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Abstract: The effects of different amounts of four natural polyamines on the thermodynamics of the thermal
denaturation of calf thymus and herring sperm DNA have been studied by means of differential scanning calorimetry.
Enthalpy changes and the temperature of the maximum heat effect were determined. The stability of the double
helix increases by increasing the polyamine/phosphate ratio and the number of positively charged groups on the
polyamine molecule. A combination of Manning’s polyelectrolyte theory and McGhee and von Hippel's multiple-
site exclusion approach has been demonstrated to give a very good reproducibility of experimental results.

Introduction the precise position and orientation to which a polyamine binds

) ) ) ) . to DNA has been reported, nor is it understood how the

“Polyamines” is the generic name of a group of small aliphatic gemetric constraints of the binding-mode influence the struc-
polycationic compounds which are found in all living organ- 4,15 and mechanistic behavior of the systémPolyamines
isms! In animal cells these usually consist of putrescine, have been shown to stabilize DNA against thef!5and

spermiqme, and spermine ,WhiCh togethe'r form a simple bio- alkaline denaturatiot enzymatic degradatiotf,shear break-
synthetic pathway. Putrescine and spermidine are also found age!® radiation damage, and intercalation of aromatic dyes.

in prokaryotes, b.Ut spermine appears o be _synthesized only byThey may be important in maintaining cellular DNA in a
eukaryoted. Their concentration varies during the ce!l cycle compact state, facilitating packaging of DNA into phage
and they are thought to play a role in cell proliferation and head°23 They have been shown to cause the condensation
differentiation, DNA replication, protein synthesis, membrane and agaregation of native DNA3-2° as does the inorganic
stabilization, and activity of several enzymes, including kinases, CO(N"?g? 3+gcation3° and they ma;’/ prove a useful mogel for
X . . . 4 ’

xggzgginsi?ieséxgggn&zsp?oIsgizli;neessalnnc;/?r:\é?rdalzgl;Eﬁgsg\yg biologically important packaging processes, such as the struc-
readily transported into the cell, and their concentration becomesgufrgi)?rg%?;]zei“:?u;)ftﬁgir:);%stolr:téejsdzh;iigg\if?sl Zr:qeicrilsgt ant
particularly elevated in biological fluids and tissues in a number eaturi in the induction a)rqd stabilization of left-handed

of disease states such as cancer, psoriasis, and sickle cel . . .
anemia®~10 Despite the importance of such compounds in d'D_NA_'ll'SZ_M ?O they arF able_ to |ndl;cDeNg\ke thﬁ'r ac;\ety:a
various processes involved in cell growth, their primary role in 9€rvatives, conformational transitions o such as the
cell biology and mechanisms of their action are not clear yet. (12) Liquori, A. M.- Costantino, L Crescenzi, V.: Elia, V.. Giglio, E..
They are positively charged at physiological ionic conditions, puiiti, R.; Savino, M. D.; Vitagliano, VJ. Mol. Biol. 1967, 24, 113-122.
so they are believed to interact electrostatically with organic  (13) Rodger, A.; Blagbrough, I. S.; Adlam, Carpenter, MBiopolymers
anions in a manner that might contribute to the tertiary structure lgg(;fﬁ“lr’alb%?sﬁlg%%hemistry1962 1 496-501

and/or integrity of macromoleculé$. The negatively chargeq (15) Mahler, H. R.; Mehrotra, B. D.; Sharp, C. Biochem. Biophys.
phosphate groups of the DNA and RNA are therefore the prime Res. Commurl961, 4, 79-82.

targets for interaction; however, despite the extended literature, , (16) Cavanaugh, P. F., Jr.; Pavelic, Z. P.; Porter, C.Géincer Res.
g ; » desp ’1984 44, 3856-3861.

