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The IR-spectroscopy method was used to study a DNA interaction with Cd*" ions m agueous solution While
mteracting with metal ions, DNA with the high concentration transits into the compac! structure Association
constants are determined, cooperativity of the Cd* ion binding is demonstrated. and nonmonotonous dependence of
the binding degree (r) on the concentration of free metal ions (C;) 1s ascertained. Binding isotherms are of the S-hike
shape similar to Van-der-Waals isotherms for the phase transition liquid-vapour. and the process of the Cd™ ion
binding to DNA molecules is lughly cooperative.
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Divalent metal ions are biologically active and they have cancerogeneous and nmilagencous properties as
well as a possibility to induce the formation of DNA compact forms [1.2]. Earlier results on the IR-spectroscopic
study of DNA interactions with divalent metal ions permitted to determine and to compare binding constants for
different divalent metals, to evaluate their influence on the compaction process [3] Ome of conditions for the
formation of DNA compact forms is decreasing the density of charges on DNA. This is realized due to DNA
interactions with cations. Besides, according to the available data [4]. the main factor 1s metal ion affinity for
DNA bases. Therefore. in addition to the previous studies on effects of calcium. manganese and copper 1ons [4-
8]. it was interesting to investigate an effect of cadmium ions which have high binding constants to nucleic acid
bases. As well these ions are known for their toxic action on genome of animals The present work compares
effects of some ions on the process of compaction of both native and denatured DNAs This process 1s described
thermodynamically.

MATERIALS AND METHODS

The work used calf thymus DNA. the molecular weight and protein content being 1 9-10 and no more than
0.5%, respectively. DNA was extracted in D.Yu. Lando’s Laboratory (Minsk. Belarus). The DNA concentration
in solution was determined spectrophotometrically at =260 nm and it was 20+2 mg/mi Cadmsum chloride
(chemically pure) was used in the experiment. The Cd™* ion concentration was in the 6.7-107 - 5. 36-10°M range
that corresponds to 0.1 - 0.8M {Cd”'}/[P]. The Na' ion concentration was 7-10°M. Differential infrared spectra
of DNA complexes with cadmmum 1ons were registered with an infrared spectrophotometer UR-20 (Carl Zeiss.
Jena, Germany) in the range of wave numbers 1000-1400 cm™. The procedure of IR-spectroscopic studies is
similar to those applied in works [5.6]. The rate of spectrum registration was 10 cm’ /min and NaCl prism was
used. The spectral registration step was 0.5 cm”. Water absorption was realized when the cuvetie of variable
thickness with the solvent was placed into the comparative channel of the spectrophotometer In this case the
thickness of the solvent laver should correspond to the solvent amount in the run of measuring rav. The data
obtained were recorded by a personal computer and processed by the Origin 6.1 Program.

RESULTS AND DISCUSSION

IR spectra of DNA solutions and DNA-Cd”" ion complexes were obtained in the range of wave numbers
1000-1400 cm™ . This range corresponds to absorption of phosphate groups and desoxyribose. IR spectra of DNA
at different concentrations of Cd”" ions are given in Fig. 1.

Cd"’ ions studied modify significantly the spectrum that is seen from a sharp increase of intensitics of
absorption bands of phosphate groups. The absolute intensity of IR absorption bands is proportional to the
square of the derivative of the dipole moment with respect to the normal coordinate. Thus, increasing intensity is
related to the rise of the value of this derivative upon the Cd®" ion binding to the above groups of the DNA
molecule. at its compaction. {5.6].

Fig. 2 presents dependences of the relative change in the optical density (R) of absorption bands of
symmetric and asymmetric vibrations of DNA phosphate groups on the total Cd”" ion concentration in solution.
As Fig.2 shows. the increase of the intensity of absorption bands 1090 and 1225 cm” begins at the Cd” ion
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concentration ~0.02M. To ascertain Cd”' ion effects on DNA structural transitions. the experimental data
obtained were compared with experimental results for Tb*", Cu™", Mn"" and Ca’" ions [5.6]. As it follows from
Fig. 3. to induce DNA compaction. different concentrations of the studied ions are required: Tb” << Cu~ < Cd™
<< M <Ca .

On the metal ion interaction with DNA and the polvmer aggregation induced by this interaction strong
cooperative processes similar to condensation of a gaseous substance to the liquid or solid phase could manifest
themselves [5.6]. To describe thermodynamically the binding process. it is approprate to present the ion
interaction with a polyelectrolyte represented as a chain of freely-conjugated segments carrving the negative
charge |3]. At the first stage one or some metal ions bind to two chain-remoted segments. followed with the loop
formation. Some entropy loss would take place on the formation of such a complex.

