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ABSTRACT Biogenic polyamines putrescine, spermidine, and spermine are essential molecules for proliferation in all living
organisms. Direct interaction of polyamines with nucleic acids has been proposed in the past based on a series of
experimental evidences, such as precipitation, thermal denaturation, or protection. However, binding between polyamines
and nucleic acids is not clearly explained. Several interaction models have also been proposed, although they do not always
agree with one another. In the present work, we make use of the Raman spectroscopy to extend our knowledge about
polyamine-DNA interaction. Raman spectra of highly polymerized calf-thymus DNA at different polyamine concentrations,
ranging from 1 to 50 mM, have been studied for putrescine, spermidine, and spermine. Both natural and heavy water were
used as solvents. Difference Raman spectra have been computed by subtracting the sum of the separated component
spectra from the experimental spectra of the complexes. The analysis of the Raman data has supported the existence of
structural specificities in the interactions, at least under our experimental conditions. These specificities lead to preferential
bindings through the DNA minor groove for putrescine and spermidine, whereas spermine binds by the major groove. On the
other hand, spermine and spermidine present interstrand interactions, whereas putrescine presents intrastrand interactions
in addition to exo-groove interactions by phosphate moieties.

INTRODUCTION

Ornithine-derived polyamines spermine, spermidine, andhese phenomena came from crystallographic studies on
putrescine (Fig. 1) are biogenic low molecular weight or-different polyamine salts, mainly spermine. On the basis of
ganic polycations that are essential for all living cells,such studies, different cross-linked models by the dsDNA
regulating the rate and fidelity of macromolecular synthesisminor groove were proposed (Suwalsky et al., 1969; Liquori
cell proliferation/death equilibrium, cell differentiation, etc. et al., 1967; Tsuboi, 1964). These models involved electro-
(Tabor and Tabor, 1984; Pegg, 1988; Heby and Perssosstatic interactions between the polyamine amino protonated
1990; Janne et al., 1991; Hayashi et al., 1996). It is wellgroups and the negatively charged dsDNA phosphate moi-
known that polyamines are essential molecules for optimagties; however, direct interactions with the dsDNA bases
conformation of RNAs, and consequently they play anwere discarded. Further studies on polyamine analogues
important role in protein translation (McMurry and Al- showed the existence of structural specificities for dSDNA-
granati, 1986). Intracellular concentrations of spermidine opolyamine complexation (Thomas and Bloomfield, 1984) in
spermine have been demonstrated to be critical for decidingddition to the electrostatic effects. Different theoretical
between cell cycle progression and apoptosis (Ha et alworks (Pattabiraman et al., 1984; Feuerstein et al., 1986)
1997). Direct interactions between the polyamines and nuagreed with this hypothesis; those works placed the sperm-
cleic acids, both RNA and DNA, were proposed to explainine molecule interacting with the dsDNA bases across the
some of these biological functions (Cohen, 1998). Recentlymajor groove. On the other hand, crystals containing sperm-
the efficiency of the polyamines and polyamine analoguene/oligodeoxynucleotides were synthesized (Drew and
on the double-stranded (ds) DNA protection from oxidativeDickerson, 1981; Jain et al., 1989; Williams et al., 1990),
breaking and radiation has been suggested (Ha et aldnd the subsequent studies by x-ray diffraction showed
1998a,b). However, the question about how they bind tdolyamine molecules were located along the dsDNA major
nucleic acids has not been clearly established. groove, thus allowing for interactions with the bases. Most
Early evidence for the effects of polyamines on dsDNAOf these crystals contained B-form DNA oligomers, which
were related to precipitation and thermal denaturation (Taproved the stabilization effects that polyamines have on

bor and Tabor, 1984). A first molecular interpretation of dSDNA. Nevertheless, some controversy exists concerning
the specific binding sites when polyamines interact with

highly polymerized dsDNA in solution (Marquet and
Houssier, 1988; Feuerstein et al., 1990; Ha et al., 1998a,b).
2000, As an example, NMR s_tudies on DNA solutions_ indicated
Address reprint requests to Dr. F. J. Reem} Departamento de Quica that pOIyamme-dSDNA |nteract|pr_1 IS hlghly localized (An-
Fisica, Facultad de Ciencias, Universidad ddada, 20071 Malaggpain. ~ dreasson et al., 1993). Summarizing, although some authors
Tel.: 34-952-132258; Fax: 34-952-132000; E-mail: ramirez@uma.es. emphasize the electrostatic effects (Braunlin et al., 1982;
© 2001 by the Biophysical Society Raspaud et al., 1998), it seems clear that this model alone
0006-3495/01/01/443/12  $2.00 cannot fully explain polyamine-dsDNA interaction (Basu et
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plexes were prepared by adding dsDNA to the polyamine solutions, up to

N +
*HsN/\/\/ " 2% final dsDNA concentration (0.06 M, phosphate). The mixtures were
Putrescine slowly stirred for 48 h at 4°C to ensure the formation of homogeneous
solutions and were subsequently kept at the same temperature until record-
/\/\ /\/\/NHQ" ing the spectra (2 days maximum). Solutions using bojf® tand D.O
3N ” u . (99% D; Aldrich, Milwaukee, WI) as solvent were prepared for the three
Spermidine 2 ornithine-derived polyamines.
H*
N NH,*
N TN NS S Raman measurements
+

Spermine H,

FT-Raman spectra were recorded in a Bruker Equinox 55 Fourier trans-
form spectrometer supplied with a Raman module. Spectra were obtained
at a spectral resolution of 2 ¢, using excitation radiation wave number

at 1064 nm from a Nd-YAG laser working at 500 mW. We used a standard
quartz cell for liquids (1-cm section) where approximately 1 ml of the
solutions were placed. Back-scattering collection of the Raman radiation
al., 1990; Pelta et al., 1996; Esposito et al., 1997); thus, theas performed using a mirror behind the cell, and a minimum of 2000
structural specificities have to pIay a significant role. scans were accumulated in all cases to enhance the signal-to-noise ratios.