no real amelioration of the model proposed by Liqifabout (17) Bachrach, U.: Eilon, GBiochim. Biophys. Actd969 179, 494
496.
* Author to whom correspondence should be addressed. (18) Hung, D. T.; Marton, L. J.; Deen, D. F.; Shafer, R.3¢iencel983
® Abstract published idvance ACS Abstract&ebruary 1, 1997. 221, 368-370.
(1) Goyns, M. HJ. Theor. Biol.1982 97, 577-589. (19) Abraham, A. K.; Pihl, ATrends Biochem. Re$981, 6, 106-107.
(2) Pegg, A. ECancer Res1988 48, 759-774. (20) Tabor, H.Biochem. Biophys. Res. Commad®860Q 3, 382—385.
(3) Tabor, C. W.; Tabor, HAnnu. Re. Biochem.1976 45, 285-306. (21) Cohen, S. S; Greenberg, M. IProc. Natl. Acad. Sci. U.S.A981
(4) Russel, W. C.; Precious, B.; Martin, S. R.; Bayley, P.BMBO J. 78, 5470-5474.
1983 2, 1647-1653. (22) Sakai, T. T.; Cohen, S. &nn. N.Y. Acad. Scll97Q 171, 15-42.
(5) Marton, L. J.; Morris, D. Rinhibition of Polyamine Metabolism. (23) Wilson, R. W.; Bloomfield, V. A.Biochemistryl979 18, 2191-
Biological Significance and Basis for New TherapigeCann, P. P., Pegg, 2196.
A. E., Sjoerdsma, A., Eds.; Academic Press: New York, 1987; pp 79 (24) Gosule, L. C.; Shellman, J. A. Mol. Biol. 1978 121, 311-326.
105. (25) Chattoraj, D. K.; Gosule, L. C.; Shellman, J. AMol. Biol. 1978
(6) Cohen, S. SFed. Proc. Fed. Am. Soc. Exp. Bidl982 41, 3061 121, 327-338.
3063. (26) Allison, S. A.; Herr, J. C.; Schurr, J. MBiopolymers1981, 20,
(7) Heby, O.; Persson, ITrends Biochem. Scl99Q 15, 153-158. 469-488.
(8) Sarhan, S.; Seiler, NBiol. Chem. Hoppe-Seyldr989 370, 1279~ (27) Schellman, J. A.; Parthasurathy, N.Mol. Biol. 1984 175 313—
1284. 329.
(9) Davis, R. W.; Morris, D. R.; Coffino, PMicrobiol. Rev. 1992 56, (28) Gosule, L. C.; Schellman, J. Alature1976 259, 333-335.
280-290. (29) Riemer, S. C.; Bloomfield, V. ABiopolymersl978 17, 785-794.
(10) Feuerstein, B. G.; Szollsi, J.; Basu, H. S.; Marton, LCancer (30) Widom, R. W.; Baldwin, R. LJ. Mol. Biol. 1979 144, 431-453.
Res.1992 52, 6782-6789. (31) Krasnow, M. A.; Cozzarelli, N. Rl. Biol. Chem1982 257, 2687
(11) Vertino, P. M.; Bergeron, R. J.; Camanaugh, P. F., Jr.; Porter, C. 2693.
Biopolymers1987, 26, 691—703. (32) Basu, H. S.; Marton, L. Biochem. J1987, 244, 243-246.
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to Z transition of poly(dG-fdC)-poly(dG-nPdC)33:35.36 | ow-
ering the charge density can both favor DNA triple helix
formation and stabilizatici 38 and also stabilize bends and
loops in t-RNA&23240and in ribosomé! It seems likely that
the binding of polyamines will influence conformational dynam-

molarity of phosphate group%). The mean molecular weight of a
nucleotide residue was assumed to be 330 g/mol. The polyamines
putrescine (NH(CH,)sNH,), cadaverine (NK{CH,)sNH,), spermidine
(NHz(CH2)3NH(CH2)4NH2), and spermine (NHCH2)3NH(CH2)4NH-
(CH,)sNH,) were purchased from Fluka and used without further

. . . . . . purifications. These polyamines are present in the eukaryotic and/or
ics (i.e., bending torsion and transient base unstacking) of prokaryotic cells, except for cadaverine which is a homologue of

DNA.#? The effect of polyamines on the thermal stability of 1 yrescine and is present only in some plants. The polyamines were
the duplex DNA is governed by a wide number of physico- gried over ROs in a vacuum desiccator for 12 h prior to use. We
chemical parameters such as ionic charge, pH, and ionic prepared fresh stock solution before each experiment in the same buffer
concentration of the medium. The aim of this paper is to as DNA. Samples for calorimetric measurements were prepared by
provide a quantitative description of the effects of polyamines mixing appropriate volumes of DNA and polyamine stock solutions at
on DNA thermal stability, taking into account the effects of known concentration and diluting with the buffer solution to a standard

both their inherent electrostatic forces and conformational

volume (usually 5.0 mL). DNA concentratiog,f was kept constant

restraints imposed by their size, shape, and nature. The binding®t 4-0 MM (in nucleotide monomer) for all experiments, while the

of polyamines to DNA was interpreted by the counterion
condensation binding theory of polyelectrolyte, as developed
primarily by Manning?3-45 Such theory has become widely
used presumably because of its simplicity and its ability to
predict with reasonable accuracy the entire spectrum of biopoly-
electrolyte behaviof®4° We extended our consideration of the
multiple-site exclusion binding theory of McGhee and von
HippePto incorporate multivalent ligands, obtaining an accurate
estimation of the extent of binding of the counterions to DNA
and a complete description of the trend of the denaturation

temperatures. The experimental trend of melting temperatures

was then compared with the theoretical one. In our work,
polyamines are of interest primarily as model ligands for the
investigation on the electrostatic component of the interactions

amount of polyamine was varied in order to obtain solutions with
polyamine/DNA phosphate concentration ratié¥) (n a 0.005-0.5
range in which no significant variation of pH occurs. In our studies
we also observed that the optical density of DNA solutions drops
drastically at higher polyamine concentrations owing to some aggrega-
tion phenomena. The critical concentration of polyamines required to
induce aggregation depends on the ionic strefgth. Wilson and
Bloomfield have determined, in light of Manning’'s theory of poly-
electrolytes, the spermine concentration required to induce condensation
of DNA at different ionic strengths. In all cases collapses occur when
89-90% of the DNA phosphate charges are neutralized by condensed
counteriong3

Apparatus and Procedure. Calorimetric measurements were
carried out on a second-generation Setaram Micro-DSC apparatus. The
instrument was interfaced with a data translation A/D board for
automatic data acquisition. A scan rate of 0.5 K/min was chosen for

of large molecules, with well separated charges on their surfacethe present study. All analyses of the data were accomplished by using

(as proteins) with nucleic acids.

