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DNA STRUCTURAL CHANGES DURING INTERACTION WITH METAr,IONý
ON IR_ SPECTROSCOPY DATA
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ihe meta1 1MrrZt ,Mg?* ,Са2+ ýu, е+ } iorr effoct оп the DNA Stluсtцrе in Гrlms is sttidisd at diffeTeлt

r:e,latirlp humidities (5Эs"/ф Ьу the lR,spectTosoopy rnethod. The resвlts ebtained еr,idепсъ the interaction of
iй. io", with DNi phosphate groups аg wэli as lлith nrroНc bases. Thc fоrmаtiоп of the sесопdаrу

ýfrчсturе of DN,A. сотпрiехеd wйl Tnetat jo*s is shorTn to take place at the greater ,r9цЬо оf ,яаtеr

mоlесцlеs borrnd to the роllrтеr than in the саss of DNA without ions. The interaction of DNA with metal

ions ргетепts its transition into А-fопп and -indвces еssецtы сhапgеs in the hydrate ,lr,аtеr бf the

**Д**"r. The models foT the ion interaФion with DNA macTomoleoules and its compofiefits аге

discussed.
Keywords: DNA stтuсturе, rnetal ions, vibгation sресtrоsсору

The active Ьiоlоgiсаl rоlо of divatrent rnetal in the frrnction of the genotic appat,atus in
canc€rogc{resis and rnutigenesis has bcerr attractikg perrnanent interest in the intcraction of thcse iorrs

*iй о"ilы" acids. Д groai пrrшЬеr of works has сойdсrсd this рrоЬimп [1-10] hrt at present binding

sites of Ме оо DNд, mоlесulаr mесhапisшs cf interactions of the hydrate water ivith DNA
соmрlехеd with metal ions have not bcon clarificd yet-* 

The present rлrогt соцtiпuсs the previous strrdies carTied оut .rsing thc viscosimefry, сD
апd йJйы lJV-spcctros"opy m"Ъоds [8,9], Тhс wcTk st*dies Mnl+ ,Са2* Mg2* and Cu 2+ iorr

interactiolrs йth DNА-iш films-at variousretativehumidities.bytR- spectroscopy. The:зethodrrsed
givos inl'orTn*tion оп rnetal ion bmding sitcs, thе mstаl ion effects оп thc mасrотаоlесldе transition

йtо the doublc helical сопfоrппаtiоп and оп рrqвеrtisý of the hytlrate watcr of the corBplex. Sцсh data

uru o".rrrury to develql rеа1 rnodels of the Ме= ion+DNA hуdrаtс соmрlех and to understand

шесhапisrпs-оf ion-hydrate environmgrt offects оп thеstruсturеапdраrаmеtсrsоfшасrсmоlесulеs.

ШФERIMENTA,L
Native calf th}Tnus DNA of шоlесtrlаr wеiфt 1.9 х 107 Da was used, the,protcin eontent bcing

srдаllеr than 0.5%, DNA *** extracted in the D.YB. Lando Laboratory (Minsk, Веlаrus)- The

hцlосhrоmiс effoct rчаs Збаk at ,1" = 260 птn. The пuшЬсr of elernc,lrts Na* and К+ ileterrвined with а

г/рr_I flame photorncter in DNA prqtarations (rеgаrdiпg their "dцl'о weighQ rvas 7.0 * 0.2 and 0.6 +

}'azY*ýfffffJ 
of thc DNA fikn prryaration and IR щесtчrп rrcordin€ йth an IR-

цlесtrqrhоtоrпеtеr UR-20 (Zeiss, Je,na) arc dcscribcd in details еЬечihеrе [4]. IR цrесtrа of DNA
ЙшflЙеs rvith the above ions wcre studied in the range of relative humidities (R}I} frоm 5% to 98%, Тhе

tеmfсrаПге rvas 29оС. The ачеrаgе пшпЬеr of water шоlеs реr mоlе of DNA nuclcotides (rJ was

dФеrmiпеd as dcscribed in [4].