The constant of the first bond formation can be written as:

¢ = oexn| 223G ) (h
G = r...\p( RT J
where AG., = AH,, - TAS, is a change in Gibb’s free energy. AH,. AS, are enthalpy and entropy changes on the
bond formation. The low probability of this process is conditioned by a large absolute value of AS, (AS,<0.
AH,<0). In this case [TAS, |~ | AH(‘)[ and | AG, | is small.
On the metal ion induced-formation of the second bond between segments entropy will decrease but a loss
will be smaller as on the second bond formation the mobility of only a rather small chain part would be lost.
AG, =2AH, - (AS, +AS, ). |AS | <<|AS,| (2)
Since the enthalpy gain will be the same on the formation of every bond. AG, will increase with the nse of
the binding degree and. as a result. the association constant will increase, providing cooperativity of the DNA
compaction process under the metal ion action.
Upon the formation of an N-th bond
\Gy = AH, ~TAS, + (N -1MAH, - 75, )= AG, + (N -1fAH, - TAS,) (3)
where AS; 1s a mean entropy change upon the bond formation with the second one to N. In the present case N is a
number of the bonds formed between polvelectrolyte segments by a divalent metal. Thus. N is proportional to
the number of segments having formed the bonds. Let N, be the total number of segments in the freely-
conjugated chain. the binding of which is required for complete compaction.
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Fig. 2. Dependence of R on C [Cd™"] of maximum of
Fig. | IR-spectra of DNA and DNA complexes with Cd”  absorption bands at 1090 () and 1225 (~ ) cm for
ions. Relationships between concentrations of Cd™ 1ons and  DNA complexes with Cd” ions: R is ratio of optical
DNA: 1. - 1").0 [Cd*)/[P]. 2 - ’()‘2 [CAT)/[P). 3 - 04 [CA"V[P]. density of absorption bands of DNA complexes to
4 -0,6 [CAV[P). 5- 0,7 [CATV[P]. their values without 1ons

Then N/N, will be proportional to the compaction degree of the polyelectrolyte r. With (\-7) =\ for large V.,
AGy can be written as:

V .
AG, .~ AH, -TAS, + -'?!\-',(.w,, +TAS, )2 AGy - v - T ).

(4
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here W is a coefficient equal to —N, (AH,, - TAS,). Thus. an addition to the free energy varies with the compaction
degree.
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Fig. 3. Dependences of relative change in optical density (R) on ion concentration mn solution for massmum of absorption
band 1090 ¢cm™ (symmetrical vibrations of phosphate groups) for DNA complexes with Cu™ 6] €&~ Ma™ [5]. Ca™ [5]
and Tb* (6] ions.

Taking (4) into account. relation (1) could be transformed into

N - AG, + W3 .
where
o= L ((—’))_
R.T

K. is a constant conditioning a value of the threshold concentration of divalent metal jons. corresponding to the
compaction beginning: » is a cooperativity parameter. With this equation applied for K and with a simple
binding equation in the Scatchard’s form. a dependence of r on C; at different values of the binding constant and
cooperativity parameter could be obtained:

r

F)-_S__:;_)=Knxexp(mxr)x(',. (7.

D:C,%—O_ix}’xr. (8).

where P is a DNA molar concentration. D is the total Me™ concentration in solution. C; 1s 2 concentration of free
Me"" ions that is of those ions that take no participation in the formation of bonds between polyelectrolyte
segments. T 1s a degree of the ion binding to DNA. As well. in accordance with the above description. r
corresponds to the compaction degree of the polymer (that is to a fraction of parts having formed ordered
structures under the present conditions). Fig. 4 shows binding isotherms calculated by formulae (7-8) at different
values of K, and o. At large o (» > 8) these binding 1sotherms have a S-like form (sumlar to Van-der-Waals
1sotherms for phase transitions liquid-vapor). Such binding isotherms include metastable parts and absolutely
nonstable ones (with the reverse r dependence on Cp and in the case of stable complexes have to be replaced
with dependences with a jump of r that is equivalent to the first tvpe phase transinon Bimding constants in
equations (1) and (5) are dimensionless values. Magnitudes of these constants describe the equilibrium in
solution the concentration of which is conditioned with the ratio between the number of dissolved substance
particles and that of solvent molecules. With the value of the C; concentration expressed m mole/litres. used m
the Scatchard’s equation (7). values of K, should be muitiplied by the dimensional coefficient conditioning the
ratio between concentrations. Values of K, obtained this way are given in Table 1. It is obvious that relationships
between constants for different ions as well as between values of cooperativity parameters do not depend on the
choice of concentration units.
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The results presented evidence significant cooperativity of the considered process for all the ions. It should
be noted that, despite of the large difference between values of K. those of cooperativity parameters differ
slightly. This indicates the unified cooperativity mechanism for all the ions. conditioned with the process of
DNA molecule compaction.

It should be noted that there are two types of the compaction process considered. In the first. so-called -
condensation can be realized when one DNA molecule winds into the ordered particle of the toroidal form. In the
second, this can be aggregation of some molecules forming a partially ordered structure. To identify the possible
structure of the particles and to ascertain the compaction type. more detailed studies of IR spectra in wide
frequency and temperature ranges are required. During these investigations it is necessary to apply such
structure-sensitive methods as circular dichroism of the electron-vibrational spectral range (ECD) or vibrational
circular dichroism (VCD) as well. The latter method was successfully applied in a number of works [9. 10]. But
these works studied ion effect on a relatively low-molecular DNA (~10°-10° Da) that makes it difficult to
compare these results with the data for the high-molecular DNA (~10 Da).

Table 1. DNA-metal ion binding constants (K,) and cooperativity parameters o.

Ko, M o
DNA DUVS 7, [4] IR, native DNA DUVS 7, [4] IR, native DNA
denatured DNA denatured DNA
Ca* 90 0,8 5 6
Mn*’ 810° 5 5-6 8
Cu™ 9:10° 11 10 12
Cd™ - 1 - 9
" DUVS - differential UV spectroscopy.
: . ] ~>—Ca” 0/0
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Fig. 4. Dependence of ion binding degree with DNA (1) on Fig. 5. Dependence of binding constants on DNA-ion

free Me’" 1ons in solution (Cy) for ions Cu®” [6}, Cd*', Mn®"

binding degree for ions of different divalent metals: Cu’™ [6].
(5], Ca®" [5].

Cd”, Mn™ [3], Ca™ [3].

Fig. 5 presents the dependence of the Cd™" ion binding constant (K) on the DNA compaction degree (r),
calculated by formula (5) and compares this constant with the data for ions of different divalent metals. The rise
of binding constants with the increase of the compaction degree evidences positive cooperativity of the present
process.
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CONCLUSIONS
Upon binding of Cd*" to native DNA the sharp change in the optical density is observed at frequencies
corresponding to vibrations of phosphate groups. as revealed by IR-spectroscopy. This change is supposed 1o be
proportional to the degree of the Cd*" ion binding to DNA phosphate groups. The binding isotherm for DNA
complexes with Cd*' ions is calculated. Comparison of the isotherm calculated and the results obtamed for other
divalent metal ions revealed that the shape of Cd*'-DNA binding isotherms is close to that of near-critical ones.
They differ significantly by the value of K, that is conditioned with ion affinity for binding cemters on DNA.

The research described in this publication was supported in part by Award NUB2-2442-KH-02 of the U S.
Civilian Research & Development Foundation for the Independent States of the Former Soviet Umson (CRDF).
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Merogom TY-cnextpockomi ociipxeHo Biaemomio JIHK 3 iomamm cd” ¥ pomws porams K B@CO0KOI
KOHLIEHTpall NPM B3acMOii 3 10HAMHM METATIR [IEPEXOMMTh J0 KOMIIAKTHOI CTPVETIN Shsssss o TanTy
I8°A3VRAHHS, NOKA3aHO KOOTICPATHBHICTL 3B #3yBaHHs ioHiB Cd” Ta poramcescss sewsswesssy msessncTe
CTVIICHs 3B S3VBAHHA (T) B1/I KOHIEHTpaifi BUIbHMX ioHIB MeTata (Cq). [oTepsm = svsesss sssoss. S-aonGin
dopmy. sika Haraaye 130TepMd BaH-fep-Baarbea s (ha30BOr0 MEpexoTy PLIHA-IED. & IDUNET = ENBESEE J0HIB
Cd*" 3 monexyiamu J{HK € BHCOKO KOOTIEpATHBHMM.

KJIFOYOBI CJIOBA: JHK. iomm Cd*' . [Y-crieKTpockormis.