Experimental Section

Materials. Calf thymus (ct-DNA) and herring sperm DNA (hs-
DNA) sodium salts, with 41.9% and 42.2% dG-dC base pairs,
respectively!>2were purchased from Sigma and used without further
purifications. We found a value of th&ed/Azeo ratio of about 1.8,
consistent with a low protein contefit. The DNA solutions were
prepared by dissolving the lyophilized DNA samples3(mg/mL) in
1.0 mM Tris buffer, with 10 mM NaCl at pH 7.2& 0.01, for 48 h at
4 °C, then dialyzed exhaustively against the same buffer solution. The
DNA concentration was determined spectrophotometrically at 260 nm
by using molar extinction coefficient of 6600 ciM~* (expressed as

(33) Thomas, T. J.; Canellakis, Z. N.; Bloomfield, V. Biopolymers
1985 24, 725-729.

(34) Thomas, T. J.; Messner, R. .Mol. Biol. 1988 201, 463-467.

(35) Behe, M.; Felsenfeld, QProc. Natl. Acad. Sci.U.S.ALl981, 78,
1619-1623.

(36) Hampel, K. J.; Crosson, P.; Lee, JB®chemistry1991, 30, 4455-
4459.

(37) Thomas, T.; Thomas, T. Biochemistryl993 32, 14068-14074.

(38) Murray, N. L.; Morgan, A. RCan. J. Biochem1973 51, 436—
449,

(39) Quigley, G. J.; Teener, M. M.; Rich, Rroc. Natl. Acad. Sci. U.S.A.
1978 75, 64-68.

(40) Cohen, S. SNature1978 274, 209-210.

(41) Stevens, L.; McCann, L. MAnn. N.Y. Acad. Scl97Q 171, 827—
837.

(42) Thomas, T. J.; Bloomfield, V. ABiopolymers1984 23, 1295~
1306.

(43) Manning, G.

(44) Manning, G.

(45) Manning, G.

(46) Manning, G.

(47) Manning, G.

SJ. Chem. Physl969 51, 924-933.
SJ. Chem. Phys1969 51, 3249-3252.
SQ. Re. Biophys.1978 2, 179-246.
SAcc. Chem. Red979 12, 443-449.
SJ. Phys. Chem1981, 85, 870-877.
(48) Manning, G. SJ. Chem. Phys1988 89, 3772-3777.
(49) Manning, G. SJ. Phys. Cheml1984 88, 6654-6661.
(50) McGhee, J. D.; von Hippel, P. H. Mol. Biol. 1974 86, 496-486.
(51) Marmur, J.; Doty, PJ. Mol. Biol. 1962 5, 109-118.
(52) Klump, H. H.Ber. Bunsenges. Phys. Chet®87 91, 206-211.
(53) Thomas, C. A., Abelson, Procedures in Nucleic Acid Research
Cantoni, G. C., Davies, D. R., Eds.; Harper & Row: New York, 1966; pp
553-561.

the software THESEUS developed at our laborat®rfhe raw data
were converted to an apparent molar heat capacity by correcting for
the instrument’s calibration curve and the buffeuffer scanning curve
and by dividing each data point by the scan rate and the number of
moles of nucleotide in the sample cell, according to the Freire and
Biltonen proceduré®>” Thermodynamic parameters as well as van't
Hoff enthalpy were obtained by using a previously described
treatmen®?-61

For solving the nonlinear equations present in the theoretical section
of this work we used the software MATLAB.

Results

In the Figure 1, a and b, the characteristic melting profiles
of calf thymus DNA and herring sperm DNA are shown. The
large differences in the two curves are reproducible and specific
to the biological origin of each DNA. Heat capacity as a
function of temperature is unique for a DNA sequence according
to its base composition. The thermal melting profile of calf
thymus DNA is completely different from that of herring sperm
DNA, even though they have about the same base pair
composition. While the melting curve of the herring sperm
DNA is characterized by a large single peak, with a temperature
of the maximum heat effecfTf,,) centered at 342.3 K, the
melting profile of calf thymus DNA near the principal maxi-
mum, centered at 340.4 K, shows three further “satellite” peaks
at higher temperatures. A step-by-step calorimetric analysis of

(54) Mahler, H. R.; Kline, B.; Mehrotra, B. DJ. Mol. Biol. 1964 9,
801—-811.

(55) Barone, G.; Del Vecchio, P.; Fessas, D.; Giancola, C.; Graziano,
G.J. Thermal Anal1992 38, 2779-2790.
(56) Freire, F.; Biltonen, R. LBiopolymers1978 17, 481—496.
(57) Freire, F.; Biltonen, R. LCrit. Rev. Biochem.1978 5, 85—124.
(58) Barone, G., Del Vecchio, P., Esposito, D., Fessas, D., Graziano, G.
Chem. Soc., Faraday Trans996 92, 1361-1367.
(59) Marky, L. A.; Breslauer, K. Biopolymersl987, 26, 1601-1620.
(60) Sturtevant, J. MAnnu. Re. Phys. Chem1987, 38, 463—-488.
(61) Breslauer, K. JThermodynamic Data for Biochemistry and Bio-
thecnology Hinz, H.-J., Ed.; Springer-Verlag: Berlin, 1986; Chapter 15,
pp 402-427.
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7 Table 1. Thermodynamic Parameters of Calf Thymus DNA
Denaturation in the Presence of Different Concentration Ratios
between the Four Polyamines and DNA Phosphate