. . . Individual scans were examined by the recording routine, being automat-
From a molecular point of view, Improvement of the ically discarded when the mean intensity deviations were greater than 10%

technical support to study structural changes and specifiCityyer the full interpherogram length. This procedure prevents artifacts in the
during the polyamine-nucleic acid interaction becomes im-esulting spectra before averaging and was performed at least with two
portant to thoroughly understand the physiological roles ofndependently prepared samples for each concentration. To discuss the
polyamines and to discriminate between direct ponamineRf"t‘rr]“atE peaks, the fO”OWi”% C”te”s‘ were "’_‘tdOPted: 1)tpeakfs _md“St appear
. L . - Wi e same wave number and intensity in spectra of independen
nucleic G}CId |nteract|or_15 an_d secondary ?ﬁeCtS of p0|yamm§’amples; 2) peaks must exhibit an intensity clearly greater than the exper-
metabolism on nucleic acid conformation and dynamicSimental noise level: and 3) peaks should be previously reported and
Among the different structural techniques available, vibra-assigned in the literature. Spectral treatment was performed by using the
tional spectroscopy allows for analyzing interacting system®ruker OPUS 227 spectroscopic software. Raman spectra were normalized
at an atomic level, giving detailed and extensive structurai"etwee”t?00 and |18°0 crhto zrebse”’e;hem_fromhbase"”e de"iations S”f‘:
. . . - were subsequently corrected by subtracting the spectrum of a buffer
!nformatlon. Founer. tran;form spectroscgpy has drastlcallySolution prepared at identical experimental settings.
improved the classical vibrational technique performance, piterence spectra were computed by subtracting the sum of the sepa-
largely by increasing sensitivity and scan speed; in additionsately measured dsDNA and polyamine spectra from the corresponding
the Nd-YAG laser, usually employed as Fourier transformexperimental spectra of the complexes, each previously normalized. This
(FT)-Raman excitation radiation, allows for using higher procedure has two main consequences: to prevent baseline effects on the

- . . _difference spectra and to establish a suitable criterion for measuring the
laser powers without sample damaging, thus a‘l"gmentmgositive and negative difference bands. We have employed the following

_the spef:tral gain. In th.e present WOI‘_k, we have studied thgiteria to discuss the Raman difference spectra: 1) the difference bands
interaction between highly polymerized dsDNA and theshould exhibit an intensity ratio at least twice the noise level; 2) the

ornithine-derived polyamines by FT-Raman spectroscopy tdifference features must be structurally interpretable, and 3) the difference
achieve a deeper understanding of the ponamine—dsDNﬁ?at_U_res must b_e reproducible for_independently prepared sa_mples. In
interaction in solution. The results have been interpreted ifdtion: conclusions should be confirmed by boyCrand DO solutions.
terms of specific binding sites, which could exist in addition

to purely electrostatic effects. RESULTS AND DISCUSSION

FIGURE 1 Chemical structures of the three ornithine-derived poly-
amines.

Analysis of spectroscopic data

MATERIALS AND METHODS The FT-Raman spectra of calf-thymus DNA, the three or-
Materials nithine-derived polyamines, and DNA-polyamine com-

Highly polymerized calf-thymus DNA sodium salt (6.2% sodium content; plexes, at identical ex_perlmentgl Set_tmgs (butfer conceljtra-
13.0% HO content) and polyamines (spermine, spermidine, and pution and pH) are displayed in Figs. 2 and 3, which
trescine) as poly-hydrochlorides were purchased from Sigma Chemical c&orrespond to natural water and heavy water, respectively.
(St. Louis, MO). To check the protein content of DNA, ultraviolet absor- They show a dsDNA-ponamine spectrum for each poly-
bance at 260 and 280 nm was measured. Thg/A.q, ratio was 1.75,  gmine as an example. The relevant wave numbers for the
indicating a low protein content. complete range of concentrations studied are listed in Ta-
bles 1 and 2. As is known (Gosule and Schellman, 1976),
Sample preparation polycations induce condensation and precipitation of the
. ) . ) negatively charged DNA strands; this effect is further en-
Solut_lons_atdlfferent ponamlne concentratlor_]s_were prepared. To preservr%:&mced when the positive charge of the counterion is in-
physiological pH and avoid DNA-strand splitting effects, 20 mM TRIS

buffer, 200 mM sodium chloride, was always used as the solvent. Final pHEr€ased. The three ornithine-derived polyamines are poly-
was adjusted to 7.5 by using hydrogen chloride. Polyamine-dsDNA com<cations at physiological pH; however, dsDNA precipitation
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FIGURE 2 Raman spectra of calf-thymus DNA (60 mM, phosphate), ther|GURE 3 Raman spectra of calf-thymus DNA (60 mM, phosphate) ,
three ornithine-derived polyamines (60 mM), and some DNA-polyaminethe three ornithine-derived polyamines (60 mM), and some DNA-poly-
complexes in natural waterAY DNA-putrescine, 25 mM; ) DNA- amine complexes in heavy wateA)(DNA-putrescine, 25 mM;E) DNA-
spermidine, 25 mM;€) DNA-spermine, 5 mM. spermidine, 25 mM; ) DNA-spermine, 5 mM.