RESIJLTý AND DISCUSSION
То invesфate Мо2* ion effects on the structrrrc of DNA and its hydrate shell, IR

ýpectra of DNД соmрIехеs цrith ]Ип2+ ,Са2+ and Сu 2+ ioný Wеtrе studied in the rацgе of relative
ьЪrпiдtiеs (RH) frош iyotogBЖ(Figs.1,2).Asbinding constants fоrthеlобz*,М82+,Са2+апdСч2+iоп
association 

'йth DNA diffcr esserrtially, чаriоus concеlrtrations of ions ({Cuz+]/[P]=0,{,

tL{L2+ytp]=1, [Ca2llР]=l0-20)ivgostudiedinordcr to сошраrе e,ffectsinduced Ьу Mez+ ions. The
analyiis 

- of ihe sllectra obtained shows that the аьоче шФа1 ions induced essgrtial сhапgеs

in IR-spectra of пNА in the absorpticn rероп of the sugar-phoqphate bone as well as of thc
nucleic Баsеs (Figs.l-3 ).

Thus, Са2+ ions inducc shifts and intяrsity сhдlrgеs of thc absorption band of аsупmеtriС ( v

=12з0 glo-r1 and Sушшфfiс (r, =1087 6-1 ) vihrations оf PO-z groups and 14 сп,1 ýhift of th€

absorptiou band of ribose (v =1055 сrп-1) fo DNA at [Caz+ ]/[Р]=!0 and п=8 (76 % RH) (Fig. 2). At
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Гig 1, IR sр€сtrа of DNA+Mе2* cornplexes at 76Yа

зл.

Fig 2. IR spectra of DNA+Me2o complexes at 76% RH
in D,O.

n>12 (98%RН)tfoeseshifts of l22I сm:l and 1087спп-i absorption bandsdccrcase, being 1-3сrш-
_\lso. Мш2+ ions cause shifts of absorption bands оf аsrлтmеtriсаl r.ibrations of PO-z groups Ьу 5

:тл-: to th€ region of low frcqmerrcies ([Mnz*YlP1=0,4) at 76 % R.H. (Fig. 1 }. Wlth the iпсrеаsе of
lheтi,atercontentinthefilnrщlton>16theabsorptionbandof phoqphates (v =I221crn-t)shiftsupto
, =1222 сп,!-1" сп2+ ions induce shjfts of рhоsфаtе absorption bands at n=8. Fоr example, the
зЬsоrрtiоп band of as}TnmetricalvibrationsofphoщhatesforDNA+Cu2* is |225сmа.

Tablc 1 gl\res mаiп characteristics of аЬsоrрtiоп bands of DNA and DNA сошрtrехеd rvith
],1;:- ions. Тhеsе data ald spectra irr figs. 1-3 evidgrce that lvlnz+, Са2+апdСu 2+ interaet \4,ith DNA
::-:sphates and that DNA complexed ivith divalent ions sesrтs to transit into В-fопп passing А-fоrm.
]hапgеs inparameters of qpectra of deutcrized DNA filrns and DNA+Mez* ion cornplexes аrе shown
_п ТаЬ!е 2 It shodd Ье rroted that the abserrce of the band 1710 cm-t and thе shift of the Ьацd 1053 crn1
:hзгасtеristiс of the prcsence of the double-helical DNA struchrre, in addition to the location of
зЬ,sогрtiоп batrds of РО-: gToups, do поt реrшit the conclusion on the forrnation of the native DNA
!:ruсrurе comlrlexed йth Са2+ ions (CalP=0,4+l), М_ч (Mg}/P=1) ечеп at R.H.=98% (Fig. 1-З, Table 1 ).
lпе double-helical structure is absent йth the all DNA mctal соrщllехеs studied at R.H.=76% (Fig. 2 ).
_:s Гоmrаtiоп completes at R.H. 98%. DNA fiIrns kqlt in а herrлetic cur.ette with HzO оr DzO for several
- З 1 day,s shorMed that metal сошрlех,еs sоrЬ the larger пumЬсr of rvater rnoloculcs (n) than the рurе
--\\ and that tЫs nurnber increases йth the rise of the Ме2* content in DNA filtns [ 4,5 ]. So, for
]\ý+Caz+ at Caz+lP=20 n wеrе 26 wЫlе fоr DNA it was 20 and did цоt iпсrсаsе оп the DNA keeping
* з hеrrпеtiс currette йth water fоr 2-3 days.