R Tmax (K)® AgH (kJmol=t)e <m>
Putrescine
0 340.4 17.0 28
o 0.05 343.4 17.5 24
3 0.1 346.2 18.3 23
X 0.15 348.6 18.9 25
- b 0.2 350.8 19.7 26
) 0.25 352.6 20.4 25
~ 0.35 355.0 21.3 26
é 0.5 355.8 21.7 26
¥ Cadaverine
0.05 343.3 17.8 24
0.1 346.1 18.0 24
0.15 348.7 185 23
a 0.2 350.6 18.9 25
ot 0.25 352.4 20.1 25
L . : . . ; 0.35 355.2 215 26
313 373 0.5 356.0 21.7 26
T(K)
. . ) Spermidine
Figure 1. DSC thermal denaturation profiles of calf thymus (a) and 0.05 3455 18.7 22
herring sperm (b) DNAs. The buffer solution is 1.0 mM Tris, 10 mM 0.1 351.6 19.7 23
NaCl, pH 7.2. The DNA concentration is 4.0 mM (in nucleotide 0.15 356.0 21.4 23
residue). The heating rate is 0.5 K/min. The instrumental signal was 0.2 358.5 23.0 24
corrected for the calibration curve and for the buffeuffer reference 0.25 360.3
baseline. Curve b is shifted on the ordinate axis by three units for 0.35 362.7
illustrative purposes. 0.5 362.8
. . Spermine
the ct-DNA melting profile also allowed us to show that the 0.005 341.6 18.0 22
main melting peaks are independent of each other. The ct-DNA  0.05 349.3 18.6 23
melting pattern is reproducible and identical with that obtained 0.1 354.4 20.7 24
by Blake and co-workers by means of the differential UV- 8-%5 ggg;‘ 22.1 25

absorption techniqu®&. Both experimental and theoretical
approaches have attributed such “satellites” to the presence in 2The cooperativity parametetm> is equal to the ratidAH, /AgH.

the genome of highly repetitive short base pair sequences Withg&ﬁo‘wﬂues of the tqefdmoﬁyf?amic pa;amtetersm%]haracteri;inTg the ct-

. _A(52,63-65 . : alone are reported only In case Ot putresc e error INlmax
higher content of dG dé The_ porthn of highly, does not exceed 0.2 K.The estimated (relative) uncertaintiesAgH
moderately, or poor repetitive sequencies varies from the DNA are pelow 5% of reported values.

of one species to those of othéP$? As can be seen, both the
denaturation curves of ct-DNA and hs-DNA occur over a large experiments. The determination of melting temperature in all
temperature range of about 25even though the hs-DNA  the experiments shows little deviatiof@.2 K) from the mean
calorimetric profile is sharper than ct-DNA and the change of value even though different samples were used. The relative
heat capacity from the native and the denatured stai€,] is uncertainty of the value of the denaturation enthalpy is below
small for all the measurements. The denaturation of DNA is 5%. Tables 1 and 2 also report the values of the thermodynamic
completely irreversible because the denaturation profile disap- parameters characterizing the ct-DNA and hs-DNA alone; such
pears after the first heating and a subsequent cooling at roomvalues are in good agreement with those found by Kluifigx
temperature. However, this criterion for irreversibility could = 339.2 K,AgH = 16.8 kJ/mol;Tmax = 341.2 K,AqH = 16.6
be too much restrictivé® In fact, the irreversibility arises  kJ/mol, respectivel§*
essentially from the enormous number of pairing mistakes The stabilization of the double helix of DNA by polyamines
occurring when the two strands are rebuilding all the H-bonds is clearly shown by the increase of temperature of principal
among base pairs. Homopolynucleotides, as poly(dA-dT) maxima at increasing the polyamine/DNA phosphate concentra-
lacking the specific sequences, or small oligonucleotides, havetion ratio R, for both DNAs. This stabilization increases at
shown to be reversible in the reconstitution of the double increasing the number of charged groups on the polyamine
helix 53.61,64,66,67 molecule. In fact, the diamines putrescine and cadaverine have
Tables 1 and 2 summarize the thermodynamic parametersthe same effect on ct-DNA stability; the increment of maximum
that characterize the thermal denaturation process of the calftemperature is about 15 K for both polyamines iR aange of
thymus and herring sperm DNA in the presence of the four 0—0.5. For spermidine which has three positive charges, the
polyamines. Each value represents the average of at least threstabilization in the same range is about 23 K. Finally spermine,
which has four positive charges, shows the greater effect; the

(62) Blake, R. D.; Lafoley, SBiochem. Biophys. Acti978 518 233~

246 increase of temperature is about 24 K in the narrower concen-
(63) Klump, H.; Herzog, KBer. Bunsenges. Phys. Chet884 88, 20— tration range. The same trend is observable for hs-DNA in the
24 presence of the four polyamines. In Figure 2, the DSC profile

k64) Klump, H. H.Biochemical Thermodynamicdones, M. N., Ed;

Elsevier: Amsterdam, 1988; Chapter 3, pp £0@4. of the ct-DNA itself and in the presence of different amounts

(65) Kurnit, D.; Shafit, B.; Maio, JJ. Mol. Biol. 1973 81, 273-284. of the two diamines, putrescine and cadaverine, are compared;
(66) Britten, R.; Kohne, DSciencel96§ 161, 529. in Figure 3, the thermal melting profiles of spermidine and
19§f_37) Filipski, J.; Thiery, J. P.; Bernardi, G. Mol. Biol. 1973 80, 177- spermine are reported. At increasing polyamine concentrations,

