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Stages of com pac tion of sin gle mol e cules of supercoiled DNA pGEMEX, im mo bi lized on mod i fied aminomica, were vi su al -
ized us ing atomic force mi cros copy. At the in crease of the level of its com pac tion the length of mol e cule superhelix axis of the
first or der is de creased from ~ 580 nm down to ~370 nm with fur ther for ma tion of the superhelix axis of the sec ond and third
or der with the length of ~260 nm and ~140 nm which makes ~20% and ~10% of out line length of the re laxed mol e cule re -
spec tively. Com pac tion of sin gle mol e cules is com pleted with the for ma tion of minitoroids, whose di am e ter is ~50 nm, and
spheric con for ma tion mol e cules. The model of pos si ble conformational tran si tions of supercoiled DNA in vi tro in the ab -
sence of pro teins has been sug gested. Com pac tion of supercoiled DNA mol e cules up to minitoroid level was shown to be
caused by high sur face charge den sity of aminomica on which DNA mol e cules were im mo bi lized.
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In tro duc tion. Genomic DNA of gi ant length (from a milli -
metre to a me ter) has been com pacted us ing pro teins in
highly-or ga nized struc tures in bac te ria and eukaryotic nu -
clei, the vol ume of which makes up only from sev eral units
to hun dreds of cu bic mi crom e ters. DNA vol ume can be
eas ily cal cu lated for mi cro or gan isms with se quenced ge -
nome by mul ti pli ca tion of DNA, di am e ter (2 nm), on the

full length of mol e cule as sum ing DNA in B-form of (i.e. at
the dis tance be tween nu cleo tides along the axis of the dou -
ble spi ral H=3.40 Е). At the ab sence of pro teins ran dom
com pacted DNA mol e cule oc cu pies con sid er ably big ger
vol ume than in the nu cleus or in the bac te rial cell. Ac cord -
ing to mod ern views, the men tioned eukaryote DNA com -
pac tion is due to its in ter ac tion with nu clear pro teins, in
the first place with his tones, and fur ther for ma tion of
nucleosomes, chromatin fibres and chro mo somes [2-4].
Other pro teins, con nected to DNA in a se quence spe cific
way, are the rep re sen ta tives of the HMG pro teins group
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that mod u late con nec tion of his tones with DNA. Be sides,
the struc tural main te nance of chro mo some group (SMC
group) pro teins (condensins and cohesins) that are the
mem bers of ATPase fam ily, play ing the cen tral role in
chro mo some con den sa tion and caus ing di rect DNA con -
den sa tion have been iden ti fied. [5]

To in ves ti gate ge nome ar chi tec ture in eukaryote nu -
cleus dif fer ent model sys tems are used. It was shown by
atomic force mi cros copy (AFM) that E.coli nucleoid is a
struc ture, which is chang ing through out the cell growth –
it is more com pacted in the sta tion ary phase, than in the
log-phase. How ever, a fi bre with the di am e ter of ~ 80 nm is 
a fun da men tal nucleoid struc ture for both phases [1]. In
ad di tion to 80 nm, a thin ner fi bre, with the di am e ter of 40
nm, and highly or ga nized loop have also been vi su al ized in
the log-phase of nucleoid.

An other model sys tem – nucleosome – is also of ten
be ing used, as the ba sic chromatin unit, which is re peated.
In this case, beads-on-a-string type of struc tures [6] have
been vi su al ized for lin ear DNA in com plex with histone
octamer, which is cre ated by two mol e cules of each of the
pro teins H2A, H2B, H3 and H4. Com pac tion and con -
den sa tion of DNA with the tor oids and fi bers (bun dles)
for ma tion can also be achieved at dif fer ent con di tions,
other than com plex cre ation with pro teins. For ex am ple, it
has been shown that dif fer ent polycationes (polylysine,
spermine, spermidine, protamine) cause DNA con den sa -
tion and tor oids for ma tion [7-9]. More over, it has been
shown [10] that the pres ence of pro teins or polycationes is
not an oblig a tory con di tion for DNA con den sa tion, and
DNA con den sa tion can be achieved in the way of DNA
mol e cules im mo bi li za tion on pos i tively charged sur face. It
was stated in the works [10, 11] that con den sa tion de gree of 
DNA mol e cules can be con trolled us ing the va lency
change of sil anes which are used for mica mod i fi ca tion, as
well as in the way of NaCl con cen tra tion change. Nev er -
the less, highly-com pacted DNA struc tures have not been
vi su al ized be cause of NaCl con cen tra tion changes in the
nar row range (10 - 100mM). It is worth men tion ing that at
the con di tions of lin ear DNA con den sa tion [12, 13] the ag -
gre gates are formed by sev eral DNA mol e cules, not sin gle
ones.