with spermine (charge-4) occurs at a lower concentration

than for spermidine £3) and is not observed with pu-  As mentioned, we have obtained Raman difference spec-
trescine (+2), in agreement with the fact that divalent ions tra between the experimental spectra of the dsDNA-poly-

do not induce dsDNA precipitation in aqueous solutionsamine complexes and the computed sum of the separated
(Rouzina and Bloomfield, 1998). This fact is why the dif- components spectra. Differences have been computed for
ferent molar ratios were selected. Because dsDNA precipithe highest polyamine concentrations studied in each case.
tation is observed in our experimental conditions whenFigs. 4 and 5 show Raman difference spectra of dsDNA-

spermine concentrations are greater thatD mM, sperm-  polyamine complexes in J© and DO, respectively; as an

ine solutions ranged between 1 and 7.5 mM, which areexample, we have added the normalized spectrum of the
physiological concentrations. In fact, millimolar concentra- complex and the sum spectrum of the separated constituents
tions of polyamines have been found in the nucleus offor putrescine.

eukaryotic cells (Sarhan and Seiler, 1989). In the case of

spermidine and putrescine, solutions at concentrations up . ,

50 mM were studied without observing condensation phetzgaman spectra of solutions in H0
nomena. This behavior agrees with recent studies on olivibrational spectra of dsDNA have been extensively stud-

godeoxyribonucleotides (Thomas et al., 1997), whichied in recent years, although not all the bands have been
showed that putrescine and spermidine do not inducendoubtedly assigned up to now. In the case of Raman

changes in the circular dichroism spectra of the oligomersspectra, bands mainly arise from both base and phosphate
The FT-Raman spectra of the complexes, however, showibrations, together with some deoxyribose contributions

wave number shifts for all the solutions, indicating that(Spiro, 1987; Thomas and Tsuboi, 1993). The region be-

interactions are present with or without condensation. tween 1700 and 1200 cm is clearly dominated by base
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TABLE 1 Relevant wave numbers (in cm~') measured in the Raman spectra of polyamine-DNA (60 mM phosphate) complexes
at different polyamine concentrations solved in natural water

Putrescine Spermidine Spermine
DNA 5 mM 25 mM 50 mM 5mM 25 mM 50 mM 1mM 5 mM 7.5 mM Assignments
1675 1670

1669 1667 1664 1662 1670 1671 1669 1669 1669 Thynine (02)

1578 1577 1576 1577 1576 1576 1576 1578 1578 1578 Purine stretching

1513 1510 1509 1510 1509 1510 1510 1509 1511 1511 Adenine

1488 1488 1488 1488 1488 1488 1488 1489 1490 1490 Guanine (N7)

1462 1461 1460 1459 1462 1461 1462 (1463) Deoxyribose

1376 1375 1375 1375 1375 1374 1374 1375 1375 1375 Thyming)(@Hrine

1339 1338 (1338) 1337 1337 1336 1335 1339 1339 1339 Purine stretching

1304 1303 1301 1302 1303 1304 1306 1303 1304 1304 Adenine

1256 1254 1254 1255 1259 1255 1255 1257 1257 1257 Adenine, cytosine

1179 1175 1178 1176 1175 1178 1178 1177 Thymine, cytosine

1094 1093 1093 1093 1093 1092 1092 1094 1094 1094 Phosphodioxy
stretching

895 896 894 893 893 (895) 894 896 897 897 Deoxyribose

838 837 (839) 833 837 836 835 835 836 838 Phosphodiester
stretching

788 785 786 788 788 786 788 788 788 788 Phosphodiester
stretching

753 751 750 750 751 750 750 753 753 753 Thymine

683 680 680 681 683 682 680 678 681 681 Guanine

Wave numbers in parentheses are subject to major errors. Assignments have been taken from the literature; relevant references are givesionthe Discus

vibrations, which involves the stretching modes of the aro=site of interaction of dsSDNA at the minor groove because
matic rings, the carbon-oxygen double bond stretching, anthey are not involved in Watson-Crick hydrogen bonds.
some methyl bending vibrations. Methylene scissoringAfter dsDNA/spermidine or putrescine complexation, this
modes of the deoxyribose units are also observed arourishnd shifts by several cnt; however, it does not shift when
1400-1450 cm®. The broad band that can be observed inadding spermine at different molar ratios. The opposite
all of the Raman spectra around 1670 cntorresponds to  behavior is observed in the dsDNA band at 1488 ¢pan

the G=0 stretching modes, and it has been largely assignedromatic ring stretching vibrations in which the N7 atom of
to the C2=02 bond of thymine residues (Spiro, 1987; guanine, located at the major groove, has the largest vibra-
Puppels et al., 1994). The thymine O2 atoms are a putativéonal amplitude (Spiro, 1987; Thomas and Tsuboi, 1993;

TABLE 2 Relevant wave numbers (in cm~') measured in the Raman spectra of polyamine-DNA (60 mM phosphate) complexes
at different polyamine concentrations solved in heavy water

Putrescine Spermidine Spermine

DNA 5 mM 25 mM 50 mM 5 mM 25 mM 50 mM 1mM 5 mM 7.5 mM Assignments
1675 1676 1677 1675 1677 1676 1676 1678 1677 1676 Thymine (02)