(68) Mainly, S. P.; Matthews, K. S.; Sturtevant, J. BlochemistryL 985 a shift of the whole broad thermal denaturation peak is observed

24, 3842-3846. and its asymmetry is only slightly altered, while the fine
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Table 2. Thermodynamic Parameters of Herring Sperm DNA
Denaturation in the Presence of Different Concentration Ratios
between the Four Polyamines and DNA Phosphate

R Tmax (K)® AgH (kJmol=t)e <m>
Putrescine
0 342.3 16.7 34
0.05 345.1 18.1 30
0.15 350.9 18.9 29
0.2 353.0 19.7 30
0.25 354.7 20.1 30
0.35 356.9 20.5 31
0.5 357.5 21.3 32
Cadaverine
0.05 345.0 18.2 30
0.15 350.7 18.5 30
0.2 353.2 19.7 31
0.25 354.5 20.3 30
0.35 357.1 20.7 30
0.5 357.4 21.5 31
Spermidine
0.05 347.6 19.1 30
0.15 357.8 21.3 29
0.2 361.0 231 30
0.25 362.7 24.0 31
0.35 365.1 24.5 30
0.5 365.5 24.9 32
Spermine
0.05 352.8 18.7 29
0.1 358.2 19.8 29
0.15 361.3 211 31

@ The cooperativity parameterm> is equal to the ratidAH, 1 /AgH.
The value of the thermodynamic parameters characterizing the hs-DNA
alone are reported only in case of putresciii€he error inTax does
not exceed 0.2 K¢ The estimated (relative) uncertainties AgH are
below 5% of reported values.

2

<4Cp> (kJ K~ mol ™)

323 383

T (K)
Figure 2. Melting of calf thymus DNA in the absence or in the
presence of different amounts of two diamines. The amount of
polyamine is indicated a& corresponding to the ratio between
polyamine and DNA (expressed in moles of nuclotide per liter)
concentrations: (ag = 0, (b) R = 0.15 for putrescine, and (¢ =
0.35 for cadaverine. Curves b and c are shifted on yais for
illustrative purposes.

structure is still evident. This, with the observation that the
trend of melting temperatures is the same for both the DNAs,
could indicate that the interaction with polyamine does not
depend on the composition or sequence of DNA. The same
behavior is, in fact, observed for the DSC profile of hs-DNA
in the presence of polyamines in Figures 4 and 5.
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Figure 3. DSC thermal denaturation profiles of calf thymus in the
absence or in the presence of spermine and spermidine at diffgrent
ratios: (a)R = 0, (b) R = 0.05 for spermine, and (¢} = 0.15 for
spermidine. Curves b and c are shifted as in the Figure 2.
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Figure 4. DSC profiles of herring sperm DNA in the absence and in
the presence of different concentrations express&ratio of spermine
and spermidine: (alg = 0, (b) R = 0.1 for spermine, and (d§ =
0.25. Curves b and c are shifted as in the Figure 2.

The calorimetric enthalpy increases with an increase in the
concentrations rati®, for all the polyamines and for both DNAs.
The Aq4H values reported as a function of,ax increase quite
linearly for all polyamines. SinceA4C, is equal to the
temperature derivative ohgH, it seems that the contribution
to A4C, for the thermal denaturation of DNAs induced by the
presence of studied polyamines is not zero. The calorimetric
enthalpy seems also to be linked to the number of charged
groups present on the polyamine molecule for both DNAs. The
induced stabilization by spermidine is higher than those observed
for putrescine and cadaverine in the same explored concentration
range.

The stabilization produced by spermine is comparable with
that produced by spermidine in tRerange 6-0.2. We cannot
obtain a value ofA¢H for thermal denaturation of ct-DNA at
R; values higher than 0.2 in the presence of spermidine because
the denaturation profiles occur outside the temperature range
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15

<ACp> (kJ K" mol™)

(@] L

T(K)
Figure 5. Melting profiles of herring sperm DNA itself (a) and in the
presence of putrescine (b) at a concentration r&ie= 0.35 and

cadaverine aR = 0.5 (c). Curves b and c are shifted as in the Figure
2.

323 383

experimentally accessible. The same happens for ct-DNA in
the presence of spermine Bt= 0.2. It was not possible to
evaluate the thermodynamic parameterB;asitios higher than
0.15-0.2 for hs-DNA and ct-DNA, respectively, in the presence
of spermine, because of the aggregation of DNA in solution.
A quantitative comparison of the calorimetrically measured
enthalpies with the van’t Hoff enthalpies gives information on
the cooperativity of the transition as well as on the breadth of
the denaturation profile. The ratidbH, 1/AgH is a parameter,
indicated here by<m>, correlated with the mean number of

Esposito et al.