In the pres ent work, we dem on strate for the first time
the im ages of sin gle mol e cules of supercoiled DNA, the
compactizasion de gree of which is con sid er ably higher
than ear lier achieved. The us age of new sub strate for DNA
im mo bi li za tion – mod i fied aminomica with in creased sur -
face charge den sity and hydrophoby in com par i son with
stan dard aminomica – al lowed both the vi su al iza tion of
dif fer ent stages of sin gle cir cu lar DNA com pac tion with
the length de crease in superhelix mol e cule axis of by a fac -

tor of two and four with the for ma tion of the superhelix axis 
of the sec ond and the third or der re spec tively, and the
com pac tion of sin gle supercoiled DNA mol e cules in
minitoroids, spher oids, and bun dles.

Ma te ri als and Meth ods. The prep a ra tion of DNA sam -
ples for PCR and AFM. Lin ear and supercoiled DNA
pGEMEX (Promega, USA) were used. To con duct the
poly mer ase chain re ac tion (PCR), lin ear DNA has been
ob tained by treat ment of supercoiled DNA pGEMEX of
3993 pairs of nu cleo tides (n.p.) with restrictase Scal (New
Eng land Biolabs, Eng land). L1 and L2 prim ers, con -
structed by us, has re stricted DNA frag ment, con tain ing
pro moter and ter mi na tion site for T7 RNA-poly mer ase
tran scrip tion. The sche matic im age of the DNA frag ment
which has been amplificated with the length of 1414 pn is
shown in Fig ure 1. L1 and L2 prim ers, the se quences of
which with the cor re spond ing po si tions of pGEMEX
DNA are shown be low, were ob tained from Sigma (Ja pan):

5’-cgc tta caa ttt cca ttc gcc att c-3’ - a di rect L1 primer
(3748 - 3772)

5’-ctg att ctg tgg ata acc gta tta ccg-3’ - a re verse L2
primer (1168 - 1142)

Hot start PCR was con ducted in the re ac tion vol ume
of 50 мl on the amplificator GeneAmp 9700 (Perkin
Elmer, USA) at the fol low ing tem per a ture and time pa -
ram e ters: ini tial in cu ba tion - 95°C, 2 min; de na tur ation -
95°C, 1 min; an neal ing - 69°C - 73°C, 1 min; syn the sis -
74°C, 1 min; cy cles quan tity – 35. The tem per a ture of an -
neal ing has been de fined the o ret i cally us ing the Oligo
programme. To min i mize the am pli fi ca tion of non-spe -
cific frag ments, sev eral PCRs were con ducted at dif fer ent
an neal ing tem per a tures - 69°C, 71°C, 73°C.

To vi su al ize amplicons, 15 мl of PCR prod uct have
been sep a rated us ing elec tro pho re sis in 2% agarous gel
with the fur ther stain ing with bro mide etidium.

To pu rify the amplificated DNA frag ment, the fol low -
ing pro ce dure was used. Af ter elec tro pho re sis, the line of
gel, con tain ing amplicon, was lo cated by long wave UV
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Fig ure 1. The sche matic im age of DNA ma trix used for PCR. The prim -
ers, in di cated with rectangulars flank the frag ment of DNA pGEMEX
with the length of 1414 pn, con tain ing pro moter and ter mi na tor for the
T7 RNA poly mer ase tran scrip tion. The T7 RNA poly mer ase is in di cated
by big oval, the area of tran scrip tion ter mi na tion for T7 RNA poly mer ase
is in di cated by a small oval.



source of ra di a tion of low in ten sity (BioRad, USA) and cut
out. To pu rify amplicon from nu cleo tides, prim ers, DNA
poly mer ase and bro mide etidium, the QIAquick PCR pu -
ri fi ca tion kit (QIAgen, Ja pan) was used ac cord ing to the
pro ducer’s rec om men da tions, and the phe nol\chlo ro form
ex trac tion with fur ther re-sed i men ta tion by eth a nol was
made.

