. Note that A-DNA may be considered a
compressed molecule compared to B-DNA.

Do spatial restrictions for nucleotides exist in S-DNA?
Our models of a 15-bp fragment of S-DNA (Fig. 10a) and
B-DNA (Fig. 10b) demonstrate that, in principle, there
may be compressed DNA molecules with a rise per base
pair along the duplex axis decreased to H ~ 2 Å.

Fig. 6. (a) The AFM image of a single left oversupercoiled pGEMEX S-DNA. The frame size is 250 × 250 nm. (b) The three-dimen-
sional image of the molecule. (c) The profile of the transverse section along the line shown in the inset. The arrows indicate the peak
and the corresponding fragment of the thread of the DNA double helix with a height of h = 0.38 nm. (d) The profile of the transverse
section along the line shown in the inset. The arrow indicates the peak that was used to determine the height of the corresponding
part of the DNA double helix, h = 0.40 nm.
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Fig. 7. Dependence of the slope of bases on the rise per base
pair along the double helix axis. The base slope is defined
as the angle between the perpendicular to the plane of the
base and the duplex axis.
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What Is the Possible Mechanism 
of Oversupercoiling Supercoiled DNAs?

The structure of DNA molecules in solution, where
they are negatively charged, is stabilized by van der
Waals interactions, including the stacking interaction
between neighboring nucleotide pairs, as well as the
repulsion between neighboring phosphate groups of
DNA. The change in the solution ionic strength alters
the degree of shielding of the DNA phosphate groups

and, as a consequence, changes in the conformation of
the molecule. In most studies on in vitro visualizing
supercoiled DNAs by means of AFM, electron
microscopy, and cryoelectron microscopy, the charges
of DNA phosphate groups were neutralized in a com-
paratively narrow range by varying the ionic strength
of the solution [11, 17, 25].

Although the degree of neutralizing of negatively
charged phosphate groups of DNA is known to be the
main factor of DNA supercoiling, the change in the
ionic strength of the solution with the change in NaCl
concentration or the change in the polycation concen-
tration on the surface of mica used for immobilizing
DNA were found [17–19] to cause only an insignifi-
cant DNA supercoiling (the supercoil density varied
within the interval 0.03 < |σ| 0.08).

If pGEMEX DNA molecules were immobilized on
the surface of freshly cleaved mica from a buffer solu-
tion containing Mg2+ ions, the AFM image showed
plectonomic DNA molecules with a low supercoil
density (Fig. 3a). Oversupercoiled or highly compact
DNA were also not visualized in numerous experi-
ments on model systems, including nucleosomes,
aimed at determining the mechanism of DNA com-
paction with different proteins (histones, condensins,
and cohesins) [26–29]. We think that the main reason

500 nm

250 nm
(b)

(a)

Fig. 8. AFM image of an amplified pGEMEX DNA fragment.
(a) Freshly cleaved mica. The frame size is 2.2 × 2.2 µm. The
expected contour length of the 1414-bp amplicon is L =
480 nm under the assumption that the DNA is a B-DNA
(H = 3.4 Å). The contour length of the amplicon measured in
the AFM image is L = 435 ± 15 nm, which corresponds to a rise
per base pair along the double helix axis of H = 3.07 Å.
(b) Modified amino mica with an increased surface charge
density, i.e., an increased density of protonated amino
groups. The frame size is 1 × 1 µm. The contour length of
the amplicon is L = 296 ± 14 nm, which corresponds to a
rise per base pair along the duplex axis of H = 2.09 Å.
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Fig. 9. Contour lengths of amplicons after PCR and subse-
quent purification measured in the AFM image of DNA
immobilized on freshly cleaved mica. The curve shows the
Gaussian distribution.
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for these negative results is that mica with a low sur-
face charge density was used as an AFM substrate in
most studies, with DNA being immobilized from a
buffer solution containing Mg2+ ions. These ions, as
well as Ca2+ ions, may interfere with the compaction
of supercoiled DNA. For example, Ca2+ ions were
demonstrated to interfere with the compaction of
DNA in a complex containing the histone protein
HMGB1.

Comparing supercoiled DNA visualized on stan-
dard amino mica (Fig. 2a) and on freshly cleaved
mica, we can see that, in the first case, pGEMEX DNA
molecules were more compact and less stretched, and
single molecules occupied a smaller area. This may be
explained by a stronger shielding of negatively
charged DNA phosphate groups by the amino groups
of mica and the resultant decrease in the electrostatic
propulsion between neighboring DNA fragments.
Several points should here be emphasized. In this
study, we did not analyze the adhesive properties of
the substrates used; suffice it to note that the surface

characteristics of mica can be estimated on the basis
of the force curve (the dependence of the rupture force
on the distance between the probe and the substrate)
obtained by AFM in the force measurement mode.
Earlier, we demonstrated that standard amino mica
obtained by modifying in APTES vapor had a sum-
mary positive charge and an adhesion force of F ~
0.8–4.2 nN in aqueous solutions at neutral pH [31].
However, we visualized only plectonomically super-
coiled DNAs on standard amino mica. Only on modi-
fied amino mica, characterized by a higher charge sur-
face density (according to our preliminary results, the
amino group density on modified amino mica was two
to three times higher than on standard amino mica),
was it possible to visualize single oversupercoiled
DNA molecules, even to the degree of formation of
minitoroids and spheroids. In this case, biopolymer
molecules with a high charge density (DNA) were
placed on a substrate with a high charge surface den-
sity. Since the density of charged amino groups on the
surface of modified amino mica was higher, a larger

(a) (b)

Fig. 10. The model of a 15-bp DNA fragment (a) in the S-form (the rise per base pair along the helix axis is H = 2.0 Å) and (b) in the
B-form (H = 3.4 Å). The sequence of the + strand is 5'-aag gtc ttc ggt cgt-3'. The coil repeat for both DNA forms is 10.5 bp per coil.
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number of negative phosphate groups of DNA was
shielded. In addition, we assume that there is another,
intramolecular, mechanism of DNA compaction,
which may make a considerable contribution under
the conditions of neutralizing the charge of phosphate
groups. Theoretical calculations demonstrated that
nucleotides along the DNA strand forming sites for
ligand intercalation were differently charged. For
example, the TA site is the most negative, because the
2'-deoxyribo-5'-monophosphate that is bound with
adenine, the nitrous base with the highest positive
charge, is the most negative. Therefore, the compac-
tion of DNA may be accounted for by intramolecular
electrostatic attraction between oppositely charged
nucleotides under the conditions of an enhanced
shielding of phosphate groups in DNA.

The results obtained indicate that oversupercoil-
ing, leading to the compaction of single DNA mole-
cules, may occur in vitro in the absence of proteins,
however, it is necessary that the substrate surface on
which the supercoiled DNA is immobilized should
have a high surface positive charge density. This pro-
cess results in both right and left oversupercoiled
DNA molecules (Figs. 5 and 6, respectively). The
results reported here suggest that supercoiled DNA
immobilized on modified amino mica can be used to
model transformations of natural DNA molecules in
vivo, because the medium surrounding DNA in cell
nuclei has a high density of positively charged resi-
dues of various molecules (mainly proteins).
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