Analysis оlсhапgеs in qресtrаl parameters of D}.tA (Figs 1 ) and deuterized filrns of DNA+Mez*
::Tplexes (Fig. 3 ) is givm in Tables l and 2 , respectively. The comparison of frеquепсiеs of
Iз,гасtеristiс absorption bands of IR spectra of DNA and its complexes with Ме2* iorrs penn:its а

-;?osrtion that in the preserrce of Мс2* studied DNA transits into the double-hclical conforrnation at
--:ha R.H.s than the рurе DNA. Unlike the latter, the above DNA sеешs to transit to the В-fопп
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DN,4 ýtrасturвl ch*nges duritэg iпtега*tiоп lъ,ith metal ions *п IR-spectroscopy data

confonnation family, passing the А-fоrm (ТаЬlе 1). Besides, we note Strong conforrnational changcs
Ш DNA+Cu2+ and а DNA disordering at СulР>0,4. Data in ТаЬlе 2 реrrпit analysis of the sЫft of
:hаrасtеristiс absorption bands of DNA nuclcic bases oIr the DNA iпtоrЙiоп rмith йе2*. Besidcs, they
рсгmit а supposition that the inteгaction of Mg2*, Са?* and l,{n2o iorrs with DNд is rcalized Ьу
ccordilration With N7 and Об of guanine and рhоsфаtе grоuрs. Fоr Crr2* ions this cornplex can ЬЪ
Supposed опlу чrith the ion conteid sшаllеr thaв Сu2*/Р<0,4. In thэ case of high concentrations of, Сu2=
rons а шоdеI рrороsеd in [l0] sееrдs to Ье rcalized. lп this rnodcl Сu2* iorrs cooiфnate rryith N7 and об оf
guanirrc and NЗ and О2 of cltosine, locating inside the DNA dоuЬlе helixflS]. Strch а cornplex is possible
пt the case of, thе guanosinc rоtаtiоп аrоuпd tho glvcoside bond and the traцsitiolr to sin-confoпnation
Ihat, aS studies shoп,ed, is rcalized on DNA protonation [8], Stmdies on DNA+Cr.l2+ cornplexes was
;зrгiеd ошt Ьу Rarдan spectroscopy [5,9] cr.idarce as wel1 the rcalization of sin-conformation оЪ thc Cu2+
bmdirrg to DNA аt СuЗ+/Р>0,4.

Table 2 Parameters of spectra of dечtеrиеd DNA films arrd DNA+Mе2* ion compIexes

R

onS DNA Tмith lVtrn'"
1:0,4

DNA влith Сu'
1:0,4

DNAwithCa"*
1:20

Assignrnents
[ýemenov&X; Ghomi L{. et
а1; Fritzsche H.et al'l

1575+1578

1620*+1625

1670-+1665

1695+1688t

(N) 1"550
1575t
(N} !"б80
1620--+163о
1645

-+1660t
1б70

1695+t690}

1575-+1580

1645t

1670-+1662

C:N(C)at presentCu
C:1{(G)
C:N{G)at presentCu2*
C:N(c,A)
сr:о(с}

C6:o(G), с:о(т)

с:о(т), C6:o(G}

98%

1575-+1579

1675-+1673
1694-+1690,L

(N)].550

(N)1583
1620-+1628i

1694-+1686t

1575-+1580

1620-+1625
1675-+1673
1694-+1690}

C:N(C)at presentCu'
с:N(G)
C:N(G)at presentCu2''
c:N(C,A)
C6:o{G), с:о(т)
С:О(Т), с6:о(G)

^.- decrease оr increase of the absorption band intensity

- - shift of absorption bands in qресtrа of DNA+Me2+complexes аrе indicated in соmраrisоп rrith DNA
n=r^TfiItn.

1{ 1 -ag11, absorption band.