the interaction of these cations with DNA is predominantly
dependent upon charge, but their structures also play a noticeable
role. The approach here, developed for obtaining a theoretical
trend of the thermal denaturation temperatures in the presence
of different counterions, starts initially from the analysis of DNA
thermal stability as a function of sodium and magnesium
concentration, as performed by Krakauer, Manning, Record, and
Wyman in several work&>71.7377 Their approach is based on
the assumption that a stoichiometric amount of released coun-
terions accompanies and drives the denaturation process.
Considering the effects of polyamine ligands on the melting
temperature of a nucleic acid conformational transition, we
assume that no anions participate in the interaction and that all
solute species are sufficiently diluted in order to consider the
water activity as unitary. The equilibrium between hely (

and coil €) states of a nucleotide residue in DNA can be
expressed thus:

h<c+ Ar/(Na") + Ar/(pAm™) (1)
whereAr;' andArj' represent the numbers of univalent cations
(Na*) and polyamine cations (pAth) physically released from

a residue as it is converted from helix to coil under specified
conditions. The problem, hence, is to determine the extent to
which polyamines bind preferentially to a polynucleotide system
to calculate the number of counterions (i.e., univalent and
multivalent) released during the thermal helooil transition

of DNA. The development of a theory for the dependence of
melting temperature of DNA on the ionic concentration requires,
on the other hand, a correct description, in terms of the Gibbs
energy, of the system. For evaluating the real extent of binding
of nonspherical multivalent ligand both to DNA double helix
and coil and calculate the total Gibbs energy of the system, we
must introduce, besides the polyelectrolyte term, a contribution

nucleotides that melt as single thermodynamic entities; in other due to “nonpolyelectrolyte” effects.

words, it gives an index of the relative, not absolute, size of
the mean cooperative urfit846970 The values of the cooper-
ativity parameter<m> are reported in the fourth column of

In order to calculate the polyelectrolyte contribution to Gibbs
energy, we follow the procedure of the so-called “chemical
model” as first developed by Mannifigand resumed by Paoletti

the Tables 1 and 2. As can be seen, this parameter is slightlyand co-authoré-8°by which the polyelectrolyte contribution to

decreased with respect to the DNA itself but it increases by Gibbs energy of polyelectrolyte can be factorized into two main
increasing polyamine concentration. There is no large alterationterms: a purely electrostatic term and a Gibbs energy of mixing
of the size of the cooperative unit, but the effect on transition of the mobile species [the calculation procedure is reported in
breadth on first addition of polyamine and the reduction in a Theoretical Appendix as supplementary material]. In the basic
breadth with further addition can readily explained in line with scheme of the counterion condensation theory, the real poly-
the observations by Recdfdand Berestetskayat al.”? electrolyte chain is modelled like a linear uniform array of
Polyamine cations are almost completely bound to the double charges with two types of counterions in solutioandj, with
helix at lower concentration. Partial denaturation of a helix valences; andz, respectively. Inthe present case, we consider
releases some of them, which are free to bind elsewhere on thethe univalent supporting salt cation (Naas the counterion
same helix or on another one, increasing the stability of unmelted and the polyamine cation (pAth) as the counteriojy we will
regions, thereby broadening the transitions. At higReatios, always havez = 1 andz will have a different value for each
the binding of cations is more nearly saturated and the potentialpolyamine molecule. The ionic behavior of polyelectrolyte is
for such differential stabilizing effect is reducéef defined not by valence, or total charge, but by a single
nondimensional structural parameter proportional to the unitless
charge densitg. This parameter is given by the ratio between
the Bjerrum length, depending on solvent dielectric constant
and temperature, and the average axial charge spacing, that is,
the contour length divided by the number of charged groups.

Discussion

We undertook this study to understand the binding properties
of polyamines to DNA and the electrostatic component of the
interactions of polycations with nucleic acids which can be
useful to clarify their biological roles. Our results suggest that
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The double helix of B-DNA has a value of the corresponding
helix parameteé, = 4.25-49 while, assuming the coil state as
a single stranded DNA, a value for the coil paraméter 1.8
was evaluated by Mannirf§. Recordet al® confirmed this
value, while Olson and Mannifighave provided a configura-
tional interpretation of this result.

We calculated all the values of the fraction of condensed
cations by varying the concentrations rafg for both double
helix and coil forms. From such values we can evaluate the
fraction of condensed multivalent catiop which is the
independent variable in the Scatchard plot, together with the
dependent variabld;, the binding constant for a polyamine
molecule. Such a plot is not linear, and the behavior interpreted
as a “negative cooperativity” is only the simple result of the
interplay of electrostatic interactions between ions of different
valence.

Because of the large size and flexible conformation of the
ligand, the binding interaction can have some “nonpolyelectro-
Iytic” character, for which the employment of a theoretical
scheme that takes into account ligand size and cooperativity is
more appro_prlate_. We can reta!n t_he more general formalism concentrations (expressed in number of moles of nucleoRdejhe
Pf the multlple-sne ?XCIUS_'On b'nd'ng_moqel to_ a”a'Yze t_he continuous line is the theoretical trend of such temperatures in the
interaction of polyamines with the nucleic acid lattice, this being presence of multivalent ligands, while the experimental data are reported
mainly electrostatic in nature. Therefore, under more general with the symbols: @) putrescine, ®) spermidine, and«&) spermine.
conditions, it is possible to obtain a more correct estimation of In this figure we do not give the melting temperature trend for the
the extent of binding of counterions by adding to the Gibbs ct-DNA in the presence of cadaverine. The experimental data would
energy a contribution due to “nonpolyelectrolyte” effects. have been superimposed onto the data regarding the system in the

