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Тhе self-associafion of the soЕcomplcmerrtary deoryoctanucleotidq 5'd(фАрСрДрТрфТрС), and its
complexation with the phenanthridiпium drug, ethidium Ьrоmidе (ЕВ), has ьесп sbdia Ьу r'ОЫ 2D 500/600
MHz NMR ýресtоSсдрJ. 2D hоmопчсlеаr сопеlаtiоп PMR spccnoscopy (TOCSY ава liOBSЧ was used fог
сошрlеtе assignment 

9{ 
th9 уп-ехсhапgсаьlе рrоtопý of the molecrrl.r'bd fo, qualitative dевйiпаtiоп of йс

рrеfеrгеd linding site(s) of the ligand with the oligonucleotide chain. Ап NMR mralysis has bcon developed for
dеtегmiпiпg йе йегшrофпаmiсаl рагапrеtев of self-association of the DNA осйmеr and its multicogrpoaent
ечuiliьпum of соmрlсх fогmаtiоп wiф Ев in solution. Quantitative deteпnbation of йе equilibrium coпstants and
thегmофпаmiс раrffп€tеrs (free епеrgу, enthalpy and епtrору) of duplex fоrшаtiоп of, фе octamer and its
complexation йth Ев is based оп iпvestigation of the dерепdйсо of prbton chsmicaj shifu of the molecules оп
týmperatur9 ацd on concenfiation. Тhе екрегimепtаl геsulв wеrе iпфrеьd In tеrms of complexes containing
difГеrепt пumЬеrs of drug molecules iп the осtаmег duplex (l:2,2:2,З:Z йс 4:2 complexes). It is also found that (i)
the relative amount of each mоlесulаr complex dcpends on the ratio of the Ыfiаl concentrafions of the octamт апd
drug апd on the tеmреrаtuге of solution and (ii) successive binding of dгчg molecules to the octamer duplex is anti-
cooperative.
кЕY \ryoRDS: deoxyoctanucleofide, ethidium Ьгоmiф, iпtеrсаlаtiоц thermodyramic parameters, NMR
Sресtгоýсору

INTR.ODUCTION

.. The thermodynamical stability of oligonucleotide duplexes depends substantialty оп the lengh of the
оligоmег but also оп base content and nucleotide sequence in the сhаiп [l_б]. ft has Ьееп shown [з-6] that ечеп
miпог changes in nucleotide Sequence lead to аррrесiаЬlе differences in the чйuеs of thегmоdупЫсаI lаrаmеtеrs
of duplex fоrmаtiоП of oligonucleotides. It has also been found that iпtrаmоlесчlат interactioni in single stгапds of
D]{A at rооm tеmреrаfuге mаkе а significant сопtгiЬutiоп (ý40%) to the enthalpy (^Ф of duplex fоrmаtiоп [7] .

At the sаmе time, thеrе is а substantial influence of the 'fTee ends; Р.е. instability oitbe tеппiпаt base pairs [S, С])
оп the value of Дl/ of duPtex fогmаtiоП iп shогt oligonucleotide sequences, as well as оп the thermodynamics of
thеiг 

_binding with агоmаtiс drug molecules [8, 9] Thus the enthalpies of duplex fогmаtiоп fоr seЕ
complementary deoxytetгanucleotides [5, 6] аrе somewhat lоwеr than thosi саlсulаtеilfоr 'ideal' duplexes [10].
howeve1 the аЬsоlutе values of ДI fоr complexation of the intercalating drug, ethidium bromide (Ев), йth
1.1|u*:r.* [8, 9] аГе higher than ДI1 fоr binding of ЕВ йth lопgеr deoryoligonucleotides and mасгоmоlесulаr
DNA [11,12,1З] , РrеЙоus work [8, 9, 14] оп the complexation Ьrвв йth DNд tеtrаmеrs has shown thёt ЕВ
binds рrеfеrепtiаllу to the руrimidiпе-рчгiпе Фуr-рuь sites of the tФranucleotide duplexes and that Ев
interca]ates from the miпоr groove of the double helii.

