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ABSTRACT

Some peculiarities of compactization of double-stranded DNA molecules
containing methylated nitrogen bases have been studied in water-salt solu-
tions of PEG. It is shown that the methylation of N/ - atoms of guanyl re-
sidues in original DNA molecules does not prevent the formation of DNA com-
pact particles, but results in a decrease of the amplitude of th; negative
band in the CD spectrum of compact particles. The influence of N’ - guanine
methylation on the shape of the CD spectrum being the greater, the lower is
the concentration of PEG. The dependence of the negative band amplitude in
the CD spectrum on the content of methylated guanyl residues is practically
the same for low-molecular weight DNA’s from different sources. The observed
decrease in the negative band amplitude is interpreted as a result of alte-
ration of guanyl residue orientation relative to the helix axis which leads
to diminished optical activity of the "microcrystalline" domains of compact
particles. The evidence obtained suggests that changes in the secondary
structure of DNA lead to considerable differences between CD spectra of
compact particles of methylated DNA and ‘Y - form of DNA. ( The changes in
the CD spectrum gf the DNA compact particles occur also as a result of
methylation of C” - atoms of cytosine residues). It is suggested that the
negative band in the CD spectrum can be used as a criterion for detection
of negligible alterations in the DNA secondary structure.

INTRODUCTION

It has been shown 1-4 that the addition of poly(ethylene glycol) to neu-
tral water-salt solutions of double-stranded polynucleotides (DNA,RNA) re-
sults in the formation of compact particles, the particles formed from the
native double-stranded DNA or RNA being characterized by a regular specific
packing of the polynucleotide chain ( ¥ - form of DNA or RNA). Such speci-
fic packing may be one of the reasons of the appearance of an intense band
in the CD spectrum. It has been suggested 5-7 that the packing of the poly-
nucleotide chain and, consequently, the intense band in the CD spectrum are
affected by alteration in the parameters of the secondary structure of the
polynucleotides. This suggestion is borne out by the results of studies on

the compactization of DNA in water-salt solutions of different acidity. It
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has been shown that while the protonation.of nitrogen bases does not prevent
the formation of compact particles, it leads to a decrease of the specific
CD band as compared to the case of ‘Y - form of DNA 6.
The purpose of this study was to elucidate the correlation between the
specificity of DNA packing in a compact particle, the degree of defective-
ness of its secondary structure, and the peculiarities of the CD spectrum,
For this purpose compact particles were formed from DNA molecules with diffe-

rent content of methylated bases and their CD spectra were compared.

MATERIALS AND METHODS

DNA from Streptomyces chrysomallus and calf thymus have been methylated
chemically (by means of dimethylsulfate) in 2M NaCL in the presence of
tri-n-butylamine according to the procedure described in details 8. The

procedure used assures incorporation of the methyl group predominantly into
N7-position of guanine. To evaluate the degree of methylated bases, DNA was
hydrolyzed with I N HCL during 20 min at 100°C followed by fractionation of
hydrolytic products on Dowex 50x8 or IR 120 columns. The compositions of
methylated DNA’s are given in table I, No methylated adenine could be
detected in the samples by this method.

The melting curves of methylated DNA were sharp, but the melting tempe-
rature decreases with increasing amount of methylated guanine. (For example,
for DNA Streptomyces chrysomallus Tmav84oc (0% MeG; 0.02 M NaCLOa) and
T}{v75°C (42% MeG; 0.02 M NaCLOA). In accordance with previous data 8,
lowering of Tm indicates the alterations in the base-base interactions and
in the repulsion forces between phosphate residues due to the formation of
positively charged MeG-sites,

In order to prevent the hydrolysis of methylated DNA samples all solu-
tions were stored at + 4°C.

DNA samples of molecular weights smaller than that of original samples
were obtained by ultrasonic depolymerization at + 0.4% (using a Y3AH dis-
integrator, 35 kHz, sonication time from 3 to 30 sec). After the depolymeri-
zation DNA solutions were dialyzed against 0.3 M NaCL. The molecular weights
of DNA samples were determined from their sedimentation ceefficients using
the formula of Crothers - Zimm ° (table I).

In titration of DNA with distamycin A ( R 303 nm = 30,000; "Calbiochem'",
USA) 1.0 pml of distamycin (2.5x10-3; HZO) was added to 1.8 ml of DNA
(15 pg/ml; 0.3M NaCL)7. The resulting titration curves (which reflect the
binding of distamycin to AT-regions of DNA) are presented in Fig.l as a
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Iable I. Characteristics of the DNA samples

ktr. chrysomallus DNA (72% GC) Calf thymus DNA (42% GC)

content of MeG (%) mol.weight content of MeG (%) mol.weight

0 6.30x100 0 12. 6010

0.51xIO6 0.51x106

0.26xIO6 0.26x106

0.20xI0 0.20x10

2% 6.30x107 20 12.60x10;

O.SIxIOG O.SIXI06

0.26x106 0.26x106

0.20xI0 0.20xI1I0

42 6. 30x10% 35 12. 60x105

0.80x106 I.OOXIO6

0. 33::106 0. 33::106

0.20xI0 0.20xI0

dependence of amplitude of the positive band in the CD spectrum ( A = 330 nm)
on "r" ("r" - the number of moles of distamycin per mole of DNA base pairs).
The Cs-cytosine

' ! T T T methylation has been per-
formed in vivo IO. DNA

p preparations containing
methylated Cs-cytosine
were isolated from rat

liver 8-I0 and 24 hours

aA 33 .,cm

after the intravenous
1 injection of 4-methyl-
2,6~di~t,~butylphenol

("ionol"). The content of

methylated cytosine was
determined as describedlo.
To form DNA compact

Fig.I. Dependence of amplitude of the positive
band (A.Aaao) in the CD spectrum upon dista- particles in PEG-containing
mycin A addéd (calf thymus DNA, content of MeG .

in DNA: curve I-0; 2-4; 3-20; 4-35%; mol. wt solutions (mol. wt 20,000;
of DNA = 0.32x106); "Merck", West Germany)

the procedure described
previously in details was used 3’5. In order to avoid intermolecular aggre-
gation the final concentration of DNA in the solutions prepared was 5)ug/ml;
the concentrations of PEG were 80, I00 and I50 mg/ml.

The formation of compact particles in all cases was demonstrated by the
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apparent optical demsity in the DNA absorption spectrum I as well as by
electron microscopy 3.

The absorption spectra of DNA water-salt solutions in the absence and
in the presence of PEG were recorded with a "Beckman" spectrophotometer
(USA). As an example, Fig.2 shows the absorption spectra of calf thymus DNA
(35% MeG) in water-salt solutions in absence and in the presence of PEG.

The appearance of absorption at A >320 nm points to the formation of
large DNA particles in PEG-containing solutions (CPEGaSO mg/ml) in spite
of modification of DNA molecules. Similar changes were observed in the ab-
sorption spectra of Str. chrysomallus DNA.

The CD spectra of PEG-containing DNA solutions were recorded with a
"Roussel-Jouan CD-185" dichrograph (France) using 3 cm cells.

0D — ) /' ’ N ’ ' ! Fig.2. Absorption
LN i spectra of calf
0"0[ y/ \ thymus DNA (35% of
MeG) in water-salt

- solutions (0.3 M
NaCL) in the absence

0.08

\ of PEG and in the
0.061 \‘\ 80 mg/mi : presence of 80 and
\X 100mg/mi 100 mg/ml of PEG.
0.04} ' ] (Mol. weight of DNA
) \ N - 12.60x10°).
0.02} \\ J
\ \N\
S~ Tl
0 L el — e —
220 260 300 340 380

RESULTS AND DISCUSSION

Fig.3 compares, as an example, CD spectra of solutions of methylated
DNA’s from Str. chrysomallus and from calf thymus in presence of PEG. Each

series of spectra corresponds to DNA samples having the same content of MeG
and differing only in molecular weight. This figure shows that there is a
complex dependence between the negative band amplitude (a€ 270) and the
molecular weight: as the molecular weight decreases, the amplitude at first
increases to reach a maximum and then decreases. The dependence obtained

coinside with previous results 12, where the dependence of o€ on mol.

270
weights of double-stranded DNA has been measured thoroughly. A dependence of

a € 270 UpPoR molecular weight of DNA shown in Fig.4 indicates that the maxi-
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Fig.'% of © mol. Fig. % of' mol.

| Meg weight ‘[ DT T T . MeG:weight
a 0 6.30x102(1) 0 = — 0 12.60x102(1)
0. STx10%(2) 0. SIXI10(2)
0.26x107(3) 0. 26x10° (3)
0.20x10%(4) 0. 20x10°(4)
b 24 6.30x102(1) 20 12.60x102(1)
0.51x106(2)~so 0. 5Ix10,(2)
0.26x106(3) 0.26x106(3)
0.20x10%(4)-80 0.20x10°(4)
¢ 42 6.30x102(1) 35 12.60x102(1)
0.80x106(2) I.00x106(2)
0'33XI06(3)' 0.33x106(3)
0.20x10°(4) 0.20x10°(4)

Fig.3. CD spectra of Str. chrysomallus DNA (a-c) and of calf thymus DNA (d-f)
with different content of MeG in water-salt solution (0.3 M NaCL) containing
100 mg/ml of PEG. Content of MeG and mol, weights of samples - see left and
right panels. The dotted line indicates the CD spectra in the absence of

PEG (the ordinate is in the centre of the figure).

mum in A€270 corresponds to molecular weight of ~5x105. This “critical"
value of molecular weight is independent of the nature of DNA samples used
and of the percentage of methylation. The existence of critical molecular
weight indicates that compact DNA particles with high optical activity

(¥- form of DNA) can be formed from molecules. whose lenght is close to 500
base pairs. It should be noted that the existence of a "critical" length of
DNA required for the formation of the optically active compact particles is
supported by data on enzymatic cleavage of the DNA molecule forming a compact
particle 3 as well as by the results reported 12,14.

Comparison of CD spectra of DNA samples having the same molecular weight
and differing in the content of MeG (see Fig.3) points to a considerable
effect of methylation on the negative band amplitude (&€ 270), this effect
being the greater, the smaller the value of cPEG' The dependence of A8270

on content of MeG for Str, chrysomallus and calf thymus DNA’s (mol.wt
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Str. chrysomallus
1— 0% MeG
22"/ MeG
3-42°% MeG

T T T T T T T T T T T T

' L A 1 A 1

1- 0% MeG
2-20% MeG
3-35% MeG

calf thymus

mw DNAx10°6

8 0 2

Fig.4. Dependence of the amplitude
of the negative band (A€ ,;¢) in
the CD spectrum on the molecular
weight of DNA (I00 mg/ml of PEG;
0.3 M NaCL).

A/SxIOS) shown in Fig.5 indicate that the negative band intensity diminishes

as the percentage of MeG in DNA is increased. However, the dependence of

8E 9,
different sources.

on content of MeG is practically the same for DNA samples from

There may be two possible explanations for the observed decrease of the

negative band amplitude in the CD spectrum of compact particles with increa-

se of MeG. First, methylation of DNA may prevent the formation of compact

particles as result of considerable denaturation of DNA, Second, the methyla-

tion of N7-guanine may lead to a change in the stacking interaction and in

the interaction with other bases within "microcrystalline" domains is com-

pact particles (formed at a given concentration of PEG) and, consequently,

to a change in the contribution of GC base pairs to the optical activity on

the compact particle, It means that the compact particles formed from

methylated DNA molecules are characterized by CD spectra with decreased ne-

gative band amplitude despite the ordered packing of the DNA chain in com-

pact particles.

Our measurements of absorption spectra (see Fig.2) indicate that
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Fig.5. Dependence of the amplitude
of the negative band (&€ 37¢0) in
the CD spectrum on the content of

N\
MeG in Str. chrysomallus and calf
L0 40044 4, thymus (CT) DNAls (mol.wt of DNA
0 10 20 30 40 ~ 5x105; Cprg™ 80 mg/ml (dotted

lines) and I00 mg/ml (solid lines);
% 7Methyl-G 0.3 M NaCL).

methylated DNA molecules may form particles in PEG-containing solutions
(CPEG)80 mg/ml). Electron microscopy of methylated DNA molecules in PEG-
containing solutions revealed toroid-shaped particles with an external dia-
meter of about 1600 £ (Fig.6). The shape of the compact particles formed
from methylated DNA molecules is very similar to the shape of the compact
particles of Y -form of DNA. These results therefore rule out the first
alternative and favour the second one. Consequently, the methylation of DNA
molecules does not prevent the formation of compact particles in PEG-contain-
ing water-salt solutions. The supposition that the decreased negative band
amplitude in the CD spectrum is due to alteration (but not denaturation) of
GC base pairs in the double helix as result of methylation, is also con-
firmed by the fact that at Cppg = 80 mg/ml, i.e., when the number of optical-
ly active "microcrystalline" domains formed in compact particles is still
small 1°
to "inhibit" the optical activity of compact particles (Fig.7).

It should be noted also that it is only at CPEG slightly exceeding the
"eritical” concentration of PEG, which is necessary for formation of compact

, the methylation of small number of guanyl residues is sufficient

particles, the A&270 value is dependent on the nucleotide composition:

the higher the content of GC base pairs, the higher the value of AE 270°
However, this dependence may be not connected with a larger contribution of
GC base paits (in comparison with AT base pairs) to the negative band inten-
sity, but rather indicates that GC-rich DNA’s form "microcrystalline" domains

in compact particles at lower PEG concentrations ‘[4’16.
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Fig.6. Electron micrographs (a) of DNA Str., chrysomallus DNA (42% of MeG,
150 mg/ml of PEG) and (b) of calf thymus DNA (35% of MeG, I00 mg/ml of PEG),

L€ |  Str.chrysomalius | calf thymus
i W2%MeG | 20% MeG
/_\
0
- ‘0 - -+
.20 - -+
.30> -+
.Lo - -+

240 270 300 240 270 300
A ,nm

Fig.7. CD spectra of Str. chrysomallus
and calf thymug methylated DNA’s
(mol.wt ~ 5xI10°) in water-salt solution
(0.3 M NaCL) containing 80 mg/ml of PEG.

The dependence of AE270 value on DNA nucleotide composition
disappears when the PEG concentration is increased up to 150 mg/ml, i.e.
under conditions when a greater proportion of DNA base pairs is involved in
the formation of "microcrystalline" domains. The increase in the total num-

ber of these domains leads to a situation where the optical activity of a
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compact particle is no longer "inhibited" even at the highest degree of
guanine methylation used in this study, so that compact particles having an
intense negative band in their CD spectra can again be formed (Fig.8).

It should be pointed out, however, that although a negative band does
appear in the CD spectrum of methylated DNA at 150 mg/ml, it is less intense
than that characteristic of nonmethylated DNA of the same molecular weight
under similar conditions. Decreased intensity of the CD band may be explai-
ned by deformation of DNA secondary structure at sites of guanine methyla-
tion 8’17’18, which leads to a change of interaction between base pairs
within the "microcrystalline" domains in compact particles.

To verify whether the methylation of GC base pairs influence the state
of neighbouring AT base pairs in the molecule of DNA, the compactization of

methylated DNA was studied in the presence of distamycin A. It has been

7

shown ° that the binding of distamycin A to AT-rich regions in DNA molecules

is accompanied by such changes in DNA secondary structure, which leads to
the formation of compact particles with an intense positive band in the CD
spectrum. The shape of the positive band in the CD spectrum is similar to
the shape of the spectra of compact particles formed from double-stranded
RNA molecules (which belong to A-family of polynucleotides) 4. The positive

A E T T T T T T T T 1

0

-20

-40

-60

- 80

-100

-120

Fig.8. CD spectra of methylated
Str, chrysomallus DNA (mol.wt

240 270 300 ~ 5x10°) in water-salt solutions
;\ nm (0.3 M NaCL) containing I50 mg/ml
M of PEG.
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band in the CD spectrum of distamycin-bonded DNA molecules being the greater,
the higher is AT-content of DNA molecules., The amplitude of this positive
band in the CD spectrum of compact particles (A ~ 265-270 nm) formed from
distamycin-bonded DNA molecules is rather similar in magnitude to that of
the negative band in the CD spectrum of compact particles formed from calf
thymus DNA in a PEG-containing solution in the absence of distamycin A
(Fig.9).

The observation that the positive band in the CD spectrum of compact
particles formed in the presence of distamycin A disappears at a lower level
of MeG within DNA than the negative band is indicative of altered orienta-
tion not only GC base pairs but also neighbouring AT base pairs as result of
N7-guanine methylation (compare curves 3 and 3°, Fig.9).

Data shown in Fig.9 indicate that the CD spectra of compact particles
formed from DNA molecules with high optical activity (mol.wt n'5x105) may

a€

-20}

-80}

20 270 300 330 360 230 260 290 320

;\;nn\ J\,nwn

Fig.9. CD spectra of calf thymus DNA Fig.I10. CD spectra of rat liver
(mol.wt ~3xI0°) in water-salt solution DNA containing I and 2 % of methyl-
(0.3 M NaCL) containing I00 mg/ml of cytosine in a water-salt solution
PEG in the absence (I,2,3) and in the (0.3 M NaCL) containing I50 mg/ml
presence (I’,2°,3’) of distamycin A of PEG (dashes show CD spectra of
(content of MeG in DNA: curve I and I’ DNA in the absence of PEG - the
~ 0; 2 and 2’ - 4; 3 and 3’ - 20%). right ordinate),
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be used as a criterion for detection of small alterations in the secondary
structure of DNA. The use of DNA samples with high molecular weight for
these purposes is not effective, because the intensity of the bands in the
CD spectrum of such particles is very small,

The negative band in the CD spectrum decreases not only in the case of
compact particles formed from N7-guanine nethylated DNA, but also in the
case of such particles formed from Cs-cytosine methylated DNA molecules
(Fig.I0). The more pronounced effect of methylation of cytosine than of gua-
nine (cf. Fig.8 and Fig.I0) is rather difficult to interpret at this stage.

It should also be noted that the change in band intensity in the CD

5,15

spectrum of compact particles formed from protonated DNA appears to dif-

fer only quantitatively from the change in band intensity of the CD spectrum
of compact particles of methylated DNA, because the protonation of bases in-
volves both GC and AT base pairs, i.e. it leads to a more "rapid" disappearan-

ce.of the negative band in the CD spectrum of compact particles formed from
protonated DNA 19.

The present results thus show that the introduction of "defects" into
the secondary structure of DNA by the way of methylation of nitrogen bases
strongly changes the optical properties of compact particles formed from

methylated DNA molecules.

+
To whom to address correspondence

a)Central Institute of Microbiology and Experimental Therapy, Academy
of Sciences of the GDR, Jena.

b) Institute of Chemical Physics, Academy of Sciences of the USSR,

Moscow,

x)Abbreviations used are: PEG - poly(ethylene glycol); CPEG - concent-

ration of PEG; CD - circular dichroism; MeG - N7-methylguanine.

REFERENCES

I. Jordan, C.F., Lerman, L.S. and Venable, J.H. (I972) Nature,New Biol.
236, 67-70

2. Evdokimov, Yu.M., Platonov, A.L., Tikhonenko, A.S. and Varshavsky, Ya.M.
(1972) FEBS Letters 23, I80-184

3. Evdokimov, Yu.M., Akimenko, N.M., Gluhova, N.E,, Tikhonenko, A.S. and
Varshavsky, Ya.M. (1973) Moleculyarnaya Biologiya (SSSR) 7, I5I-I59

4, Evdokimov, Yu.M., Pyatigorskaya, T.L., Kadykov, V.A., Polyvtsev, O.F.,
Doskocil, J., Koudelka, J. and Varshavsky, Ya.M. (1976) Nucl. Acids Res.
3, I553-1547

5. Akimenko, N.M., Teterin, V.L., Hachaturov, G.R., Evdokimov, Yu.M, and
Varshavsky, Ya.M. (I975) Moleculyarnaya Biologiya (SSSR) 9, 86-94

3675



Nucleic Acids Research

I0.
II.

12.
13.
15.
16.
17.

18.

19.

Evdokimov, Yu.M., Pyatigorskaya, T.L., Akimenko, N.M. and Varshavsky,
Ya.M. (1975) Moleculyarnaya Biologiya (SSSR) 9, 879-886

. Evdokimov, Yu.M., Salyanov, V.I., Pyatigorskaya, T.L., Polyvtsev, O.F.,

Zhuse, A.L. and Varshavsky, Ya.M, (I977) Moleculyarnaya Biologiya (SSSR)
II, 42-49

. Bauer, E., Berg, H., Weller, K., Hartman, M. and Zimmer, Ch. (1974)

Biephys. Chemistry I, 338-348

Zimm, H.B. and Crothers, D.M. (I965) J. Mol. Biol. I2, 525-536
Vanyushin, B.F. (1974) Uspechi Sovremennoy Biologii (SSSR) 77, 68-90
Evdokimov, Yu.M., Akimenko, N,M., Gluhova, N.E. and Varshavsky, Ya.M.
(1974) Moleculyarnaya Biologiya (SSSR) 8, 396-405

Evdokimov, Yu.M,, Salyanov, V.I., Akimenko, N.M. and Varshavsky, Ya.M.
(1977) Moleculyarnaya Biologiya (SSSR) I1I, 303-309

Laemmli, U.K. (I975) Proc. Natl, Acad. Sci. USA 72, 4288-4292

. CGheng, S.-N. and Moehr, S.C. (I975) Biopolymers 14, 663-674

Evdokimov, Yu,M,, Pyatigorskaya, T.L., Polyvtsev, O,F., Akimenko, N.M.,
Kadykov, V.A., Tsvankin, D.Ya, and Varshavsky, Ya.M, (I976) Nucl. Acids
Res. 3, 2353-2366

Sponar, J. and Fric, I. (I972) Biopolymers II, 2317-2330

Ramstein, J., Helene, C. and Leng, M. (I97I) Europ. J. Biochem. 2I,
125-129

Kochetkov, N.K., Budovsky, E.I., Sverdlov, E,D., Simukova, N.A., Tur-
chinsky, M.F. and Shibaev, V.N. (I1970) in "Organicheskaya Chimiya
Nucleinovich Kislot" izd, Chimiya, Moskva

Burckhardt, G., Zimmer, Ch. and Luck, G. (I976) Nucl. Acids Res, 3,
537-559

3676