According to the McGhee and von Hippel theory, if the ligand Presence of putrescine, and the graph would have been unclear.
binding is idealized as a site binding to a homogeneous lattice,
the expression for minimization of the Gibbs energy in the absorbed into the parametar which is the effective size of
absence of polyelectrolyte effects can be deduced by thethe ligand and which could assume nonintegral values. Starting
multiple-site equilibrium expressio: from relationship 2, we calculated the real extent of binding
per phosphate of all the four polyamines to the native and the
coil states of DNA. The fractiom;' is lower than the value
calculated taking into account only the polyelectrolyte effects
. . (namelyr;), and as a consequence the extent of binding of
wheren; is the number of phosphates occupied by a bound mongvalent ions of the supporting salt is higher. We have then
molecule or otherwise excluded from the binding of other cgicylated the theoretical trend of melting temperature of DNA
ligands,r;" corresponds to the ratio of ligands bound per site, go|ytions in the presence of multivalent cations and compared
and [L} is the concentration of free ligand. This equation it tg the experimental one in the case of ct-DNA and hs-DNA
definesK'; the association constant in the absence of polyelec- j, the presence of the cationic polyamines using suitable values
trolyte effects. As discussed by Friedman and Manffng, for the polyamine chargez, and the parameten. Such
relationship 2 could also describe both multiple-site exclusion comparisons are reported in the Figures 6 and 7. There is not
and polyelectrolyte effects: if the polyelectrolyte chemical 3 |5rge influence on the calculated denaturation temperatures
equilibrium behavior of a ligandpolyion system is describable 5 pposing the presence of binding sites on the single strands;
in terms of exclusion ofy; sites and if we ignore any alteration s we did not consider any statistical effect on the binding of
or influence due to the changes in the polynucleotide conforma- polyamines to the denatured form of the DNA but only the

tion determined by the binding of counteriof§; will not be polyelectrolyte contribution to the binding. For the diamines
constant because of the polyelectrolyte effect. In other words, \ye assumed a value far= 2, and a good fit is obtained when
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Figure 6. Comparison between the experimental thermal denaturation
helix—coil transition temperatures of ct-DNA and the theoretical ones
reported as a function of the ratio between the polyamine and DNA
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if there is no variation of the parametérwith the binding
fraction of multivalent counterions bound to the sitgsexcept

we used a value fam = 4. Electrostatic interactions between
the positively charged amino groups and the negative phosphates

by neutralization of the negative phosphates, we can incorporatéseem to be insensitive to the variation of the methylene groups.

the polyelectrolyte effects into eq 2 simply by replackigwith

We were not able to obtain a correct fit for the thermal melting

K;:#4 Lattice inhomogeneity, as well as multiple-site exclusion, emperature of DNA in the presence of the triamine (spermidine)
is a source of anticooperativity in a binding equilibrium, but 5,4 the tetramine (spermine) by using valueg;ef 3 and 4

for our purposes the inhomogeneity in DNA was ignored. regpectively. The obtained curves, in fact, gave melting
Specificity effects for DNA sequence were found to be minimal e mperatures higher than the experimental ones, even if we used
in studies that used synthetic homologues of natural polyammeshigher values fom,. The calculated theoretical trends repre-

for duplex stabilization, but, for simplicity and to reduce the gented in the Figures 6 and 7 are obtained supposing the values
number of parameters, we have assumed that ligand binding isy¢ z = 2.5 andn, = 5 for the triamine, and; = 3.5 andn, =

not cooperative. Any cooperativity which might existis thereby g for the tetramine. As can be seen, there is good agreement

(81) Manning, G. SBiopolymers1976 15, 2385-2390. between the calculated melting temperature and the experimental
(82) Record, M. T., Jr.; Anderson, C. F.; Lohman, T.@Q!1.Re. Biophys. one. Conversely, Manning’s theory of polyelectrolytes alone
1978 2, 103-178. i mireNA i i
(83) Olson, W. K., Manning, G. Siopolymers1976 15, 23012405,  cannot correctly describe the polyamifBNA interaction. In
Figure 8, in fact, is reported the comparison between the right

(84) Friedman, R. G.; Manning, G. Biopolymers1984 23, 2671 ) - <
2714, theoretical trend of thermal melting temperatures of DNA in
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Figure 7. Comparison between the experimental thermal denaturation
helix—coil transition temperatures of hs-DNA and the theoretical ones
reported as a function of the ratio between the polyamine and DNA
concentrations (expressed in number of moles of nucleotide). The
continuous line is the theoretical trend of such temperatures in the
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presence of multivalent ligands, while the experimental data are reported

with the symbols: @) cadaverine,®) spermidine, and&) spermine.

In this figure we do not give the melting temperature trend for the
hs-DNA in the presence of putrescine for the same reason as the Figur
6.
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Figure 8. Comparison between the experimental trend of thermal
melting temperatures for ct-DNA in the presence of putres@e(id
the calculated helixcoil transition temperatures for a DNA in the
presence of a diamine by using Manning’s theory which incorporates
McGhee and von Hippel neighbor exclusion effects (a) or by only using
polyelectrolyte contribution to the binding (b).
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cationic ligands bind to a discrete site on DNA, even though
the existence of discrete binding sites for such molecules is
guestionable. Competitive, as well as noncompetitive binding
experiments with polyamines were already analyzed according
to the multiple-site exclusion theory by Braunlin and col-
leagues? but the extent to which these oligocations are localized
at individual phosphate binding sites or delocalized on the DNA
molecule is currently not known.