The anaфsis of dcpenderrcics of freque,rrcies and intcnsities of absorption bands of
:u;lсiс bases and the sugar-phosphate bonc оп thc пumЬеr оf absorbed wаtеr rnolecules реr
:ucleotide (n) allorvs to study intcractions йth ions and structtrral changes of rпасrоmоlесulеs. The
.i.оrрtiоп Ьапd intensity was characterized in relative units R = Di/Do , whеrе Di and Do аrе optical
j-Tsrties at the mахimurп of absorption bands at i- and пiпiшuтп relative hurnidities, rеsресtiчф.
.he rninimum relative hrrrnidity was 5-9Ь.

Figrrres 3 sholv dецlепdеrrсiсs of frequancies and intcnsities of stretching vibration bands of
)\_\ phosphate grоuрs солщilехеd ц.ith divalent ions. It is knoцlr that for DNA such dqrendoзccs
;--Tтnit to observethetransitioninto А- and B-fomr atn=8 andn=l2, reqpectir,,ely [l5]. It canbe seen
эзt fог DNA+Mez* ion сопцiехеs essential changes in the charactcr of the above dcpendences аrе
:с.;п,еd. Thus, Mn2* and Са2* ions decreasetheintensit5, of thesc DNA absorption bandý, whilc Cu2*
'--nsmcreaýeit. Probably,the decrease of theinlensit_vis duc to thc fact that Са2* and Мп2+ ions
-tTacting Йth phoqphates рrечепt frоm their hydration, Фhilе Сu2* ions аrе аЬlе to locate inside the
]\,_{ helix, forrning intcrstrarrd cornplexos [fl. Besidcs, they do not prcrrent frоm thc hydration of the
:,,лrе, and the increase of thc intensity corrld result frоm Р=О bond polarйation drrring the interaction.
, .r-- ions йth DNA

;
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Figs.S. Drycndencies R and v vahres for PO-z Fig.4. Dependencies of, the frеquепсrч (v) arrd
gToulr йЬrаtiопs on nrtrrrber of the sorbed wаtеr relative intensity (R=DiiDo, where Di and Do аrе
rnolecules (or) fоr DNA апd DNA+Me*z the optical densities at thc rзлахiшuпш of
cornpleKes:i-" DNД; 2-э Сu:*/р=0,4; з_х absorPtion band at i and ппirdrдtш"д relative
Mn:*ip=c.+; 4-Д Mglu7p-1; 5-п Ca2*lP=l; б- v htrrnidities, respectil,efu} оп tfue пrrtrrЬеr оf,

Ca2*lp-Za аЬsоrЬеd ц,аtеr шоtrесulеs: {O)DNA,
(X)DNA+0.4[Mn2*]IH,
(a)DNA+O"4[Cu2-]lP], (Л)DNА+20[Саz+]/[Р].

At п<3 frequencies of аs}mmеtriсаl vibrations of phoqphate grоuрý of DNA+Mez* io*
comlrlexes, cxcýpt cu2+ ions. аrе shifted to thc region of, lower frequcncies as regards those in thc
DNA spcctrrrm. Дsо, it should Ье noted that for DNA the transition into the dorrble heНcal
сопfогmаtiоп (В-fоrrп) is idcntiIied Ьу thе sЫfts of phoqphate alrsorption bands to 

"* =1224 стп-l, n087
cm-l (it occurs at n= 12 for DNA in the аЬsепсс of Мс2+ ions [lfl}, rvhilo thсsе Ьапds аrе obscr v^*ed at
п=l8fоr[Саz+]/[р]=|$,п=Z4 fоr[Са:+]/[Р]=20,п=tr4fоr Mn2+ ions аrdп=l2fоrСu2* ions.

Data of Tablo l altd dqlerrderrcics obtained fоr intcnsities and frequencies of r.ibrations of
Phospaate grоuрý of DNA соmрlекеd йth Mez" ions indicate that all the aЁove ions dela1, DNд
transitiorr irrto the B-oonforrnation. DNA mасrоmоlесutrеs compleKerl rvitlr Ме2+ iotls transit into
the B-conforTnation at n=l4 flоr Мп2* ions, rr=l8 and 24 fоr [Caz*]l[P]=10, 20, respcctively, and п=12
fоr Сu2+ ions (Fig. 3 }. This еfГесt was also obserr,.ed for DNA сЬшрlсхеd with monb,ralelrt ions
i7].

Also, DNA transition into the doublc helical confoпnation is identified Ьу the
appearance of absorption bands (v =1053 сlп-' ) of ribose and thein-plane stretching vibrationmode
(v= 1705 сm-l ) [14,15] in thc IR qpectflrm оf nativc DNA at n>8 {ТаЬlе 1) Тhе оЬsеrчеd IR band
with а peak position at r,=1705 crn-l is fakly well rерrоduсеd Ьу calculations il,ith thc double-strand
9tlrcture_of |oly U (1707 сш-lfоr С =O(U) absorption band of iR qресtrurп) [15]. Divalent metal ions
induqE the low frequmcy $ift оf this absorption band in IR qpcctia. Fоr DNA+Mel* cornplexes the
3!Рле.tl,ТСчлоf аЬsоrрtiчlq"Сr_ at the abbve frequencies is observed at n=14 ([мпz{/[Ё]=0,4; 1,
[Са2-]/[р]= l0), n=20 ([Caz-]{P]=20) апd n= 12 in the case of Сu2* ions.

At n<l2 the absorption band of ribose is resolved at v =1065-1070 сm-r in the lR spectnrm of
DNA complexes with Сь2{ аъd Мп2* ions. This band is not observed in thc case of Cu?+ loor.-'----** 

--

* Dependencies of frequencies and intensities of absorption bands of DNд nucleic bases arrd
DNА+Цбz+ cornplexcs on tho пumЬеr of absorbed wаtсг rпоlЪсdss show the delay of the DNд+меz*
ion соmрlех transition into thc hclical conf,ormation апd the above frеqчеrrсу shifts ioo (Fig. 4 ),

It should Ье noted that thc decrease оf the intensity оf absorpiion bands of пuсlьс bases dueto the DNA+Mez* ion transition into the double helical сопfоrrпаliоп is оЬsеrчеd at n=10 (n=8 for
native DNA) (Fig. а). The discrepancy of iпtсrчаls fоr п чаluеs at which the struсturаl trапйоп of
DNА+Цgz* ions is identificd_ Ьу dqlordencics of frequcrrcies and intensities of absorption bands of
phoqphate groups and пuсlеiс bases calr Ье explained byihe preferartial binding of Са2* ind Мпз* ions
to hiopolyncrphoqphates Рnd !у hydration of thesc сепtrсi. such а disсrфапсу is not оьsеrчеd in
the case of Сu2* ions, uthich is due to higher values of hinding constants fоr ihese'ions bound to DNд
bases than thosc fоr phosphates [5, t 4]. дl ths diyaleпt ions, exccpt Сu2* ones, indtrcc the shift of the
frequency of the absorptiorr band of stretchingvibrations of йаьsоrьсdwаtсrfrоп342O to З400
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DNА stгасtцrаl сirапgеs duriпg interaction иritti nretal ions oTt trR-sресtrоsсоlэу data

_сш_1 , реrhарs, duе to the Cau* and Mn2+ ion intoгaction wilh HzC in оutеr lачеrs of the DNA
hydrate shell (Fig. 5 ),

it is also kпоrътr that the freouc,ncy shift of this absorptiorr band is рrороrtiопаl to the
еасеýý_ епthафу of wаtеr шоlесulе evapoiation frош thecornpt"* 1tЗ,is1" ТЫs lcads'tol сопсlusiоп thatthe tэirrdrng of water rnoleculci to the DNД+цgz*' 

"оЬД"i is strопgеr tharr that to DNA
ша cronolectrles without ions.

дsо, it should Ье noted tbat оп the соmрiех fоrrпаtiоп the rпахimum nulrrbcr оf, absorbedli-ater rnolccules in the DNД hydrate sheЦ.i*crcases (Fig.З). it follows frоm thе fact that оп the long-
tегm (fоr 1ЬоЦ 5 da_vs] keoлning jf DNA+Mez* fitrrns'at*R.H.= l009'i mахirпurп rrmrtbers of absorbedч-аtсr rtоlесulеs fоr Са2* ions аrс 23 at {Caz+]{P]=1fl апсl 26 at [Caz+l/tp]=2ý. F.iЙ* and Ctr2*
tons tЫs valtle is 22.
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3380

зз7с

3360

зз50

зи0

п
Гig.5. Dcpendecies of thc frеquепсу оf the аЬsоrlэtiоп Е;.. < г
band of аЬsоrЪеd watcrn'olecules оп DNA: iБrЁй". Fig 6. Depndencc of sorbed rvater molecules

rО)DNА+0.4[Сu}]/[р],1хlпжа+озlма;lhЪi, ' '^' (П),оп rе|аtft"е h:чdlт{RН) for DNA {1-,)
l Д)DNД+2офаrliф1 , l,L, " arrd complexes йth Сu2* (2-Ф) and Mf, (з-о)

Тhе depеlrdmce of n оп relativc hurnidit1, оf DNд + Сч2* arrd DNд+Мп2* Ьy data оf ]R-
1тес!lоsфi1 atrd piesoyarrirnctry mcthods аrе.foо"m on fig. 6.
Bmding DNA B,ith Сu2* decrease оf the DNA solption dёgrее and RH =З0-709/о. In the rarrge of
RH=50-709Z. whеrе DNA tTanýtion into dоuЬlе hdix 

"ойоrmаtiоп 
is оЬsсrчеd, the dссrсаsе of thс)NA sorption degrce is two water molecules реr nuclcotidc (rr=2). Fоr Mn2* ions this чаluеs [Мп 2+r/IPl

=ij.-l is about n=l and cobcidc with сuгче rоiпrчд m*olcculb ц,ithout ions (Fig. 6 ). This сffЪсt сап Ьс
::рlашеd Ьу thе fact that Ме z* bind ц,ith N z of the gчапiпе and N з оf thеЪфsiJе, wНch involved in
hr dration bonds forrnation. The DNA double helix sirrrcture fоrшаtiоп is оjсurs at interactiotl ц,аtеr
шоlесulеs йth tЫs сепtrеs on DNA rnolecules and dehydration N т of tbe guanirre and N з of the
;ilosinc dшriпg $ilrling with the Сu2+ ions апd iп this cajc thc nrrrntrсl: of thc йаtсr шоlе,сшlсs nccd fог
тгапsitiоп DNA + Cuz+ аrе increasc .

сопеlцsiоп

The rеsults obtaincd chow that in the рrеsепсс of mеtаl ions DNA transits into thc В fоrrп Ьу
раssшg the А fоrrп. All the investigated ions delay the DNA transition into thc В confonnatiolr. Тhе
iransition оссчrs at п = 14 fоr Mn}+ ions, n = 18 and 24 for [Caz+]/[P] = 10 and 20, rcspcctively, and п =
i] fоr Сu2+ ions. Cu2+ aвd Мп2+ ions decrease the DNA hуjrаtiоп-йilе Са2* ions iпйаsе it. Frоrт the
гасt that shifts of frequencies of stretйing vibrations of the water sorbed on the Г)NА+ме2* соmрlек аrе
--,bserved, it mаУ Ье concluded that the bfurding of lvater rnolecules to а DNA + Ме2+ сошрlех is stronger
:hап that to DNA macfpmolecules йthout ions.

The results obtained evidence the modification of the secondar.v DNA struсtчrе, specifically, thc
З--{ structBral сhапgеs iц sorne part ofthe DNA mоlесulе соrпlэlехеd ц,ith Са2+ at Ыgh coцcentrations of
:alcirrm ions ([Са2+]/р] = 261. Studies of DNA + Cu2+ 

"оrщrl""*' 
([Сч2+]/[Р] = о.ц-о.о) show that the

]NA structure cannot Ьс assigned to апУ of the knor,1.1r conforтnations (A,B,Z). The рuriпе nucleotide
:ransition frОШ anti to syn conforTnation was observed in DNA cornplexes \4.ith Сu2+ ions and at the Ыgh-Ca:+]l[P]=20) concentration of Са2* ions, These data сап ýшш]оrt thc rпоdеl of the DNA + Сч2+
-,эmрlех proposed in Refs. [9, l 0].
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