To con duct PCR, thermostable DNA poly mer ase of
high ac cu racy of two types – Pyrobest DNA poly mer ase
(TaKaRa Co., Ja pan) and Invirtogen Plat i num DNA poly -
mer ase (Invirtogen, Ja pan) was used. Freshly cleaved
mica, stan dard aminomica and mod i fied aminomica with
higher aminogroups den sity in com par i son with stan dard
aminomica were used as the sub stra tum. To ap ply DNA on 
freshly cleaved mica, 10 mM HEPES buffer, con tain ing
2.5 mM MgCl2, was used. A drop of DNA so lu tion of 10мl
with the con cen tra tion of 0.1 мg/ml in TE-buffer (10mM
tris·HCl pH7.9, 1mM EDTA) was ap plied on the 1cm2
spot of aminomica or mod i fied aminomica, washed with
deionized wa ter af ter 2 min ex po si tion, blasted with the
flow of ar gon and then the sam ple was kept un der the pres -
sure of 100mm of mer cury col umn for 20 min utes. The
pro ce dure of ob tain ing stan dard aminomica was con -
ducted ac cord ing to [14] us ing the mod i fi ca tion of freshly
cleaved mica with aminogroups in va pours of dis tilled
3-aminopropyltriethoxy sil ane (APTES) (Aldrich, USA).
The dis til la tion of APTES was con ducted at the de creased
pres sure in the ar gon at mo sphere. Freshly cleaved mica
has been kept in a glass dessicator with the so lu tions of
APTES and N,N-diisopropylethylamine for 1 hour for
mica aminomodification. The mod i fied aminomica was
pro duced us ing slight changes in the tech nol ogy of ob tain -
ing stan dard aminomica.

Atomic force mi cros copy. The atomic force mi cro scope
(AFM) Nanoscope IV MultiMode Sys tem (Veeco In stru -
ments Inc., USA) with E-scan ner was used in the work.
AFM im ages of DNA were re corded us ing os cil lat ing AFM 
vari ant in the air in the mode “Height” us ing
OMCL-AC160TS can ti le vers (Olym pus Op ti cal Co., Ja -
pan) with res o nance fre quency of 340-360 kHz and hard -
ness con stant of 42 N/m. The im ages were cap tured in
512x512 pix els res o lu tion, were flat tened and an a lyzed us -
ing Nanoscope soft ware (ver. 5.12r3) (Veeco In stru ments
Inc., USA ).

The vol ume of in di vid ual DNA mol e cules was cal cu -
lated on the ba sis of re ally mea sured pa ram e ters of mol e -
cules from AFM im age. To cal cu late the mol e cules vol -
ume, the struc ture of length wise sec tion of mol e cules was
used by the means of the op tion of Nanoscope soft ware.

Re sults and Dis cus sions. It has pre vi ously been shown
[15], that the length of supercoiled DNA (scDNA) axis re -

mains con stant at the in crease of superhelix den sity and
equals to ~35% of the con tour length of a re laxed mol e cule. 
This con di tion is re al ized for DNA pGEMEX mol e cules,
im mo bi lized on freshly cleaved mica which is char ac ter -
ized by rel a tively not high sur face charge den sity. The im -
mo bi li za tion of scDNA on mod i fied aminomica, which
has in creased sur face charge den sity in com par i son with
both fresh cleaved and stan dard aminomica, re sults in con -
sid er able DNA com pac tion. Such sin gle scDNA mol e -
cules, which con sti tute the axis of superhelix of the sec ond
or der, are rep re sented in Fig ure 2A. The length of the
superhelix axis of these highly com pacted mol e cules in
com par i son with plectonomic DNA has de creased to the
value which equals to ~3 of the con tour length of the mol e -
cule (l=260nm).

One more vari ant of highly com pacted scDNA mol e -
cules which are gen er ated on the sur face of mod i fied
aminomica – spher oid – is in di cated by an ar row in Fig ure
2A, and the sec tion of spher oid, from which the pa ram e ters 
of the mol e cule have been de fined, is shown in Fig ure 2B.

Hav ing cal cu lated the vol ume of the con densed struc -
ture one can de fine the quan tity of com pacted supercoiled
DNA mol e cules, tak ing part in struc ture for ma tion. The
vol ume of the spher oid, shown in Fig ure 2A, which was
cal cu lated on the data of the sec tion area and the di am e ter,
equals to V=3140 nm3. As the o ret i cally cal cu lated ex -
cluded vol ume of DNA pGEMEX in the as sump tion of
B-form equals to Vexclud=3900 nm3, the rep re sented re sults
show that the spher oid is cre ated with a sin gle scDNA mol -
e cule.