The entropy change in electrostatic binding reactions is
predicted to be the driving force, with a negligible enthalpic
contribution®? The dependence of the binding constant with
temperature for such reactions should be small. Ross and
Shapiro found that the interaction between spermine and DNA
occurs with no detectable change of heat corterbince the
interaction between this polyvalent cation and DNA occurs
spontaneously, the very small value of the observed binding
AH suggested that this phenomenon is primarily entropic in
origin. The small value foAH, 4. found by the measurements
of Braunlin of the binding of spermine and spermidine over
the range 437 °C confirms this predictio® They were only
able to say that the binding enthalpy of these cations to DNA
could not be more than a few kilocalori&s.

Nevertheless, the effects of polyamines on the thermal
stability of nucleic acids could reflect trends in their interaction

él\lith either double or single stranded DNA, or both, and do not

necessarily provide information exclusively concerning the
interaction with the double helix. Since double stranded DNA
is more rigid than, and has a geometry different from single
stranded DNA, an equality in interaction would be surprising,
but, in the absence of direct binding measurements on both
forms, it cannot be ruled out. From this viewpoint it is not
surprising that, in order to obtain a correct thoretical trend of
thermal melting temperatures of DNA, the valueszobf 2.5
for the triamine and 3.5 for the tetramine have been used; the
binding of polyamines to single strand DNA could in some way
alter the polynucleotide conformation, varying both the value
of the charge density parameteand the extent of binding of
polycations to single strand. Of course, it would have been
difficult to take in account these changes, and thus we do not
expect that such parameters have a deep physical meaning.
However, they could help in a clarification of the binding
mechanism of such a molecule to DNA given their near
invisibility in solution to any structural technique (including
NMR).13

Some information concerning double helix and polyamines
are only available by X-ray investigations. In fact, from
inspection of the various crystal structures of DNA sequences
in the presence of spermine, it appears that this molecule can
adopt a wide variety of binding mod&%.%° In his model, Egli,
for example, has shown a mode of complex interactions
involving the binding of the amino groups of spermine in the

the presence of a diamine, as shown in Figure 6, and thatmajor groove of DNAS! while Feuerstein supposed spermine

calculated only by using Manning’s theory. This figure clearly
shows that the binding of cationic polyamines to DNA could,
in principle, be treated with counterion condensation theory,

but the calculated values of the fraction of condensed cations

are not correct. In other words, the estimation of the thermal

denaturation temperatures trend does not agree, especially for
spermine and spermidine, with the experimental ones. There

docked into the major groove, spontaneously inducing a bend
in B-DNA.%2
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is a slight agreement only for the two diamines and in the range Neidle, S.; Veal, J. M., Jones, R. L.; Wilson, W. D.; Zon, G.; Garman, E.;

of lower R; values, where the polyelectrolyte effects give the
major contribution.

The analysis of noncompetitive and competitive binding
isotherms by the multiple-site exclusion equation contains the
implicit assumption that the polyamines and other oligomeric
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Molecular modeling and molecular mechanical calculations and in metabolism and because they are active at relatively low
on polyamine-DNA interactions have suggested a binding concentration. Their aliphatic structure together with their
mode involving the docking of polyamines either in the major capability to interact strictly with certain essential metabolisms
or minor grooves of DNA? In the valuable work of Liquori? make the polyamines very peculiar substances.

confirmed by other studie®; %> spermine bridges the minor The data presented here provides a measure of the effects of
groove of DNA to give a complex in which the binding is some natural polyamines on the thermal stability of the double
between the positive amino and imino groups of polyamine and helix of DNA as measured by the temperatures of the maximum
the negative phosphate groups of DNA, by electrostatic interac- heat effectTma, and denaturation enthalpiessH. We have
tions and directional hydrogen bonds, as well as hydrophobic analyzed, by using the binding formalism of McGhee and von
interact-ions between the nonpolar sides of nucleotide and H|ppe| and the hypotheses of Manning’s theory on p0|ye|ec_
polyamines. trolyte contributions, the interaction of spermine, spermidine,

It is likely, though there is as yet no proof, that a given putrescine, and cadaverine with DNA. The temperature de-
polyamine and a given DNA may have a number of competing pendence of binding of these ligands is consistent with a
binding modes, each of which correlates with different polyamine predominantly electrostatic interaction of entropic origin driven
functions. Indirect support for this hypothesis comes from the py the release of counterions, but there are noticeable structural
fact that no correlation has been observed between the bindingeffects that must be taken into account for obtaining correct
strength of different polyamines and any of biological actf#fity  calculated trends of thermal melting temperature. The adopted
or efficiency with which they induce, for example, theBZ model, which can generally be used for the binding of polybases
transition, DNA aggregation, or condensation. Anyway, & to DNA, suggests stimulating ideas about the arrangement of
complete rationalization of our data on double helix thermal polyamine molecules on DNA and on the real extent of the
Stab”lty would require further measurements of the blndlng of b|nd|ng of these O|igocati0ns_ We hope that our findings will
our polyamines to the single-stranded form of DNA over a help to clarify the biological roles of such molecules and provide
wide range of ionic strengths. a model system for the electrostatic component of the interac-
. tions of protamines and specific proteins with nucleic acids.
Conclusion
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