1667 1670 1669 1667
1578 1575 1576 1576 1577 1577 1577 1577 1576 1577 Purine stretching
1524 1524 1523 1520 1521 (1520) 1521 1522 1521 1522 Adenine
1484 1483 1484 1484 1484 1483 (1481) 1485 1482 1483 Guanine (N7)
1462 1464 1462 1462 1461 1460 1462 1460 1459 Deoxyribose
1377 1377 1377 1377 1377 1378 1378 1378 1378 1378 Thyming)(@Hrine
1306 1306 1305 1306 1304 1306 1307 1307 1307 1305 Adenine
1257 1259 1257 1259 1259 1258 1261 1260 1262 1258 Cytosine (amide I11)
1092 1091 1091 1091 1092 1091 1090 1091 1091 1091 Phosphodioxy stretching
830 831 832 831 832 832 831 831 (828) 832 Phosphodiester stretching
791 790 788 788 790 790 789 791 790 790 Phosphodiester stretching
772 775 776 (775) 774 (774) (775) Cytosine
742 740 738 738 739 739 739 741 738 741 Thymine
662 662

660 659 660 659 659 663 660 661 Thymine
657 659

Wave numbers in parentheses are subject to major errors. Assignments have been taken from the literature; relevant references are givesionthe Discus
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FIGURE 4 Raman and difference spectra from solutions in natural waFIGURE 5 Raman and difference spectra from solutions in heavy water.
ter. (A) Spectrum of a solution of 60 mM DNA (phosphate) and 50 mM (A) Spectrum of a solution of 60 mM DNA (phosphate) and 50 mM
putrescine; B) The spectrum sum of separated constituen®; The putrescine; B) The spectrum sum of separated constituen®); The
difference spectrum;) The difference spectrum (four times amplified) difference spectrumfX) The difference spectrum for a solution of 60 mM
for a solution of 60 mM DNA (phosphate) and 50 mM spermidif®;The DNA (phosphate) and 50 mM spermidin&) (The difference spectrum for
difference spectrum (four times amplified) for a solution of 60 mM DNA a solution of 60 mM DNA (phosphate) and 7.5 mM spermine.
(phosphate) and 7.5 mM spermine.

appearing between 1700 and 1200 ¢niThis fact has been
Puppels et al., 1994, Krafft et al., 1998). It shifts upwards bylargely attributed to a base unstacking (Erfurth and Petico-
1-2 cm * in the Raman spectra of spermine-dsDNA com-las, 1975; Peticolas, 1975; Benevides et al., 1991) as a
plexes, although remaining unaltered for all the putrescineonsequence of the interaction. The difference spectrum of
and spermidine solutions. These results are supported by tispermidine also exhibits Raman hypochromism, although
Raman difference spectra (Fig. 4). For spermine, the posithe intensity increase is much lower than for putrescine,
tive bands at 1469 and 1493 cihave been assigned to an although this is not observed as a general effect in the
interaction with the guanine-N7 reactive site, whereas thé&kaman difference spectrum of spermine. The dsDNA band
positive feature at 1643 cm and the negative feature at at 1513 cm® shifts downward in the spectra of all the
1628 cm * have been assigned to interactions withe=O  complexes studied, with slightly greater differences corre-
groups. In the Raman difference spectrum of spermidinesponding to the solutions at the lower polyamine-dsDNA
the positive band at 1489 cr does not appreciably deviate molar ratios. This band has been assigned to an adenine
with respect to the experimental wave number of 1488carbon-carbon stretching vibration (Spiro, 1987; Thomas
cm L. This fact has also been observed in the differenceand Tsuboi, 1993). The strong band measured in the Raman
spectrum of putrescine and is consistent with the behaviospectrum of dsDNA at 1578 cit has also been assigned to
of this Raman band when the putrescine or spermidin@ purine vibration (Puppels et al., 1994; Krafft et al., 1998).
concentrations vary (Table 1). However, its behavior discriminates spermine, for which
The Raman difference spectrum of putrescine (Fig. 4Ythis band does not shift at any molar ratio; 1-2-¢rshifts

shows a general increasing of the bands (hypochromisnf)ave been observed for the other two polyamines. Within
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this spectral region, a group of three bands measured bevhereas those at 752 ¢rhand 760 cm?®, respectively,
tween 1470 and 1420 cm in the Raman spectrum of indicate interaction with thymine residues.
dsDNA has been assigned to the deoxyribose moieties The Raman spectrum of dsDNA between 1100 and 800
(Thomas and Tsuboi, 1993; Carmona and Molina, 1990¢m™* is dominated by two intense bands, namely, at 1094
Overman et al., 1998). They correspond to methylene bendand 788 cm*, which have been assigned to the symmetrical
ing modes, although they should also have some contribustretching vibrations of the phosphodioxy (PQand phos-
tions from adenine vibrations (Lord and Thomas, 1967;phodiester (O-P-O) moieties, respectively (Spiro, 1987;
Spiro, 1987). Interpretation of their wave number shifts is,Thomas and Wang, 1988; Cao et al., 1995). In addition, a
nevertheless, troublesome for solutions at the highest polysecond O-P-O peak is measured at 838 t&Ghomi et al.,
amine concentrations, because they also contain methyled®90), which is considered as one of the DNA conforma-
groups. However, a positive difference band at 1378 tm tional marker bands. The Raman difference spectra from
in the difference spectrum of spermine indicates hydrophosolutions in HO (Fig. 4) provide clear evidence for inter-
bic contacts with the methyl groups of thymine residuesaction between dsDNA and the polyamines by the nega-
(Krafft et al., 1998). Thymine-methyl groups are located attively charged phosphodioxy groups, as deduced from the
the dsDNA major groove. The Raman spectra of both spemegative features appearingl094 cm * for the three poly-
midine and putrescine show a pair of bands around 147amines. A second common feature is the negative band at
and 1454 cm*; the polyamine-dsDNA spectra at the higher 790 cmi *, which is assigned to the O-P-O stretching vibra-
polyamine concentrations show a peak-at450 cm®,  tions. This fact indicates that phosphodiester valence elec-
whereas no maximum is observed at 1471 ¢iecause of trons are less attached to the related nuclei after polyamine
its lower intensity. Both wave numbers can be clearly ascomplexation, thus confirming that polyamine-DNA inter-
signed to the polyamine methylene scissoring vibrationsctions involve changes on the DNA backbone.
(Bellamy, 1981), so these results support the existence of The O-P-O marker band at 838 chneeds to be dis-
hydrophobic interactions between the polyamine moleculesussed separately. This band is very sensitive to both con-
and dsDNA. formation and base sequence, shifting by 10 &rfrom a
Further evidence of polyamine-dsDNA interactions by CG sequence to an AT sequence of B-DNA (Thomas and
the bases can be obtained from the DNA bands at 133Wang, 1988). Consequently, for native DNA, it usually
cm ' (adenine and guanine) (Spiro, 1987; Neault et al. appears as a broad band that cannot be split by deconvolu-
1996), 1304 cm* (adenine) (Thomas and Tsuboi, 1993; tion procedures. For the polyamine-dsDNA Raman spectra,
Overman et al., 1998), 1256 crh (adenine and cytosine) some deviations are observed with respect to the wave
(Lord and Thomas, 1967; Overman et al., 1998), and 1179umber measured for calf-thymus DNA. However, they do
cm ! (thymine and cytosine) (Puppels et al., 1994; Over-not lead to conformational transitions<A B<> Z in any
man et al., 1998). All of them shift up to 4 cmin the case; in our opinion, the observed shifts are due to small
spectra of the complexes. The band at 1339 tmorre-  conformational distortions originated by the molecular in-
sponds to a nonresolved doublet whose components coutdraction. Other weak Raman bands in this spectral region
have different characters. In addition, it is overlapped withhave been assigned to stretching vibrations of the deoxyri-
two polyamine Raman bands that can be assigned to methydpse rings, namely, at 1012 and 895 cnfor calf-thymus
methylene, and/or ammonium vibrations. The spectra,@ D DNA (Spiro, 1987; Thomas and Tsuboi, 1993). Although
will allow assigning them correctly, which is a prerequisite tothey are both weak bands, their shifts upon polyamine
interpreting their behaviors upon DNA complexation. complexation indicate contribution of the sugar moieties in
In the Raman difference spectrum of spermine, featurethe interaction. Finally, between 650 and 800 cnthe
can be measured at 1274), 1264 (+), 1194 (=), and 1178 Raman spectrum of dsDNA shows some medium intensity
(+) cm™*, which have been largely assigned to pyrimidinebands that correspond to vibrational bending modes of the
vibrations. The interaction of spermidine with pyrimidine nucleic bases. Regarding the wave number shifts upon poly-
residues is supported by the difference bands at 1245 ( amine complexation, preferential link to guanine residues
1267 (+), and 1186 ) cm™ ™. For putrescine, only differ- can be inferred for spermine, in agreement with the prece-
ence bands at 1276-) and 1254 ¢) cm * have been dent discussion for the stretching modes of the bases, be-
measured, which have been assigned to a cytosine vibratiotween 1700 and 1200 cml. Shifts measured for putrescine-
In the region of ring breathing vibrations, the positive dif- dSSDNA and spermidine-dsDNA solutions involve purine
ference band at 689 cm indicates interaction of spermine and pyrimidine residues, although only the thymine band at
with guanine residues, whereas the positive feature at 73853-cm ' shifts monotonically with respect to the poly-
cm ! and the negative one at 723 cfrhave been assigned amine concentration.
to an adenine vibration (Spiro, 1987; Thomas and Wang, The observation of the NH stretching and bending vi-
1988; Cao et al., 1995; Overman et al., 1998). The positivdrations for any solute of a water solution is not an easy task
bands at 728 cm' for putrescine and 726 cnt for sper-  because they lie close to the related O-H vibrations of the