In this work vre герогt an NMR (500/600 MHz) study of the self-association of а self-complementary
deoxyoligonucleotide, s'-d(фАрСРАрТрGрТрС), and its complexation йth the trypanocidal drug, @В), in
aqueouý salt solution. The DNA осtаmеr has trvo py-pur (СрА and TpG) sites и й ыаоtе of thi sequence,
expected to Ье the sites of рrеfеrепtiаl binding of ЕВ, whеrеаs at the ends of the осtаmеr duplex йеrе are pur-pur
апd py,pyr sequences йth less affinity of drug complexation. It is expected that the assoJiafion constant of Ев
binding to diffегепt sites of the DNA осtаmеr йll Ье substantially diffегепt and the influence of the tеrmiпаl
nucleotides will Ье considerably lоwеr iп the double-helical stгчсtчrе of the офаmеr than fоr the
deoxytetranucleotide duplexes. Ап NMR analysis developed in рrейоus wогk [8, 9, t4] fог complexation of
inteгcalating drugs йth self- complementary tеtгаrпеrs included fоrmаtiоп of опtу 1:2 rrrtdi:2compljxes, ie. опе
and two drug molecules intercalated into the tetranucleotide duplex according tothe "excluded пеiфьоч1' model
[i5]. The осtаmеr has fоuг possible sites of intercalative binding with Ев uй so а new model, wыch takes into
account the l :2, 2:2, 3:2 and 4-2 complexes of the dгчg йth the осtаmеr, needs to Ье developed aS an extension
ofthe арргоасh considered еаrliег [8, 9, 14]. Quantitative detenTination ofthe thеrrпоdупаmiс раrаmеtегs ofself-
association of the осtаmеr and its complexation йth ЕВ is based оп investigation ofihe dерЪпdепсе of рrоtоп
chemical shifts of the mоlесчlеs on сопсепtrаtiоп and tеmреrаtчге [Ь, 9].
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мдтýRIАLý А}ш} METHoDS
Тhе deoryoctanucleotide 5' -d(фАрСрфтрфтрС) rvas synthesized Ьу the "Oýwel DNA service"

(univeгsiý of southampton), Ethidium Ьгоmidе was рчrсhаsеd frоm the siфа Сhешiсаl Соmрапу апd used
йthout furthег purification. The samples wеrе lyophilized frоm gg.g5% D2o-and redissolved in demeriated 0.1
mо1,1'1 phosphate buffeT, pD 7.15, containing 164 mol,i{ EDTA; The сойпtгаtiоп of drug stock solution was
mеаsuгsd sресtгорhоtоmеtriсаllу using the mоlаr absorption coefficierrt s=5860 mо1.1'1.с# 0,-4S0 пщ) t16].
The method fо.г the ргерагаtiоП of solutions and conditions of the NMR о<реrimепtý wеrе described Ыьi 1ri,
14]. 500 llmIz IH-NI\Щ. 

spectre.were rесоrdеd оп а JEOL GSx 500 ,p"crorr.t"r. Меаsчrеmепts as а fuпФiоп of
осtffrrеГ сопсепtrаtiоПrчеrе made\&t three tеmрегаtчrеs (298, 308 and 318 к) in standaгd 5 mm NMR tubes using
а miпimum vоьmе of 0,5 mI of solution, Меаsчrеmепts as а function of tеmреrаtчге wеrе made at сооstай
concentration Й the tеmреrаtчrе гаrrgе 278 to 358 к. chemical sыfts wеrе mеаsчгеd relative to ап internal
геiЪrепсе tеtгашеthуlаmшопiчm Ьгойdе (тмА) and then rесаlсчlаtеd, йь ,йJ й Бss (sodium 2,2_
dimethy1-2-silapentane-5-sulphonate), ie. ýpsg dnd,{+3.178 Фрm). Two-dimensional homonuclear TOCSY and
NоЕýY ехреrimепts wеrе сагriеd out оп а 600 M}Iz Вrukег АМХ sресtгоmеtег. Тhё sample tеmрегаtчrе waý
геgulаtеd using еithеr Вrukеr ог JEOL чаriфlе tеmреrаtчrе corrtгol units, as арргортiаtе

RESI]LTS АND DISCUýSION
Тhеrmоdупашiсs of self-association of the осtаmеr.