As a re sult of fur ther com pac tion there is a for ma tion of 
both the mol e cules with the length of the superhelix axis
which is even two times less (the length of the axis of the
third or der equals to l=140 nm, po si tion D2 in Ta ble 1),
and the mol e cules in spher i cal con for ma tion (spher oids)
(po si tions E2 and F2, Ta ble 1).

The com pac tion on mod i fied aminomica oc curs not
only for sin gle DNA mol e cules. There is the im age of a
dimer (V=7080 cu bic nm) in Fig. 2B – a com pacted struc -
ture of two scDNA, the length of the superhelix axis of
which is the same as the length of the superhelix axis of a
sin gle mol e cule, and equals to l=260 nm.

An other struc ture, vi su al ized by us, which is sim i lar
out wardly to the spher oid in the AFM im age with not high
sep a rat ing ca pac ity, is a minitoroid. The minitoroid,
formed by a sin gle scDNA, its sec tions and three-di men -
sional mol e cule im ages are shown in Fig ure 3. The value of
this mol e cule vol ume equals to V=3980 nm3, which cor re -
sponds to the vol ume of the sin gle mol e cule of DNA
pGEMEX. It can be seen from the sec tions in Fig ure 3B
and Fig ure 3C, that three out of four toroid seg ments have
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the same height (h=1.74 nm), and the fourth seg ment has
al most twice less height (h=0.84 nm). It means that the
wind of scDNA braid is less than in three other seg ments,
i.e. the minitoroid is a pe cu liar minicircle with cross cut in
the up per part, the length of which equals to the quar ter of
the cir cle length.

It has pre vi ously been shown in the works [7, 10, 13,
16], that sev eral lin ear or cir cu lar DNA mol e cules take part 
in the for ma tion of tor oids. We have also vi su al ized tor oids, 
formed by two over-supercoiled DNA (over-scDNA). The 
pa ram e ters of the ma jor ity of vi su al ized com pacted
scDNA are shown in Ta ble 1. The po si tions C1 and D1
cor re spond to this toroid of two DNA mol e cules, as the
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Fig. 3. The AFM im age (A), cross cut (B) and (C) and the three-di men sional im age (D) of the sin gle over-supercoiled DNA pGEMEX which has con -
sti tuted the minitoroid. (A) the size of the pic ture is 250 nm x 250 nm. (B) the height of two toroid frag ments, through which the cross cut has been con -
ducted, equals to 1.74 nm. (C) – the height of two other toroid frag ments, de fined from the sectionm equals to 1.74 nm and 0.84 nm re spec tively. The
tri an gles in di cate the cor re spond ing peak on the cross cut and the level, ac cord ing to which the mea sure ment of the height of the high est peak was done.
The height of this minitoroid frag ment equals to 1.74 nm. (A, D) – the ex ter nal di am e ter of the minitoroid is 50-60 nm, the in ter nal one is 15-25 nm

Fig. 2. (A) The AFM im ages of sin gle over-supercoiled mol e cules of DNA pGEMEX on mod i fied aminomica. The length of the superhelix axis of each
DNA mol e cule equals to l=260-270 nm, i.e. ap prox i mately the quar ter of the con tour length of the re laxed mol e cule. The ar row in di cates the DNA
mol e cule, com pacted to the level of spher oid. There is a scale of grey gra da tion, which cor re sponds to the range of Z co or di nate from 0 to 10 nm, which
al lows es ti mat ing the height of the im mo bi lized mol e cule. The size of the pic ture is 500 x 500 nm. (B) The DNA mol e cule cross cut in the spheric con -
for ma tion, which al lows de fin ing the height of the mol e cule. The max i mum height of the spher oid is hmax=3.65 n. The line, along which the sec tion was
done, is shown in the in set. (C) The AFM im age of over-supercoiled DNA mol e cules, which con sti tuted the dimer, the length of the superhelix axis of
which equals to l=260 nm, and the vol ume equals to the dou ble vol ume of the sin gle supercoiled DNA mol e cule. The size of the pic ture is 500 nm x 500
nm. The scale grey gra da tion cor re sponds to the range of Z co or di nate from 0 to 7 nm.
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The parameters of pGEMEX supercoiled DNA molecules (molecule contour length,  distance between the 
nucleotides along the axis, molecule volume, etc.) determined from AFM images. 
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E1 
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B2 

 

1.35 0.28x 260 260b 1040 2.60 3470 

C2 

 

1.36 0.30x 270 270b 1080 2.70 3520 

D3 

 

1.74 0.84 260 260 1040 2.60 3980 

B1 

 

1.40 0.35x 548 548 1096 2.74 6300 

C1 

 

2.00 0.45x - 401 - - 6840 

E2 

 

2.60 1.85 - - - - 3620 

 



vol ume of struc ture equals to the dou ble vol ume of the sin -
gle scDNA pGEMEX. The char ac ter is tics of AFM im ages
of sin gle DNA mol e cules are shown in all the other po si -
tions of Ta ble 1, ex cept the dimer braid in po si tion E1.

We have sug gested the scheme of step-by-step com -
pac tion for sin gle DNA mol e cules, as well as for dimers, on 
the ba sis of the anal y sis of the ob tained AFM im ages (Fig -
ure 4). The po si tions B1, C1, D1, E1, marked with the
rect an gu lar, cor re spond to scDNA dimers, which was de -
fined on the ba sis of the vol umes cal cu la tion of the
above-men tioned mol e cules, all the other po si tions cor re -
spond to sin gle mol e cules. The least com pacted mol e cules
are shown in po si tions A1-A3, the most com pacted ones
are in po si tions E1-E3. The im age of scDNA pGEMEX,
im mo bi lized on freshly cleaved mica with Mg2+ ions, is
shown in po si tion A3. This mol e cule has 7-8 supercoiled

winds (knots or self-in ter sec tions), and the value of
superhelix den sity equals to у=-0.024. The scDNA
pGEMEX mol e cules, im mo bi lized on stan dard
aminomica (po si tions A1, A2) with the high value of sur -
face charge den sity in com par i son with freshly cleaved
mica, have a dif fer ent view. They are sim i lar to
plectonomic DNA mol e cules but are more com pacted, i.e. 
lo cal ized on the smaller area of aminomica.

Sev eral vari ants of scDNA com pac tion are ob served at
the tran si tion to mod i fied aminomica which is char ac ter -
ized by a con sid er ably higher sur face charge den sity in
com par i son with stan dard aminomica. The num ber of
knots in creases at the first stage and over-supercoiled DNA 
mol e cules are formed (B3), the length of the superhelix
axis of which equals to ap prox i mately a half of the con tour
length of the re laxed mol e cule, i.e. spe cific braids are

23

LIMANSKAYA O. Y. ET ALL.

¹ at 
Fig. 4 

Molecule (s) 
Height hmax 

(nm) 
Height hmin 

(nm) 

Contour 
length of 

super-coiled 
molecule L 

(nm) 

Super-helix 
axis length l 

(nm) 

Contour 
length of 
relaxed 

molecule Lrel 
(nm) 

The distance 
between 

nucleotides 
along  the 
superhelix 

axis  Í, (? ) 

Volume V, 
nm3 

F2 

 

3.45 0.30x - - - - 3140 

C3 

 

1.69 0.78 285 285b - - 3280 

D2 

 

3.00 1.25 140 140 - - 5180 

B3 

 

0.95 0.35x 580 580 - - 4440 

D1 

 

2.10 0.30x 267 267 - - 6570 

x – double-stranded DNA; à – the length of the first order supercoiled axis; b – the length of the second order 
supercoiled axis; c – picture was captured on mica, in the buffer containing MgCl2; 

d  – DNA picture was captured on 
standard aminomica. 



formed. This braid-like mol e cule folds in half at the sec ond 
stage – the length of the superhelix axis be comes two times
less and equals to ap prox i mately the quar ter of the con tour
length of the re laxed mol e cule (C3, B2, C2). The fur ther
for ma tion of braids (C3) is as pos si ble at this stage as the
for ma tion of tor oids (C2). The shorter braids with even
twice less length of the superhelix axis 1~140 nm (D2) are
formed at the third stage. Be sides, the for ma tion of the
minitoroid (D3) is pos si ble from the toroid (C2) as well as
from the braided mol e cule (C3). The fur ther com pac tion
of tor oids and braids leads to the ap pear ance of half-spher -
oids (E2) and spher oids at the fourth stage.

AFM im ages of these highly com pacted DNA mol e -
cules with high sep a rat ing ca pac ity are shown in Fig ure 5.
It is worth men tion ing that such tor oids ap pear in groups
(Fig ure 5A), as well as in sin gle struc tures (Fig ure 2A). It
in di cates that (i) protonated aminogroups are im mo bi lized 
not uni formly on the sur face of the mod i fied aminomica,
(ii) spher oids and half-spher oids are formed on the sites of
the mod i fied aminomica with the max i mum den sity of ac -
tive aminogroups.

An other vari ant of scDNA com pac tion is the com pac -
tion of dimers, rather than sin gle mol e cules. The mol e -
cules, the AFM im ages of which are shown in po si tions B1, 
C1, D1, E1, con sti tute dimers, which was de fined by us on
the ba sis of their vol umes cal cu la tion. At first two
plactonomic mol e cules (A1, A2) form braid-like struc tures 
(B1).There is a pos si bil ity of fur ther for ma tion of the toroid 
(C1, D1) or the braid (E1), the length of the superhelix axis
of which equals to the quar ter of the con tour length of the
re laxed mol e cule. Po si tion D2 also cor re sponds to the
toroid, formed by two mol e cules of over-scDNA.

The pa ram e ters of pGEMEX supercoiled DNA mol e -
cules (mol e cule con tour length,  dis tance be tween the nu -
cleo tides along the axis, mol e cule vol ume, etc.) de ter -
mined from AFM im ages.

Let us con sider the mech a nism of over-supercoiled
DNA com pac tion. Plactonomic DNA mol e cules with the
low value of superhelix den sity are seen in the AFM im age
at the im mo bi li za tion of DNA pGEMEX mol e cules on the 
sur face of freshly cleaved mica from the buffer, con tain ing
Mg2+ ions (po si tion A1 in Ta ble 1). Over-scDNA and
highly com pacted DNA mol e cules have not been vi su al -
ized in nu mer ous works on model sys tems, in clud ing
nucleosomes, de voted to the in ves ti ga tion of DNA com -
pac tion with dif fer ent pro teins (his tones, condensine) [2,
4, 5]. In our opin ion, the main rea son for it is the fact that
mica with the low value of the sur face charge den sity,
mainly with the us age of Mg2+ ions, was used in the ma jor -
ity of works as AFM sub stra tum. Mg2+ ions, sim i lar to Ca2+

ions, can hin der scDNA com pac tion. Thus, it was shown
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Fig. 4. The model of com pac tion of the supercoiled DNA mol e cules, sug -
gested on the ba sis of ob tained AFM im ages of the over-supercoiled DNA 
pGEMEX. A1, A2 – a stan dard aminomica, A3 - a freshly cleaved mica,
other AFM im ages were cap tured on mod i fied aminomica. The ar rows
in di cate the di rec tion of DNA com pac tion. The rect an gu lar in di cates
four dimers. Dif fer ent vari ants of com pacted DNA mol e cules are formed
at the in crease of the sur face charge den sity or the quan tity of protonated
aminogroups (i.e. at the tran si tion from fresh cleaved and stan dard
aminomica to mod i fied aminomica). B3 – over-scDNA which con sti -
tutes the superhelix axis of the first or der, and the con tour length of the
com pacted mol e cule equals to a half of the con tour length of the re laxed
mol e cule; B2, C2, C3 – over-scDNA, which con sti tute the superhelix
axis of the sec ond or der, and the con tour length of the com pacted mol e -
cule equals to the quar ter of the con tour length of the re laxed mol e cule;
D2 – over-scDNA, which con sti tutes the superhelix axis of the third or -
der (the con tour length equals to the eighth part of the con tour length of
the re laxed mol e cule); E2, E3 – spher oids; D3 – minitoroid, con sti tuted
with a sin gle DNA mol e cule. B1, C1, D1 – con densed struc tures, of two
DNA mol e cules.



in the work [17], that Ca2+ ions hin der DNA com pac tion in 
the com plex with histone pro tein HMGB1.

While mod el ing the pro cesses of DNA
over-supercoilization and com pac tion us ing a cir cu lar
poly propy lene tube, one can face one more ap par ent con -
tra dic tion. At first sight, the gen eral ten sion and curve ri -
gid ity of such a com pacted mol e cule should in crease at the
in crease in the quan tity of supercoiled winds as well as at
the for ma tion of the superhelix axis of the sec ond and the
third or der (i.e. at the spe cific fold ing of the braid two and
four times). Still the braid co mes to toroid con for ma tion at
a slight de crease in me chanic ri gid ity of the braid while
keep ing the max i mum quan tity of the coils (knots).On the
other hand, it was shown in the work [18] that
conformational ri gid ity of the supercoiled DNA in creases
con sid er ably at the in ter ac tion with histone pro teins while
form ing a tetrasome, a nucleosome, and a chromatosome.
The au thors ex plain the in crease of DNA conformational
flex i bil ity with the in crease in the ra dius of the DNA
supercoiled, which, in its turn, can be nec es sary for the
func tion ing of nucleosome DNA in cluded in chromatine. 

To un der stand the mech a nism of scDNA com pac tion
on the sur face of mod i fied aminomica, it is im por tant to
con sider the ques tion con cern ing DNA con for ma tion on
the sur face of charged mica. To an swer this ques tion, we
have vi su al ized the frag ments of DNA pGEMEX with of
1414 pn length (see Fig ure 1), which were ob tained
linearizing supercoiled DNA pGEMEX and am pli fy ing
with PCR. AFM im ages of amplicons, im mo bi lized on the

stan dard and the mod i fied aminomica, are shown in Fig -
ure 6. The con tour length of amplicons was mea sured di -
rectly from the AFM im age in two dif fer ent ways – us ing
the op tion of Nanoscope soft ware, as well as us ing
curvometer at mea sur ing the con tour length of amplicons
in the im age with the in creased scale. Both meth ods have
given re sults which co in cide with the ac cu racy of ±2.5 %.

The di a gram of the dis tri bu tion of the con tour length
of the amplicon, im mo bi lized on the stan dard aminomica,
is shown in Fig ure 7. The con tour length of this amplicon
equals to L=435 ±15 nm, which cor re sponds to the dis -
tance be tween nu cleo tides along the axis of the he lix
H=3.10  . This value is in the range of internucleotide dis -
tance, char ac ter is tic of both B-form of DNA (3.03   < H <
3.37  ) and A-form (2.56  < H < 3.29 ) [19]. At the same
time the con tour length of the same amplicon, im mo bi -
lized on mod i fied aminomica equals to L=296 ± 14 nm,
which cor re sponds to the dis tance be tween nu cleo tides
along the axis of the du plex H=2.09  . DNA mol e cules with
con sid er ably de creased value of the H ~ 2   have been re -
ferred by us to the new form of DNA – S-DNA (“S” from
the Eng lish word ‘spring’).

Thus, intramolecular re build ing of the mol e cules
them selves due to the screen ing of neg a tively charged
DNA phos phate groups with pos i tively charged
aminogroups of mod i fied aminomica [20], which leads to
the de crease in the dis tance be tween nu cleo tides along the
axis of the du plex, can be a cru cial fac tor of the com pac tion 
of over-supercoiled DNA mol e cules. The re sults, ob tained 

25

LIMANSKAYA O. Y. ET ALL.

Fig. 5. The AFM im age of com pacted mol e cules of supercoiled DNA pGEMEX. (A) Three minitoroids, formed by sin gle DNA mol e cules. The size of
the pic ture is 400 x 400 nm. (B) Half-spher oid, the height of which at the max i mum is hmax=2.6 nm. The height of the non-com pacted DNA strand
equals to hmin=0.3 nm, which cor re sponds to dou ble-chain DNA. The size of the shot is 250 nm x 250nm. (C) The spher oid, the height of which equals to 
hmax=3.45 nm. The size of the pic ture is 250 nm x 250 nm

 

50 nm 100 nm 50 nm 

A B C 



by us, show that the com pac tion of sin gle DNA mol e cules
is pos si ble in vi tro at the ab sence of pro teins, and the nec es -
sary con di tion for it is high sur face den sity of the pos i tive
charge of sub stra tum, on which supercoiled DNA is im -
mo bi lized. Ap ro pos, it has been shown in the pre vi ous in -
ves ti ga tions us ing X-ray photoelectronic spec tros copy
[21], that only 50 % of aminogroups are ac tive
(protonated) on the sur face of stan dard aminomica.

It is worth men tion ing that freshly cleaved mica, which 
has small to tal neg a tive charge, in flu ences con sid er ably on
the prop er ties of aminosilane aminogroups (APTES), used 
for its mod i fi ca tion. If the ion iza tion con stant of APTES in 
the wa ter so lu tion is pC ~ 10 [22], the ion iza tion con stant
of APTES on the sur face of mica de creases in ~ 3 units of
pH and equals to ap prox i mately pC ~ 7 [23, 24].

On the other hand, not only pC of APTES, but also pC
of nu cleo tides can de crease un der the in flu ence of mica
sur face prop er ties. It means that some ba sic ni tro gens can
be protonated at cer tain con di tions (i.e. in the con di tions
of DNA im mo bi li za tion on the mod i fied aminomica).
AFM im ages of a sin gle supercoiled DNA pGEMEX, im -

mo bi lized on mod i fied aminomica, are shown in Fig ure 8.
We have vi su al ized sev eral of such un usual mol e cules, the
frag ments of which con sti tute a spe cific net. One of the
rea sons of its ap pear ance can be the for ma tion of
intramolecular tri plexes or H-DNA. It is known that
H-DNA is formed for frag ments pu rine\py rim i dine DNA
se quences at pH~4 in wa ter so lu tion, i.e. the struc tural
tran si tion from B-DNA to H-DNA oc curs at pH de creas -
ing in 3 units from the phys i o log i cal value [25]. The val ues
of mol e cule ion iza tion con stants, im mo bi lized on mica,
move in 3 to acid pH. The anal o gous net of mol e cules of
plasmid DNA, im mo bi lized on freshly cleaved mica, was
vi su al ized in the work [26] only for the cer tain value of
Mg2+ ions con cen tra tion. These re sults in di cate that
supercoiled DNAs con sti tute the net only in the nar row in -
ter val of both sur face den sity of mica charge and DNA
con cen tra tion.

Thus, the us age of mod i fied aminomica with the high
value of sur face charge den sity re sults in ex treme com pac -
tion of sin gle supercoiled DNA mol e cules. The fol low ing
pro cesses can oc cur as a re sult of screen ing neg a tive
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Fig. 6. The im age of the am pli fied DNA pGEMEX frag ment, ob tained us ing atomic force mi cros copy. (A) The freshly cleaved mica. The size of the pic -
ture is 2.2 mi crom e ter x 2.2 mi crom e ter. The ex pected con tour length of the amplicon is L=485 nm in the as sump tion of B-form of DNA. The con tour
length of the amplicon, cal cu lated from the AFM im age, equals to L=435 ± 15 nm, which cor re sponds to the dis tance be tween nu cleo tides along the axis 
of the dou ble he lix H=3.07 ?. (B) The mod i fied aminomica with the in creased sur face charge den sity (of the protonated aminogroups). The size of the pic -
ture is 1 mi crom e ter x 1 mi crom e ter. The con tour length of the amplicon, cal cu lated from the AFM im age equals to L=296 ± 14nm, which cor re sponds
to the dis tance be tween nu cleo tides along the du plex axis H=2.09 ?



charges of DNA phos phate groups with pos i tive charges of
protonated aminogroups of mod i fied aminomica in DNA
mol e cules: (i) the de crease in the dis tance be tween nu cleo -
tides along the du plex axis and the for ma tion of S-DNA;
(ii) the for ma tion of intramolecular tri plexes, or H-DNA.
We as sume on the ba sis of the anal y sis of the above-men -
tioned re sults, that it is pos si ble to model pro cesses, oc cur -
ring with nat u ral DNA mol e cules in vivo us ing supercoiled
DNA, im mo bi lized on mod i fied aminomica, as DNA in
the nu cleus is in the en vi ron ment with the high den sity of
charged res i dues of dif fer ent mol e cules, pro teins in the first 
place [27, 30].

O. Ю. Лиманская, Л.  А. Лиманская, А.  П.  Лиманский

Компактизация суперсприральной ДНК на модифицированной

аминослюде

Резюме

С помощью атомно-силовой микроскопии визуализированы этапы
компактизации единичных молекул суперспиральной ДНК pGEMEX,
иммобилизованных на модифицированной аминослюде. При повышении 
уровня компактизации ДНК длина суперспиральной оси первого
порядка молекул уменшается от~580 до ~370 нм с последующим
образованием оси суперспирали второго и третьего порядков длиной
~260 и ~140 нм (~10 % от контурной длины релаксированной
молекулы) соответственно. Компактизация единичных молекул
завершается образованием минотороидов диаметром ~50 нм и
молекул сферической конформации. Предложена модель возможных
конформационных переходов суперспиральной ДНК in vi tro в
отсутствие белков. Показано, что компактизация суперспиральных
молекул ДНК до уровня минитороидов и сфероидов обусловлена
высокой поверхностной плотностью заряда аминослюды, на которой
иммобилизованы молекулы ДНК.

Ключевые слова: суперспиральная ДНК, атомно-силовая
микроскопия, аминослюда, компактизация ДНК, тороид.
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