midine have also been assigned to an adenine vibratiosolvent molecules~3000 and 1700 cit, respectively.
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However, the NH groups have a third type of vibrational measured at 1488 cm for natural calf-thymus DNA and is
mode, usually termed the rocking mode (Bellamy, 1981)strongly related to the N7 atom of guanine, as already
which gives rise to one or two Raman bands around 110@nentioned. We assume this assignment is also relevant for
cm L. It has been observed at 1063 chfor both spermi-  the 1484-cm? band of deuterated dsDNA. Raman spectra
dine and putrescine. At the higher polyamine concentraef both putrescine- and spermidine-dsDNA complexes in
tions, it goes to lower wave numbers, as a probe of thé,O solutions confirm that interactions involve thyming O
active participation of these groups in the interactions.  atoms in the dsDNA minor groove. Negligible changes are
observed for the band at 1484 chof deuterated DNA
when putrescine is added. Identical behavior is observed for
dsDNA-spermidine (5 mM). Greater spermidine concentra-
The Raman study of polyamine-dsDNA complexes wagions originate wave number shifts up te4 cm % how-
extended to solutions in heavy water. The FT-Raman specver, in our opinion this is the result of overlapping between
tra of the solutions in heavy water are displayed in Fig. 3the dsDNA band and those corresponding to the methylene
whereas the difference Raman spectra are displayed in Figending vibrations of spermidine. Concerning spermine-
5. Relevant wave numbers have been summarized in TabdsDNA solutions, Raman spectra support the interaction
2. The hydrogen-deuterium exchange causes a general shiferough the guanine N7 sites at the dsDNA major groove. In
downward to the vibrational frequencies of both dsDNA addition, we would like to emphasize that small shifts
and the polyamines. However, for a complex polymer suctupward have been observed for the carbonyl stretching
as dsDNA, we cannot expect an exact correlation betweehand. This fact suggests that the spermine-dsDNA interac-
the vibrational wave numbers of deuterated and nondeutetion could also involve the minor groove, especially at low
ated samples; in other words, close Raman bands can cagpelyamine concentrations. Interaction with the O6 atom of
respond to different normal modes, so some shifts to higheguanine could also be postulated as the band at 1675 cm
wave numbers could be observed upon deuteration, whichontains contributions from all the carbonyl groups of the
would be impossible for a little molecule. Nevertheless, theDNA bases: guanine, cytosine, and thymine.
close bands can usually be assigned to the same vibration onThe Raman difference features measured in this spectral
the basis of their major vibrational coordinate contributions.region for putrescine in BD can be well correlated with
Consequently, and despite the lack of vibrational informathose measured for the,8 solution. In addition, a clear
tion concerning deuterated DNA, most of the Raman bandbypochromic effect is also evident; this phenomenon de-
can be assigned on the basis of previously reported studieseases when augmenting the polyamine molecular size.
(Prescott et al., 1984; Krafft et al., 1998) and the proposedther Raman bands also establish differences between
assignments for nondeuterated dsDNA (Spiro, 1987|onger and shorter polyamines, such as the dsDNA band at
Thomas and Wang, 1988; Thomas and Tsuboi, 1993). A§524 cm *, mainly assigned to an adenine vibration (Spiro,
the solutions in DO were stored at 4°C and used within 2 1987). For putrescine, the related shifts vary monotonically
days after preparation, we assume that the acidic, nitrogernwith the concentration, whereas for spermidine and spermine
attached hydrogens of the bases have been fully exchangetiey are almost invariant with the polyamine concentration.
whereas the nonacidic, carbon-attached hydrogens remain Concerning the deoxyribose methylene bending bands
unsubstituted (Benevides and Thomas, 1985). This fact wilbetween 1470 and 1420 crh they behave similarly for
give rise to small shifts for most of the Raman bands,both D,O and HO solutions. All the polyamine-dsDNA
because they largely correspond to base aromatic stretchinggmplexes show appreciable shifts of the dsDNA band at
deoxyribose methylene bending, and phosphate stretchint57 cm *, which has been assigned to a cytosine amide II
vibrations. We also assume all the BlHgroups of the vibration (Krafft et al., 1998); other authors, however, pro-
polyamine molecules are fully deuterated. pose it as having some contributions from the purine resi-
Raman difference spectra from solutions in(are  dues, largely adenine. This is a medium-intensity peak that
consistent with those obtained from solutions igCHHow-  does not appreciably shift upon deuteration, also behaving
ever, some deviations exist as can be observed in Fig. 5. lim a similar way in both natural and heavy water. The
our opinion they are largely due to 1) solutions ip® isotopic shifts measured for the bands corresponding to the
being better scatterers than in,®| giving rise to more phosphate moieties agree with those observed for tj@& H
intense Raman spectra and 2) the lack of an exact correlaolutions. The phosphodioxy band at 1092 ¢nslightly
tion between both sets of normal coordinates, as alreadghifts upon spermine complexatior,1 cm * for all the
mentioned. concentrations studied, whereas the phosphodiester stretch-
In the region between 1700 and 1200 chthe most ing band at 830 cm® exhibits changes in the three cases.
outstanding results are related to the broad carbonyl stretcithe second O-P-O band, measured at 791 cfor dSDNA
ing band (mainly thymine) around 1675 ci(Spiro, 1987) in D,0, also shifts downward for the three polyamines; the
and to the intense purine aromatic stretching band at 148deviations seem to be influenced by both polyamine size
cm ! (Krafft et al., 1998). The last wave number has beenand concentration, showing greater shifts when increasing

Raman spectra of solutions in D,O
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the concentration or decreasing the molecular size. Thapproximately calculated using standard geometrical pa-
interaction with the phophodioxy groups is also supportedameters (Hypercube, 1996). Thus, the N-N distance in an
by the positive feature observed for the P&retching band  all-trans putrescine molecule is-6.2 A, as separated by a
at 1090 cm. In addition, the three difference spectra alsotetramethylene chain. For spermidine and spermine there
show a positive band centered at 791 ¢mwhich can be are also two nitrogen atoms separated by a trimethylene
assigned to the phosphodiester stretching vibration. chain of ~5.0 A. These distances can be correlated with
Hydrogen-deuterium exchange allows us to identify somesome dsDNA interatomic lengths between the binding sites
NH; bending and rocking vibrations in the Raman spectrded by the spectroscopic results.
of polyamine molecules. Comparing the spectra gfOH
with those of DO solutions, we confirm our previous
hypothesis on the assignment of a Nifocking vibration
for the band at~1065 cm * that appeared in the Raman Raman spectra of dsDNA-putrescine solutions indicate
spectra of the three ornithine-derived polyamines JOHn  preferential binding by the DNA minor groove, involving
addition, these spectra showed a doublet centered aroumbth phosphodioxy and bases, together with some hydro-
1328 cm* that changes to a single band when deuteratecphobic interactions. This hypothesis is supported by the
thus indicating that one of the wave numbers has to bguanine-N7 band at 1488 crhand for the thymine methyl-
assigned to an NH bending vibration. Polyamine bands bending band at 1377 ci; both bands do not shift when
that do not significantly alter their wave numbers uponputrescine concentration changes. Both sites lie at the
deuteration can be assigned to methylene vibrations. ThigssDNA major groove. In addition, the carbonyl (thymine
band shifts =3 cm * for putrescine and-1 cm * for  and cytosine, minor groove) band at 1669 ¢rdoes mono-
spermidine. A little shoulder can be measured~#t331 tonically shift upon putrescine complexation. Other features
cm ' for dsDNA-spermine 7.5 mM solution in JO, de-  related with purine aromatic stretching bands (1513, 1339,
spite its low concentration; it corresponds to the methyl/and 1304 cm?) could be explained by putrescine-dsDNA
methylene band of the polyamine measured at 1327'cm interactions involving the purine-N3 sites at the minor
These data support the existence of hydrophobic interaggroove, although the molecular size of putrescine could
tions between dsDNA and the polyamines. allow it to interact by both minor and major grooves. The
In the region between 650 and 800 thwe would like  measured difference features for the phosphodioxy Raman
to emphasize the observed shifts downward for the band ajand at 1092 cm® in both natural and deuterated samples
772 cm . It has been largely assigned to a cytosine vibra-also indicate close contacts through the polyaminelNH
tion (Krafft et al., 1998), and deviations up to 3—4 ¢ groups.
have been measured for the three polyamines studied. For It is known that the more reactive site at the major groove
solutions in HO, this band is hidden behind the intenseis the guanine-N7 atom, because it is free from strong steric
phophodiester band at 788 ¢ The modifications ob- hindrances and is not involved in the Watson-Crick hydro-
served for the rest of the bands in this region are related tgen bonds. However, the distances from this atom to the
the dsDNA band at 742 cit and the doublet at 662 and nearest intrastrand phosphate groups are around 5.5 and 7.1
657 cm % All of them shift downward by 3—-4 cm' after A, which are not suitable for interacting with the two KIH
polyamine complexation, and have been assigned to thygroups of a putrescine molecule (6.2 A). On the other hand,
mine vibrations. the main reactive sites at the minor groove are the O2 atom
of thymine and the N3 atom of purine bases. Estimated
lengths of 5.9 and 6.1 A can be obtained for O2(thymine)-
PG, and N3(guanine, adenine)-BOwhich correlate well
The results obtained from this Raman spectroscopic studwith the putrescine N-N distance. We therefore propose
can be discussed in terms of preferential sites of bindingutrescine-dsDNA complexation models where the poly-
between DNA and the polyamines, which can be comparedmine NH; groups are in contact with a phosphate group
with interaction models proposed on the basis of differentand either a thymine-O2 or a guanine/adenine-N3, as dis-
biochemical, physical, and chemical techniqgues. Ramaplayed in Fig. 6,A andB, respectively. As can be seen in
data indicate interaction by the bases for the three polyFig. 6 A, this model allows for some hydrophobic interac-
amines, although they establish some structural-dependetibns between the methylene moieties of putrescine and
differences. To propose some interaction models, the inthose of dsDNA (both skeletal and deoxyribose JLHn
tramolecular distances have to be taken into account. Faagreement with the Raman results. The significant shifts
polyamines, we have assumed thetedis structures as the measured for the Raman band at 772 ¢rof deuterated
starting point in the three cases. As predicted by theoreticalsDNA indicate that cytosine residues are also involved in
calculations (Marques and Batista de Carvalho, 2000) this ithe putrescine-DNA complexation, which should occur
the lowest-energy conformation for these polyamines. Inthrough the cytosine-O2 site in the same way as for the
tramolecular distances for dsDNA and polyamines can beéhymine-O2 atoms. On the basis of the observed Raman

Putrescine

Discussion of preferential binding sites
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The binding models proposed for DNA-putrescine inter-
action can also be interpreted in relation to the Raman
hypochromism observed in the difference spectra. As can be
observed in Fig. 6A-C, these models involve only intra-
strand bindings. This fact is consistent with recent results
about DNA protection from radiation-induced strand break-
age by naturally occurring polyamines (Sy et al., 1999;
Warters et al., 1999; Douki et al., 2000), which have dem-
onstrated the ability of spermidine and spermine to radio-
protect DNA, whereas putrescine is not able to. Intrastrand
bindings cannot prevent DNA from strand breakage; in
addition, putrescine molecules would have the effect of
altering the interstrand hydrogen bond network at a high
putrescine/DNA molecular ratio (as happens for the DNA
60 mM-putrescine 50 mM complexes), thus giving rise to
the aforementioned hypochromism.

Spermidine

The molecular size of putrescine prevents it from interstrand
interactions. However, the N-N distance in an tadins
spermidine molecule reachesl1.2 A, which would allow

for interaction models involving two reactive sites located at
different DNA strands. As mentioned above, the interstrand
interactions could justify the radioprotection of dsDNA by
spermidine.

Raman data for DNA-spermidine solutions indicate pref-
erential binding by the DNA minor groove. As for pu-
trescine, this can be largely inferred from the observed
features for the DNA bands at 1669 and 1488 ¢mas
previously discussed. The phosphodioxy Raman band is
also subject to monotonical shift upon spermine complex-
ation, and its intensity increases as deduced from the Raman
difference spectrum at a spermidine concentration of 50
mM. Considering the interatomic distances at the minor
groove, there are suitable values for the spermidine inter-
action involving the purine-N3 and pyrimidine-O2 atoms
and a phosphate group from the same strantil(0-11.5
A). However, these intrastrand interactions would need the
polyamine to be adapted to the helix rotation; otherwise,
strong steric hindrances could appear. Thus, as preferential
models of binding we propose those displayed in FigA 7,
andB, in which an outer NH group of spermidine is near

FIGURE 6 Preferential binding model proposed for putrescine-DNA @ dSDNA phosphate moiety; two interstrand binding possi-
complexation. 4) Phosphate and pyrimidine-O2 from the same strand ofbilities could exist for the second NHgroup: pyrimi-
the minor groove; &) Phosphate and purine-N3 from the same strand of thedine-02 and purine-NS, whose distances to thg I@@Jups

minor groove; C) Phosphate-phosphate exo-groove.

difference features for phosphodioxy (PYand phosphodi-

are between 10.5 and 12.5 A, respectively. These models
are free from steric hindrances, and they are in good agree-
ment with the Raman evidence. In addition, the N3;PO
model, Fig. 7B, allows for interaction between a thy-

ester (O-P-O) groups and the estimated distances for twmine-O2 site and the inner spermidine NHyroup, al-

adjacent phosphates,6.1 A, we also propose a third com-
plexation model shown in Fig. €. This is an exo-groove

interaction where the putrescine §Hyroup contacts two

consecutive dsDNA phosphate moieties.

though this is only when the N3 atom corresponds to an
adenine residue. Hydrophobic contacts with the methylene-
C5' can also occur. An alternative binding model involving
two pyrimidine-O2 centers has been depicted in Fig:.7
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Spermine

As mentioned above, the interaction between spermine and
DNA has been widely studied in the past by using different
experimental and theoretical techniques (Pattabiraman et
al., 1984; Feuerstein et al., 1986, 1990; Drew and Dicker-
son, 1981; Jain et al., 1989; Williams et al., 1990; Marquet
and Houssier, 1988), and several models have been de-
scribed. These models, however, are often contradictory,
and the question concerning the spermine-DNA binding
remains troublesome. The observed shifts for the DNA
guanine-N7 Raman band at 1488 thmupon spermine
addition indicate interaction by the major groove, whereas
the thymine-O2 band at 1669 crh(minor groove) does not
appreciably shift. The Raman difference spectrum at sperm-
ine concentration 7.5 mM supports this statement. Despite
the fact that no shifts have been measured for the phosphod-
ioxy Raman band at 1094 cm, the difference spectrum
also confirms the existence of NHphosphate contacts, as
reported by several authors (Drew and Dickerson, 1981;
Marquet and Houssier, 1988; Egli et al., 1991; Feuerstein et
al., 1986).

In our opinion, the binding model depicted in Fig.A8
presents the following characteristics: 1) it satisfactorily
explains both the observed Raman shifts and Raman differ-
ence spectra, as a hypochromism effect was not observed
for the vibrations of base residues; 2) it is compatible with
the estimated distances between the reactive sites of both
DNA and spermine; 3) it involves negligible deviations
from the alltrans polyamine conformation; and 4) the in-
terstrand interaction allows us to explain the DNA radio-
protection observed for this polyamine. The polyamine mol-
ecule is placed across the major groove with three non-
sequence-dependent attachment possibilities: the phosphate
moieties for the two outer spermine I§Hgroups and a
purine-N7 atom for an inner NHgroup. The second NH
group can interact either with a thymine-O4 or with other
purine-N7 atoms, depending on the base sequence; interac-
tion with cytosine residues are, in our opinion, less proba-
ble. This conclusion agrees with reported studies about
sequence dependence on the spermine-dsDNA interaction,

FIGURE 7 Preferential binding model proposed for spermidine-DNAin which Significant differences were proposed between
complexation. ) Phosphate and pyrimidine-O2 from different strands of A-T and G-C base pairs (Marquet and Houssier 1988) A

the minor groove; B) Phosphate and purine-N3 from different strands of
the minor groove; €) Two pyrimidine-O2 from different strands of the
minor groove.

second interaction model has been displayed in Fig, i8
which the spermine molecule is placed along the major
groove attached to a phosphate group and a purine-N7 atom

The phosphate-phosphate interstrand distances at the DN# the same DNA strand. In this model, however, the
major groove do not favor the attachment of spermidingnteractions with the bases are always sequence dependent,

molecules, supporting the Raman data.

and protection from strand breakage would not be as effec-

In summary, the binding models proposed for DNA/ tive as when the interaction involves both strands.
spermidine complexes together with the Raman results in- The binding model displayed in Fig. & has been ob-
volve both intra- and interstrand interactions. In our opin-served from crystallographic studies on B-DNA dodecam-
ion, the interstrand interaction would explain the ability of ers stabilized with spermine (Drew and Dickerson, 1981). In
this polyamine to radioprotect DNA and the small hypo-addition, it has been theoretically studied using molecular

chromism observed in the difference Raman spectra.
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