Ехреrimепtаl оЬsеrvаtiоПs. NMR assignment of all the non-exchangeable protons sрейгчm of the
deoxyoligonucleotide 5'-d(GpApCpApTpGpTpC) ф was made using hоmопчсlеш 2-D TocSY and 2-D
NoЕsy mеаýurеmепts алd is in good чgr"ы"пt йth the previous 

"йigп*.оt 
fог tыs octamff under similar

expeTimental conditions [16] Тhеrе аге only very small changes of рrоtоп chemical of I shifts йth concentration
iп the rапgе of 0.06 to 4,2 mmol.l'l at tvro tempeгatuTes (298 and
308 К), most of them being йthin the limits of ассurасу of the
ехреrimепtаl mеаsчrеmепts (А6:(1-2)х10-З ррm). Such Ьеhайочr
mоst likely rеsчIts frоm а геlаtiчеlу hiф equilibrium constant fог
duplex fогmаtiоп of the офаmег so that at both tеmрегаturеs, 298
апd ЗO8ý practically all the oligonucleotide is in the duplex fоrm in
solution and, coпespondingly, the сопtriЬчtiоп of the single-
strапdеd fоrm to the observed рrоtоп chemical shift Е is negligible.
It should Ье noted that, in огdеr to оЬsегче NMR signals of
sufrcient intensity fоr reliable quantitative analysis it is necessary to
use геlаtiчеIу Ыgh сопсепtrаtiопs of.oligonucleotide which fачочr

I. Schematic rсрrеsеrrйtiоп of the duplex qg the duPlex fОГmаtiоп. At the same time, in огdеr to obtain ассчrаtе
ОСtttшеr , 5'- d(GрАрСрАрТрфТрС). Dotted eýtimates fоr association constants, experiments should Ье саrгiеd
linФ гсрlвепt hydrogcn bonds betrreen bases in out at concentrations of фе molecules that аге пеаr the rесiрrосаIthedouble-helicalstructme. of the association conýtailtý [S]. Taking all these йсоrs into
account it follows that it is very difficult to use the concentгation dependence оr proton ъtlrtк chendcal shfis to
analyse duplex fогmаtiоп of the self-complementary осtаmег 5,_ d(GACATGTC) as done ргечiочslу [5, 6] fог the

6, ррm

deoxytФгanucleotides iп solution йth seЕassociation constants in
the гапgе (104 -105 1.mol'l),

Fоr molecules with relatively lагgе seЕassociation conýtantý
(i.e. К > 105 1.mоГ'1 it is feasible to чýе the tеmреrаtчrе
dependence of рrоtоп chemical shifts in оrdег to dеtегmiпе the
equilibrium conýtant and thегmоdупаmiсаl рагаmеtев of self-
association. ki contraýt to tlre crrrves obseгved fоr
deoxytetranucleotides [5, 6] the tеmреrаtчге dependence of а
пчmЬеr of рrоtоп chemical shifts of the осtаmеr shown'in Fig. 1

has а pronounced sigmoidal-shape rvhich is characeTistic of
melting of а duplex.

Model апd апаlуsis. Тhе ехрегimепtаl геýrlts fоr t}re осtilпеr
(Fig l ) have been analysed using the "mопоmеr-dчрlех" model
of mоlесчlаr аssосiаtiоц whеrе the chemical shift of the i-th
рrotоп at tеmрегаtчrе 7can Ье presented in the fоrm:

6,(т) = f.(T)6*{T) + fd(T)6a{T). (1)

In equation (l) 6,(О, ба(7) апd .f,(n, fu(Ц аrе the ргоtоп
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Fig. l Ехреrimе,lrиl tеmрегаfurе dерепdепсе of
sошс of the norr- o<changeable protons of the
deoxyoctanucleotide, d(GACATGTC), at conýtast
concenftation (il9=1.89 rrrmоl,Гl).
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chernical shifts and equiiibriunr rnole fractions (whеrе l,(z) + fкц:1 ) of the octamer at ternpefature 7 in the
mопOmеr and duplex fоrms, respectively In the analysis of the tеrпреrаtчrе dependence of chemical shifts it rvas
assumed that Б,п' and 66 аrе mon0tonie funotions оf,tеmрегаturе duе to сhалgеs in iпtrаmоlесulаг base stacking in
the diffЬгепt сопfоrmаtiопаl states ofthe осtаrпеr in solution; liпеаr and quadratic approxirnations fоr 6*(Щ and
ý6{}, гespectively, were used in the calclэlations [2, 5, 6, 18]. It is expected that application of раrЙеtriс
rеgrеssiоп equations would Ье а suitable computatioпai method to dеsсriье the temperature dependence of mоlе
fractions. As the ехрегimепtа1 ternperatr.}re dependence of, chemica! shifts has sigmoidal сhаrасtег (Fig. l), the
equation {Ьr the mоlе frасtiоп fll}hаs the fогm [8" 9] used to describe the "helix-coil" transition

whеrе -{fi = (F/8)D,8 and D аrе the parameters of the rеgгеssiоп equations fоr mоlе frасtiопfiТ);fr{Ig) is the
mоlе fraction at Т=298 К. Note that tfue ooaýtant 0 of the regression equation (2) has а definite physical meaning,
The value of 0 соrrеsропds to the nretrting temperature 4" of the duplex, i.e. the tеrпреrаtцrе when the motre
fraction of the duplex decreases to half the content соmрагеd with its vаluе at lorv iеmреrаturе {са,21З К).
ЕqrdliЬгium constants of'duplex fогmаtiоп, К(1), at different tеmреrаturеs wеrе deteгmined frоm calculated
values оf,mаlе fгасtiопs using the mass law equation and the maýS conservation law fог this rеасtiоп. Equiiibrium
constantý К(7), iл turп, ]ееrе expresýed in tenns of the thеrrпоdупаmiсаl раrашеtеrý дjl апd lso

t2)f d€) = "{n{T 
о;[1+s(гоl],,[1+srrl] ,

(з)к(т )= п,оГuý* _ AjLl,\ R, Rг /

assuming ttlat values of Мl and А5{ do not depend substantialiy оп tеrпреrаtlзrе in the rапgе studied. It should
ье noted that use of model sumrпаrisеd in eqtration (1) assumes that the molecules аrе in fast exchange on the
\ТI\4R tinre scale. The ш;mегiсаl ргосеdurе of minirnisation was descгibed еаrliеr [5, 6, 19]. The calculated values
Оf 0 (l.e. Т,"}, К{298 К), М and Аý and ДG {29S К) аrе iisted in ТаЬlе l fоr еасh proton studied. The rnoыr
values of these раrаmеtеrý fоr twelve protons аrе, respectively, К=8З0 (=i9O)хlOЗ 1.mol-i at Т=298 К; Т*:32\
(t5) К; АЁ:-4i0{tЗ8) kJ(mol duplex); 

^,ý=-1,2б(t0.13) 
kJi(mol duplex.K). Calculations have shorvn that the

parameters dеtегmiпеd using a1l the ехрегimепtаl points and those at hiфеr tsmреrаturеý опlу (}З08 К) аrе the
same within the егrог limits.

ТаЬlе 1 , Catrшiated values of equilibrium conýtant К (1,mo1-1 at Т=298 К and thermodynamic param]eters

-\ tfl, 
^G0 

(kJ(mol duрlех)) and Aлf QtJ(mol duplex.K)) of the selЁassociation of the deoxyoligonucleotide
5'- d(GрАрСрАрТрфТрС) "',

нl,(Gб

н1,(сз

mеап
values

In 0.1 mоl.Г phosphate Ьuffец pD 7. l5.

Маgпilаdеs ot the thеrmофmаmiсаl pararпeters. Each of the thеrmоdупаrпiсаl раrаmеtеrs (^F1, 
^S 

and Аф
эf duplex fоrmаtiоп of the осtаmеr is summation of different Hnds of physical interactions [20,2l|such as: l)
тоlесчlаr inteгactions (hуdгоgеп bonding, hydrophobic, чап der Waals and electrostatic interacions); 2)
сопfогmаtiопаl alterations in the oligonucleotide; 3) changes iп hydration and release ofthe soivent соuпtегiоп оr
flоtоп iп the self-association of oligonucleotide chains. The magnitudes of the contributions of each of the above

8зO(tl90) 321(t5) зз.7(t 0.б)4l0(t38) 1 ,26(t0. l3)
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fасtогs to the mеаsuгеd thегmоdупаmiсаl раrапеtеrs аге not completely чпdегstооd [20], аlthочф ехрегimепtаl
results [22] and thеогфiсаI analysis [23] сопfiгm that hуdrоgеп bonding and stacking iпеrмiопs of the Ъаsеs give
соmраrаЬlе сопtгiЬчtiопs to the stability of the double helix.

The magnitudes of the thегmоdраmiс рагаmеtегs fоr duplex fоrmаtiоп of the deoxyoctanucleotide
d(фАрСрфТрGрТрС) аrе in good аgгееmепt calculated relative to опе base раiг) v,,ith the соrrеsропdiпg ДД
and Аý vаlцеs fоГ dimerisation reactions of self-complementary hехаmеrs in solution t2, |71. The enthalpy of
duplex fогmаtiоп of the оФаmеr is also consistent, within егrоr linnits, йth the coпespondbg Йеоrеtiсаl чдй ог
ДЕ dеtегmiпеd Ьу the пеагеst-пеiфЬочr model [10]. The ДIf чаlче found fог the осиmеr iп this wоrk is mоге
than double (- 2,4 - 2.8) the vаluеs found fог analogous deoxytetranucleotide Sequences mеаsuгеd at the sаmе
solution conditions [5, 6]; the difference рrоьаьlу rеflесts а substantially lагgеr iлflчепсе of the melting of tегmiпаl
base pairs iп the tеffаmеr соmраrеd йth the осtаmеr mrd the greitc, pгobabitity of соmрIеmепtагу strands
"sliding" геlаtivе to each оthег in short tФranucleotide duplexes so that in equilibrium theie mау be_ different
helical struФuгеs in sоlutiоп [5, б] . А siшilаг relation fоr Дll values fоr duplex fогmаtiоп is оьsеrчеd betvreen
deoxytetгanucleotides [5, 6] and dinucleotides |24] i. е. double the length оftЙе otgonucieotide sequence leads to
ап арргохimаtеlу 2.5 times increase of the absolute values of enthalpy. It is likely that some contгibution to the
9nthalpy of duplex formation in lоаgеr oligonucleotide sequences ii given Ьу such fасtоrs aS Stronger stacgng
interactions and smаllеr conforrnational alteгations in the chain duе to the effect of 'free ends'.

Complexation of ЕВ with 5'_d{GpApCpApTpGpTpC)
F-хреrimепtаl abservatioпs. The struсturаl fогmчlа of ethidium Ьгоmidе, Ев, ф shows tlre atom positions of

the аrоmаtiс protoný having different NMR геsопапсе peaks used in the dгчg binding sfi]dieý. Sigrral assignment
of all the поп-ехсhапgеаЫе ргоtопs in the PMR spectrum of ЕВ
vrаs obtained previously using both 2D hоmопчсlеаr COSY апd
NOESY experiments [2а]. Orrly а few iпtегmоlесчlаr cross-peaks
between ЕВ and the офаmеr рrоtопs rvere оЬsеrчеа in the Z-O
NOEýY sресtrа of mixed solutions obtained at different mixing
times (т.1=90 mý, Тр2=200 ms), а situation rvhich is similаг to that
found ргечiоuslу fоr ЕВ binding to self-complementary
deoxytetгanucleotides [S, l4].
The 2-D NOE spectrum of ЕВ йth the осtаmеr d(GACATGTC)
exhibits iпtеrmоlесчlаr cross peaks of геlаtiчеIу small intensities
between the ortho protons of the ЕВ phenyl riпg апd Н1' ,
deoxyribose рrоtопý of cytosine (СЗ} and thymine (Т5) pгovidingII. Srчсmrа! fоrmчlа of the оhепапtridiпium 
*,"^Jrrvvý! PrvLvllD vr vJtuýtllg (L,Jl .1llu цryиitlle (rJ,, ргоvlgшg

dгчg, ethidiurTr Ьrоmidе, Ёв|*',fБi"й "? 
qualitative evidence about preferential binding of ЕВ to the

аиЙ positions fоr рrоtощ Йы in ;;ръЙ;; PYTimidine-puЙe [s'-d(T-G) and S'-d(C-A}] sites of the octamer
studics. from the miпоr gгооче of the duplex аs found [14], fог ехаmрlе,

fоr d(TGCA). Iп огdеr to estimate quantitatively the complexation
of Ев йth tfte осtаmеr, the chemicat shift dерепdепсе оf the six protons of the Еь сhrоmорйоге was mеаsчrеd
as а function of both the concentration of the осtаmег (at tlтee tеmреrаfuгеs, 298, 308 and з iB К) (ап example is
given at 318 К in Fig. 2) and tеmреrаturе Фg. 3). The temperature dependence oiEB рrоtоп chemical shifts

N, mmоlоl-1

Fig. 2. Dependeirce of sоmе of the ЕВ рrоtоп
chemical sыfu оп concafiation of the осtашеr
d(GACATGTC), at constant drчg concentation
Do=l. 15 mmolJ-l iп solution_ ?Ъз 18 К.

8 ррm

iп2
-/,,.....r."y'f

Tt1гrgtrt*r/
280 з00 320 З40 

fi,
Fig 3. Ехреrimепtаl týmреrаhrе dependence of
some of the ЕВ proton сhешiсаl shifts in solutioц
of ttte dгчg йth the осtаmеr
(Dо= 1, l SmmоI.Г', Jro=l.2 l mmo1.1'1).
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Тhеrшоdупаmiсаl апаIуъis Ьу ,ý NмR *f t}re соmрlехаtiсэп oflettridiвTn broпride to * B}JA.,, lI
at а constant rаtiо of drug to nucleotide in Fig. З has the fогm of those оьsеrчеd f,ог .'helix-coil'' 

tгansition iлmасrоmоlесulаг DNA; in the рrеsепСе of EB-the melting 
'".р*.Ъr** йf the осtаmеr duplex is iпсгеаsеd са2З -24 К {Т, са, 344-З45 К).

Model о! соrпрlехаtiоп 
.апd апаlуýs, As the rеlаtiче content of the duplex fогm of the осtаmег isoveMhelmingly ргеdоmiпапt iп solution at mоdегаtе ,";р;;r;;, ii *u* .on*iaered that the basic scheme fогmоlесulаr complexation co.uld_:l:gl,ect bbdng огвв *itb ib. ,ЙgЁrrйо.а fогm. Taking into consideгation the"excluded пеighЬоur" model [25lfo, tb. ЬЙiiпg ofiпtеrсаlаtоr*;;;й duplexes, thеге аrе fоuг accessible sitesof inteгcalative binding of ЕВ йth tb. о.tй.r,'непсе the busic modet iaa to take into acco.rnrthe 1:2, 2:2, З:2апd 4:2 comPlexes of the drug йth the octamer, which аrе .h*";;;; Ьу the binding constants Kt, Кz,Кз andКа, resPectivelY, А schematic representution 

"iЪ*чrрtеs 
of the diffгеrепt complexes of Ев йth the оФаmег аrеsummагisеd in Fig, 4, Рrеviоus wогk [8, 14] оп the Ъоrрt.*чilоп 

"i 
вв йth DN.A tеtrаmегs showed that theрrеfегrеd sites of drug binding u," pynpui base sequences in the chain {1 thеrе аге two py-pur bindingSequences in the ОСtаrПеГ, jt iS likely tbut ЬВ еr.Ъr,.ilфЙ Б;- ;;exes uzith these sites in the dчрlец l.e. к1ыtd К2 values аге expected to Ье highег tban & *9 к:ьЙаfug .onriЙ because the latter will include rеасtiопswithpur-pur ог py-pyr sequences Й the осtЙг duplex.

The folloйng equilibгium геасtiопs, including self-association of drug D (Kd ) and nucleotide N (Кд), wеrеconsidered fоr quantitative алаlуsis оf chemical ,й, о.ruй"g ;;; й".tаmег compiexation.

D +D+5з-->Dz

Д +D,л/z +-ýэ-_>DzNz
(4)

(fl) ,П/ +.Л/ +-€ц_+дrz

(ф D +DzNz<-&-+Dз}/z
Ф) D + i/z { к1 >r,^/2 (")

(е) D+DзNz+*Дд*+лаr2 (Ф

(5)

Chemical shifts wеrе calculated using ап additive model [8, 14]

Е =Б, f ,+Боf о*tь,.f ,j=1

whеrе 6,, ба, 61 -6а аГе chemical shifts of ЕВ in the mопоmеr , dimег, l :2 {DlrI2), 2:2 ФzNz), 3:2 (DзN2) аяd 4.2@*r'{z) complexes with the осtаmег duplex;f,,!a,.ft,f+ же*оr* я-u.iio"s оf ЕВ in the mопоmег dirner and in the
abovementioned
complexes, respectively.
The vaiidity of sчсh а
model assumes fast ехс-
hапgе between inteгacting
mоlесчlеs.

The equilibriun coný-
tants ,( (r= 1 - 4) wеге
ехргеssеd in tеrms of the

дr.1,-, ДJ; using relations

(shaded equivalent to (3), The

согrеsропdi

^F,0

,,ýрOпошg раrаmеtеrs
, A,S,9 usins relations

values of 6. and ба , as

cl " А2 -сз. А4-т5_сfr . п с8
ll2 : : :Ш: : : : :

с8 -п _ с6.ъ _ л4 -с] _ A2.cl
cl - л2,сз. А4 " т5 -G - D -сs3:2 ;В: :Е: :ý: : :
с8_т,с6 -т5- А4-сз_ M-cl

з,

,, з,_---'--...-.._--
cl, А2 сз -А4, TJ. Gб.т7.с8

i : iH, :а: : : 4i2
tсЕ 

_п -G6 -т5 _А4 -сз -А2. Gl

5' з.

сl-д2_с3_д4_т5 с6_п_G

iE: iý: :В; :ý:
сЕ- T7 _c{t _T5 " А4_ сз - А2- (il

J5
Fig, 4.. Schematic rергеsепtаtiоп of examples of intercalate.d complexes of ЕВгесtапglеs) rviй the octanucleotide duplex at different dгчg: oligonucleotiae ЙЙ,
dеtеГmiПеd Previously [24] frоm investigations of Ев self-association using the *о."il1l""'"#;.Ъ*;Тdrug РГОtОП chemical sЫfts in the same solvent System ( o.1 mol.i-i phosphate ьчffеr, pD 7.1). Taиng intoconsideration the mass law equations for rеасtiоп, t+l -а 

'ь* 
,ur' сопsегчаtiоп law [8, 14] , the оЬsегчеdchemical shift in equation (5) is а function of the fоllойпg Melve |rru*.r"rr, 61 -ýа, дд10 -Аа40, 

^ýl0 
- Аý40,The РаrаmеtеГs Оf the model wеrе dеtегmiпеd Ьу miпimisЙg tb" qЙJruti. disсгерапсу fuпсtiоц д, between theеХРеГimеПtаI and calculated values of chemical shifts fоr thЪ six arоЙ"tь р.оtой oftbe вв сЬmорhоге; theietailed computational рrосеduге is desoribed in рrейоus wогk [8, lg,25,26]. In the calculations the data оп the:еmреrаtшrе and сопсепtrаtiоп (at tkee diffгегепt tеmреrаtчrеs)-dерепdепсе оf Ев рrоtоп chemical shifts iп thejxed solutions have been ргосеssеd jointly. *v'vtrg\

It is rеаsопаЬlе to solve.such._a multфаrаmеtriс ргоЬlеm Ьу the method of successive complication of the
=odel [8, 14], The calculated equilibгium constams апd thеrmоdупаmiсаl рагаmеtегs fоr diffеrепt complexation:eactions (l:2, 2:2, 3:2 апd 4:2) are summarised in ТаЬlе 2. It is ;;;, Тфlе 2 that К1 > К2 >> Кз > Ка i,e.:]ЗТПаtiОП Оf the l:2 Юd2"2 complexes of ЕВ with tbe cuptex is |r.Ьо.с to the з:2 und 4,2-.o*plexes, The:esцlts also show that successivg binding of drug mоlеыеs to the осtаmеr duplex is anti-cooperative. The:elati,elу high magnitudes of К1 and К| аrе 

"onЪirtent 
*ltb .orpie*ution оf the fiгst and the second dгчg
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Соmрlоq ý к,, l0'
0.mоГl)

,Дdzэs
(Н/mоl)

_^лР

(Ы/mоl)
-Дý29з

0/(rпоl.К))
DN, к, 7l8(*65) з3.4(+з.з) 47.8'ftz5\ 48.4ft7.5\ьм к, з l5(t41) з1.4(*4.1 75.9(t3.6) 149(t26)
DзNz & 47ft7\ 26.6(*4.0,} 99.8(*з.б,} 245{х4з,|
D+Nz & l8(t4) 24,3r*5.4) 86.з&4.2\ 208rt51) \

In 0.1 mоl рhоsрhаtеЬufГеr, pD 7 15

Bolecrrles being рrеfеГеd to the pyr-pur sites [d(CA) шd d(TG)] оf the осtаmег duplex. The probability of
binding fог the first ЕВ molecule (i.e. fогmаtiоп of the 1 :2 сощрlец DN2) rrhen there Й two ргеЪггеd bin6bg
sites availфle should Ье фоut double that fог the second drug Йоьсчlе, which has access to only опе such site.тъь ь in agreement with the values of aýsociation constanti & and 4 c"t"rrb"d in the ргеsепt wоrk. The
цo9"bility of complexation ofEB to рur-рцr d(GA) огрlrr9lг d(Tý) sites (ie. fоrmаtiоп of i:2 ФзN?) and 4:2ФдJ complexes) rvas found to Ье mчсh lоwеr than binding Ьгьg io sites witb altemating base sequence iп the
chain in аgгееmепt with рrечiочs чrоrk [3, 12,277.

Table 2. ЕquiliЬгium constantsfi ф т:2g8К and фегmоdупаmiс раrаrпеtеfý of ЕВ complexation with
the осtаmеr 5' d(GpApCpApTpGpTpC) d.

_ properties of the соmрlехаtiоп eElilbriuп. The analysis of the dynamic еqчiliьгiurп in solution is important
fоr deterrnining the corrtгibution of each ýре of соmрlех tb the ехрейепtаIlу-Jьsегчеd рrоtоп chemical shift and
fог геliаЬIе deteгmination of the thегmоdупаmiс раrаmеtегý of fогmаtiоп of diffегепt соЙрiехеs [8, 9, l4]. Using
the vаluеs of the equitibгium coпstants (ТаЬlе 2) the гelative content of each of the moleculb complexes in
solution has been calculated as а function of r (-N2/Dg, the гаtiО of Ыtial concentгations оf the осtаmеr duplex
and drug) at diffегепt tеmреrаturеs. Ап example is shown in Fig. 5 (at 298 К), чrhеге it сап Ье seen that the
contribution of diffеrепt types of complexes to the gепеrаl еquiliБачm in solution is dеtегmiпеd not оп]у Ьу the
values of the equilibrium reaction соIБt€шtS, but alsoby the value of r, as shоrчп ргечiочsý fог drug binding'йth

sеЕооmрlеmепtагу and non-selfcomplementary deoxfietianuc_
leotides L8, 14, 2,17. Characteristic mйmчms ofthe сопЪепtrаtiоп
счrчеs fог 4:2, 3:2 апd 2:2 compbxes аrе observed. at r values
соrгеsропdiпg аррrохimаtеlу to the stoichiometгic relations of
осtаmеr duplex and drug, i,e, r: са.а,25 fОr DaN2, r: са.O.З3 far
DзN2 and r= са.0.5 fоr D2N2 complexes. At small r values
(r<0 4), rvhen the drug сопсепtrаtiоп is higher than the
concentration of the оФаmеr in sоlчtiоц the relative amount of
the2.2,3.2 ar,d 4:2 complexeý аrе grеаtеr than the I:2 соmрlех in
solution, whereas at,, >l the fraction of the 1 :2 complex of the
drug йth the duple>< becomes predominant. It should Ье noted
that it wочld Ье iпсогrесt to assume that the 1:2 сошрlех
predominates fог drug-octamer solutions at ditrегепt

1.0 1.2 1.4 1.6 .|.8 2,0 conc9ntration ratios; at гl calculations shorT that опlу about 40r уо of the drug @) is in the 1:2 complex rvhereas about SO % of

f
0.Е
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0.4

0.3
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0.1

Fig, 5, Calcrrlated геIаtiче (f) of the dгчg the drug is iп the 2:2 соmрlех. Similar{y fог solutions made up at
Ф)апdthеdiffегепtсоmрIехеsйththеосипrй 1:2 drug-оСаmеr сопсепйаtiоп ratios (i.e. г2) thеrе is still а
|'-d(фАРСРАРТрGрТрС) iц solution n5 n significant amount of drug iп the z:z complex (м3о %)fimction of r 1= ffzlDo, фе ratio of Ыtial соmрагеdrryithса.70оl.iпthъl:2соmрlехаt298к,.
с,опсепtrаtiопs of octamer duplex апd drug) at 

л 
Ть calculated tеmреrаtше dependence of the mole fractions7ъ298к- оr,сiп'*r"*rур", оiВБ'ооr,nеr соmрlехеs,аrе shorvn in Fig, 6for r ca,a,8,It is seen that at lоwег tеmреrаtчrеs (< з20 Q ййййЬ ,ъ" drug is iп the соЙрlехеd ýtate but atНфег tеmреrаtцrеý the concentration of thе 
''Ч.. dй pib;"*.s as the drug-octamer complexesdisassociate,_The tеmреrаtuге dependence of the rnole fractioi* iiib. й, 2:2 апdз :2 comllexes of ЕВ йth the

{uРlеХ аrе tYРical for'melting счrчеý" of double-helicЫ otigonucleotides. (Thernol. fr*cion of йе 4:2сошрIех is пеglýЬlе at the conditions of the ехреrimепt (r-са.6 di,Ъ r.* in Fig, 5). Тhе value of the meltingt€mРеГаtuГе L determined directly fr9m the e*perilry{ curv9s qгig, з , са.з45 Йl iJ ,ЙЪЙ} smаllег (* 1IК) fhan the calculated {" fоr the,1:2 сgmрlец which is tbe mоiЙ;dtё1оmрlех Й .ir"rЙгоr the осtаmегSdied, Тhе calculations have also shown that successlv" ЬИф огй" й;;Б;"_rй., а-рЬ- decreases theшdýэg tеmрегаtuгеs of the complexes being fоrmеd Q.".ri ii.iцq lifог 2;е aad Т* сg.ЗзS К fоr з:2eoпple:res), It folIowý that successive irtеrсйiче ