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ABSTRACT

Comparative CD and X-ray diffraction studies of DNA compact particules
which were obtained in PEG-containing water-salt solutions, have been car-
ried out., Compact particules, formed from native DNA, produce a ¥ CD spec-
trum (characterized by a negative band at A~270 nm) and a small-gngle X-
ray diffrgction pattern, which shows two reflections: I at 34-40 A and II
at 80-90 A (together with its second-order reflection)., Compact particules,
formed from DNA molecules with partially disordered secondary structure, do
not produce the ¥ CD spectrum and the reflection I, while the reflection II
remains unchanged. It is suggested that the spacing of 34-40 A is assogiated
with a side-by-side packing of DNA fragments in "microcrystalline" regions
in compact particules and that such "microcrystallization" accounts for the
generation of theY CD spectrum.

INTRODUCTION

In the last few years reports have been made on the formation of a
compact form of double-stranded DNA in water-salt solutions, containing dif-
ferent polymers which did not interact with DNA (PEGI’Z, polyacrilate3). It
has been shown that DNA molecules, being in the compact form, differ from

1,4

those in linear, "open", form by their hydrodynamic ™’ ", biologicals and op-

t1c112’3’6 properties, in particular, by the appreciable optical density at
A> 320 om in their UV-spectra6 and by the presence of a negative band at
A~265-280 nm in their CD spectra (the so-called ¥ spectra)z’ 3. In accor-

dance with the electron microscopic olnmrvm:ionsz'7

DNA compact particles,
formed in the presence of PEG, have the shape of discs or doughnuts about
1,000 X in diameter. Using all these properties, characteristic of the DNA
compact form, one can easily detect its formation in a solution.

It should be pointed out that many properties of the DNA compact par-
ticles, formed in PEG-containing solutions (e.g. the toroidal shape, speci-

fic CD spectra) are similar to those of DNA complexes with some polyamino-

2353
© Information Retrieval Limited 1 Falconberg Court London W1V 5FG England



Nucleic Acids Research

8-I1 12,13

acids or histones . For this reason one may suppose that the DNA
compact particles, obtained in PEG-containing solutions, may be regarded as
a model for DNA compact state in vivo (in phages or in chromosomes) and
that the study of such particules may give information about possible types
of packing of double-stranded DNA molecules.

Earlier it was suggested3’ll’

that the appearance of a specific CD
spectrum of native DNA in PEG-containing solutions was connected with a re-
gular folding of DNA double helixes. Recently an X-ray diffraction study of
the DNA compact form, obtained in the presence of PEG, has been carried
outls. The small-angle X-ray scattering maximum at 38,2-25.3 g, observed in
this work, was attributed to the distance between the axes of DNA molecules,
arranged parallel to each other in compact particules. However, no charac-
teristics of these particules have been reported; at the same time the com-
pactization conditions, used in this work, in particular, extremely high
DNA concentrations (CDNA~ 350 pg/ml) significantly differed from those, be-
ing optimum for CD studies (cDNA< 30 jug/ml).

In the present paper we report a comparative study of X-ray diffraction
patterns and CD spectra of DNA compact particules, formed in PEG-containing
solutions under similar conditions, which minimized the possibility of a

non-specific intermolecular aggregation of DNA.

MATERIALS AND METHODS

&.cofi DNA was kindly given by Prof. G.P., Georgiev (Institute of Mo-
lecular Biology, Moscow); Tetrahymena pyriformis DNA - by Prof. V.I. Vo-
robjov (Institute of Cytology, Leningrad); calf thymus DNA - by Prof. H.Ven-
ner (The Central Institute of Microbiology and Experimental Therapy, Jena).
Highly polymerized preparations of DNA from chicken blood ("Reanal", Hun-
gary) and ("Calbiochem", USA) were used without additional purification;

DNA from cattle spleen (Olajne, USSR) was purified by pronase t:l:eat:mem:16

and chloroform-isoamyl alcohol precipitationn

. The protein and RNA content
in DNA preparations, used in this work, was determined by standard Pproce-
18,19 and did not exceed 1% and 0.I%, respectively. All DNA stock so-

lutions were centrifuged at 105,000 g to remove possible high-molecular

dures

weight polysaccharide-like impurities and then dialized against a 0.3M NaCl
solution. All DNA preparations were shown to be fully native by acid titra-
tion and heat denaturation criteria. 8(:0& DNA had a molecular weight of
about 107; it was sheared in an ice bath, using an ultrasound desintegra-
tor "Y3QH-IYY .2" (22 kc; the sonication time - 10-20 sec.). PEG prepara-
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tions of molecular weights 20,000 (fur die Gas-Chromatography, "Merck", West
Germany) and 4,000 (Schuchardt" , Minchen) were used. Before the mixing with
DNA all water-salt solutions, as well as those, containing PEG, were passed
through membrane filters "Synpor" ("Chemapol", Prague).

DNA compact particules were prepared by a standard pr:oc:eclure7 - by
the mixing of equal volumes of DNA and PEG solutions, both containing 0.3M
NaCl and 0.01 M phosphate buffer, pH 6.8 unless specifically mentioned. Af-
ter shaking the mixtures were left to stand for I2 h. at room temperature.
The DNA concentration in PEG-containing solutions did never exceed 25 }ug/ml.
Compact particules were formed from native DNA molecules as well as from
those with altered secondary structures by the following procedures.

I. The mixing of solutions, containing PEG and native DNA,

2., The mixing of solutions, containing PEG and heat denaturated DNA.
(DNA was heated at 100°C for I5 min. and then cooled quickly to 0°C; the
remaining hyperchromic effect was about 10%,)

3. a) The mixing of solutions, containing PEG and acid denaturated
DNA; both solutions were acidified (0.1 N HCl) to pH 2.3 before the mixing.
b) The acidification of the mixture, containing DNA compact particules,
which was prepared by the procedure (I), to pH 2.3,

4, The "condensation" of DNA in the absence of PEG by the acidification
of the DNA solution (CDNA~ 10ug/ml; 0.3 M NaCl) to pH 2.020.

5. The precipitation of DNA in the absence of PEG with a twice volume
of ethanol (CDNAN 50]ug/m1; 0.3 M NaCl).

In each case before the preparation of a sample for X-ray analysis
absorption and CD spectra of compact particules were recorded, using the
"Hitachi" spectrophotometer (Japan) and the "Roussel-Jouan" CD-I85 dichro-
graph (France), respectively.

In order to prepare a sample of DNA compact particules for X-ray dif-
fraction studies one needs nearly as much as I mg of DNA. Since DNA concen-
trations in PEG-containing solutions were relatively low (see above), it
was necessary to concentrate the compact particules from 60-70 ml of a so-
lution. The concentration was achieved by centrifugation of the solutioms,
containing the compact particules, for 40 min. at 6,000 rev./min. The super-
natant was decanted and the pellet of the compact particules (with a small
amount of mother liquor) was placed in a quartz X-ray capillary (and cen-
trifuged once more, if necessary). Dense pellets of DNA compact particules,
thus obtained, covered with a thin layer of mother liquor, were used as
samples for X-ray diffraction studies.
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X-ray powder diffraction photographs were taken with an evacuated X-
ray diffraction camerazl, using CuKy radiation from a BSV-9 tube (2.5 ma;
50 kV) or from a BSV-IO tube (IS5 ma; 40 kV) and a nickel filter (some photo-
graphs were obtained without the filter). The beam was collimated to a spot
about 150ﬂ4 in diameter; the specimen-film distance was 150-200 mm. Exposure
times ranged between 12 and 48 h.

Samples for electron microscopic studies were prepared as follows. DNA
compact particules were deposited on the parlodion(I% solution)-coated grids
by touching the surface of the PEG-containing solution with the grids. The
grids were dried on filter paper and the samples were stained with 1% aqu-
eous uranyl acetate (40 sec.). Electron micrographs were taken with a JEM
I00 B electron microscope ("JEOL", Japan) at the voltage of 80 kV.

RESULTS AND DISCUSSION

Compact particules, formed from native DNA molecules. Fig.I shows the

CD spectra of PEG-containing solutions of S.CO&' DNA, together with the
spectrum of a PEG-free DNA solution. One can see that on the addition of

PEG to a solution of native DNA (the procedure (I), see Materials and Me-
thods) the conservative PEG-free CD spectrum (curve 1) undergoes a change

to a pattern (curves 2-5), which was designated by the term 14 3. Its cha-
racteristic feature is a negative band at A minN270-280 nm. It can be seen
that the amplitude of this band varies with the molecular weights of DNA
(compare curves 2 and 4) and of PEG (compare curves 4 and 5) as well as with
the PEG concentration (compare curves 3 and 4), in accordance with results,

obtained earlier2’3’22

. Similar changes in the shape of CD spectra were ob-
served on the addition of PEG to DNA from different sources (see Materials
and Methods), the only difference being in the amplitude of the negative
band.

At DNA concentrations (CDNA=215-250}ug/m1) about ten times those used
in the CD studies (CDNA~'20ﬁug/md) a macroscopic precipitation of DNA usual-
ly occurs soon after the mixing with PEG. Nevertheless, solutions, contain-
ing such aggregates, also displayed 99 CD spectra, though with markedly di-
minished amplitudes of the negative band as compared to the case of a dilute
DNA solution (the difference being possibly due either to the effect of
light-scattering by the aggregates or to a high probability of a non-speci-
fic aggregation in concentrated solutions).

Fig.2 shows X-ray powder diffraction patterns, characteristic of the

compact particules, which were formed from native 8 CO&' DNA molecules by
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Fig.I. The CD spectra of native g.CO& DNA in PEG-free and PEG-containing
water-salt solution’, prepared by the procedure (I): I - in the absence 8f

PEG, m.w._.,~1.3x10"; 2 - C__ =150 mg/ml, m.w._ _.=20,000, m.w, . ,=7.4xI0";
3 -’c -w-g/ml, m'w.RF. N , n.v.w‘?.lms; 4 - (2P 'Iw:as/ml.
:.:;Pfsszo,ooo, MW, A LIXIOT; 5 - cPBG 50 mg/ml, m.w.l,m-a,ooo, m.v. i

the procedure (I), at cPEG-ISO mg/ml, and characterized by the ¥ CD spectra
(see Fig.I). It can be seen that the wide-angle pattern (Fig.2a) shows a
set of diffuse rings at the spacings of 3.4; 4.3; 5.6; 8.6 and 12.8 R, while
the small-angle patterns (Fig.‘z’b-d) show two reflections at dI=34-37 X (the
reflection 1) and at d,=80-90 A (the reflection II) (together with the se-
cond- and the third-order reflections). It must be pointed out that relative
intensities of the reflections I and II may vary for different preparations
of &. co&? DNA: as a rule, they are either comparable (Fig;2b) or the in-
tensity of the reflection I is greater than that of the reflection II (Fig.
2¢). For one preparation the ring I1 appeared to be even more intense and
sharp than the ring I (Fig.2d). (The reasons of such variations of the in-
tensities were not studied in this work.) Sometimes the pushing of a pellet
of DNA compact particules through a capillary resulted in its partial orien-
tation, Then the 3.4 X reflection became parallel to the axis of orientation,
wvhile the small-angle reflections I and II were found near the equator (Fig.
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Fig.2. X-ray powder diffraction patterns of é; cof& DNA compdct particules,
obtained by the procedure (I) at C__ =150 mg/ml; m.w. EG=20’000' a) A wide-
angle pattern., b-d) Small-angle pagggrns, characterisglc of different & coli
DNA preparations (in the case (d) the sample was partially oriented).

2d). Compact particules, formed from all other types of DNA (see Materials
and Methods) showed an intense reflection I and a more weak and diffuse ref-
lection II.

It was found out that in the case of any particular 8.CO!1; DNA pre-
paration the small-angle pattern did not change with the molecular weights
of DNA (I.3x10’-5.4x10°) and of PEG (4,000-20,000), while the value of a4
slightly varied with the PEG concentration (dI=34-37 X and ~40 : at CPEG=
I50 and 80 mg/ml, respectively). A tenfold increase in the DNA concentration
above the usually used value of about ZOJug/ml did not cause any noticable
changes in small-angle patterns.

Fig.3a shows an electron micrograph of the DNA compact particules,
=120 mg/ml. In accor-

PEG
, the particules appear as dough-

formed by the procedure (I) at CD ~ I0ug/ml and C

NA 3.4

dance with results, obtained earlier™’
o

nuts (sometimes as discs) I,500-2,500 A in diameter, the diameter of the

o
hole being 500+I50 A. Some structure appears to be discernible in these
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Fig.3. Electron micrographs of

DNA compact particules, formed from:
a) native DNA (by the procedure (I));
b) heat denaturated DNA (by the proce-

dure (2)).

c_. =IO géml; C...=120 mg/ml;
DNA  __B6" PEG
m.w.DNA—IO P MWL pes 20,000
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particules.

Compact particules, formed from DNA molecules with disordered secon-
dary structure. Fig.4 shows the CD spectra of 8 cole DNA, brought into a
compact (or a "“condensed") state according to the procedures (2), (4) and
(5), together with the spectrum of a PEG-free DNA solution. It can be seen

that the spectra of compact particules, formed from heat denaturated DNA
(the procedure (2), curve 2), and of the DNA "condensed" form, obtained in
the absence of PEG (the procedure (4), curve 3), resemble the spectrum of
native DNA in a PEG-free solution (curve I), though with markedly diminished
amplitudes of the positive and the negative bands. The spectrum of DNA, pre-
cipitated with ethanol (the procedure (5), curve 4) resembles that of DNA
in the A form. The intensities of both bands in the CD spectra of the com-
pact particules, formed from acid denaturated DNA (the procedures (3a,b)),
were close to zero.

Thus all types of the DNA particules, described above, do not display
the (// CD spectrum, which i8 characteristic of compact particules, formed
from native DNA molecules (see Fig.I). It should be pointed out that in all
these cases the DNA molecules were double-stranded, but in contrast to na-
tive DNA their secondary structure was more or less disordered. The heat de-
naturated DNA molecules, used according to the procedure (2), had some
double-stranded regions due to their partial renaturation, as judged by the
remaining hyperchromicity value of about 1I0%. The acid denaturated DNA mo-
lecules (the procedures (3a,b) and (4)) also must have some double-stranded
regions, since a complete strand separation does not occur under the employ-
ed condicionozo. The precipitation of DNA with ethanol also does not lead
to the DNA strand separation.

Two examples of small-angle X-ray diffraction patterns of compact par-
ticules, formed from acid denaturated DNA by the procedure (3a) are present-
ed in Fig.5. They show only the reflection II (d =84 A) and its second-order
42 A reflection. The comparison of the pattems. presented in Fig.5a and
5b, demonstrates, that the intensity of these reflections may vary depend-
ing upon the DNA preparation, similar to the case of native DNA (see Fig.2b-
d). Compact particules, formed from heat denaturated DNA, produced the small-
angle patterns, similar to those, presented in Fig.5, though the reflection
11 became more diffuse and less intensive. Compact particules, formed by the
procedures (3a), (3b) and (4) generated identical reflections. However, the
acidification of high molecular weight DNA (u.v.~107) to pH 2.0 (the pro-
cedure (4)) resulted in a formation of macroscopic aggregates, which did
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Fig.4. CD spectra of 6.Coét DNA molecules with partially disordered se-
condary structures in PEG-free and in PEG-containing solutions: I - in the
absence of PEG; 2 - heat dynaturated DNA (the progedure 2)), c EG=150mg/m1,
mw. ., =20,000, m.w. A=I ; 3 - DNA (m,w_=8.1xI0"), acidified to pH 2.0
(the procedure (4));D¥ - DNA (m.w.=8.IxI0"), precipitated with ethanol (the
procedure (5)).

a b

Fig.5. Small-angle X-ray diffraction patterns of compact particules, formed
from acid denaturated § cof: gNA by the procedure (3a). C EG’ISO mg/ml;
mw. G=20,000; m.w. =8.1xI0". a), b) - patterns, characgeristic of dif-
ferenE &.col, DNA preparationms.

not generate any small-angle reflections. Neither were the small-angle ref-

lections observed with ethanol precipitated DNA samples. Wide-angle X-ray
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diffraction patterns of compact particules, formed from denaturated DNA,
showed only one diffuse ring at a spacing of about 3.4 K.

Fig.3b shows an electron micrograph of a typical particule, formed
from heat denaturated DNA (the procedure (2)). It can be seen that such
particules have the shape and dimensions almost the same as in the case of
native DNA (see Fig.3a); however, they never possess a hole in the centre
and a definite substructure, observed with native DNA.

The experimental results, described above, demonstrate that compact
particules, formed in PEG-containing water-salt solutions from native DNA
molecules under various conditions (different molecular weights of DNA and
of PEG, different PEG concentrations) always produce a typical (,U CD spec-
trum and a small-angle X-ray diffraction pattern which shows two reflections:
the reflection I at d1=34-40 X and the reflection II at d2-80-90 K. As for
the particules, formed from DNA molecules with disordered (or altered) se-
condary structure, they show neither the W CD spectrum, nor the reflection
I; their small-angle X-ray diffraction patterns contain only the reflection
II.

Let us consider at first the reflection I, which is characteristic of
compact particules, formed from native DNA. The data, described above, de-
monstrate that: I) the samples of compact particules, formed from heat or
acid denaturated DNA did not show the reflection I; 2) the position of the
reflection I was independent of the molecular weight of PEG. These data, to-
geter with the fact that small-angle X-ray diffraction from crystals or ori-
ented films of PEG (m.w. 20,000) yielded only a diffuse ring at about 150 X,
indicate that the reflection I does not come from PEG. Since the reflection
I was observed with the samples of native DNA from different sources, it
may be inferred that it does not come from contaminations in the DNA pre-
parations. Thus the reflection I should be attributed to native DNA molec-
ules being in the compact form. The equatorial orientation of this reflec-
tion indicates that it does not reflect the axial periodicity of the DNA
double helix. This conclusion is confirmed by the absence of the reflection
T in the case of double-stranded DNA, precipitated with ethanol. Thus one
may infer that the spacing of 34-40 g arises from a long-range ordering of
DNA chains in compact particules. Since the period of 34-40 : is close to
the dimensions of the unit cells, observed in "crystalline" DNA fiber323,
it is plausible to suppose that the reflection I is assosiated with a side-
by-side packing of DNA fragments, which have been drawn together in the

course of compactization and form ordered regions, which one may call "mic-
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rocrystalline". Similar interpretation was givenls to the low-angle X-ray
scattering maximum, which was observed for DNA in PEG-containing solutions

at high DNA concentrations (C 3501u3/ml). This scattering maximum cor-

~
responds, most prohably, to t::Areflection I under consideration, since it
has been shown (see above) that the small-angle X-ray diffraction pattern
of DNA compact particules was independent of the DNA concentration (in the
range 20-250]ug/m1).

In accordance with the X-ray diffraction data, electron micrographs
show that the compact particules, formed from native DNA molecules (see
Fig.3a) possess not only a more or less uniform size and a specific dough-
nut shape, but also a definite internal structure. On the contrary, compact
particules, formed from heat denaturated DNA, never possess a characteristic
doughnut shape and lack any detectable substructure (see Fig.3b).

Thus, only native double-stranded DNA molecules, being driven into a
compact state, form particules with an ordered internal structure, which is
characterized by the period of 34-40 ﬁ. It may be supposed that such order-
ing (the formation of "microcrystalline" regions) involves specific inter-
actions between adjacent fragments of the DNA double helixes, which may be
realized only in the case of a perfect secondary structure,

Another important conclusion may be driven from the comparison of the
X-ray diffraction data and the CD spectra of the DNA compact form. Since
aggregation of DNA is not always followed by the appearance of the ﬁU spec-
trum, as it happens in the case of compact particules, prepared by the pro-
cedures (2)-(5), it may be inferred that the Y’spectrum is not merely an
opt;cgl zrtifact, produced by aggregation, but reflects, as suggested earl-
ier™’ o1

ticules. It has been shown above that in the case of native DNA the ref-

certain pecularities of the internal structure of the compact par-

lection I and the‘? spectrum always appear simultaneously. This correlation
suggests that the 4’spectrum is generated by an ordered (possibly side-by-
side) arrangement of DNA double helixes within the compact particules. Data,
available from the literature, give further support to this conclusion, as

it has been shownzl"25

that a formation of a cholesteric liquid-crystalline
structure may be accompanied by specific optical effects, in particular, by
a CD spectrum with intense negative or positive bands.

As for the reflection II, the results, described above, show that it
is essentially independent of whether the DNA molecules possess a native
secondary structure or not. The fact that this reflection does not change

with the molecular weight or with the concentration of PEG and appears also
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in the case of the DNA "condensed" state, obtained in the absence of PEG
(the procedure (4), sonicated DNA) indicates that the reflection II does

not come from PEG. It is hard to imagine that the reflection II can come
from impurities in the DNA preparations, since it was observed with DNA

from six different sources and disappeared in the cases of intermolecular
aggregation of DNA in ethanol or at pH 2.0 (the procedure (4), high molec-
ular weight DNA). The data, available at present, do not provide enough in-
formation for a reliable interpretation of the reflection II. However, it
should be noted that the spacing of 80-90 : does not contradict, for example,
to a lateral packing of DNA superhelixes (according to different models,

° -
the external diameter of the DNA superhelix may vary from 40 to 106 A26 29)
or to a "folded-chain" structureao-u. Similar reflections were observed

(though not discussed) in concentrated gels of nucleohistones33. The equa-
torial spacing of 80-90 K may be assosiated also with the possible addition-
al ordering of the compact particules during the centrifugation step and
correspond, for example, to the "thickness" of the particule. In either case
the regularity, which accounts for the reflection II, does not generate the
specific ¥ oo spectrum of compact particules.

As mentioned above, the wide-angle X-ray diffraction pattern or DNA
compact particules, in accordance with results, obtained earlierls, shows a
set of reflections, which resemble those, characteristic of DNA in the B~
fiber structure. However, this fact provides no basis for the conclusion
that the whole DNA molecule within the compact particule is in the B form.
For example, from the model of ordered compact particules, proposed above,
it follows that the confermation of some DNA fragments, which interact with
each other within the "microcrystalline" regions, may differ from that of
the B form, while other DNA fragments will retain the B conformation and
give the corresponding wide-angle pattern.

The above-made comparison of diffraction and CD patterns of DNA com-
pact particules, formed under various conditions, reveals essential differ-
ences in their internal structure. It was found out that compactization of
DNA is not necessarily accompanied by a formation of "microcrystalline" re-
gions in compact particules and, as a consiquence, by the generation of the
Y o spectrum, In this connection the use of the term "Y-form" as acronym
of "polymer-salt-induced" (psi) for description of all cases of DNA com-
pactization in the presence of salt and polymer does not seem to be justi-
fied. We suppose the use of this term to be expedient for designation of
those compact particules, which were formed from native DNA molecules and
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produee a ¥ cp spectrum and an X-ray diffraction pattern, indicative of an

ordered internal structure of the particules.
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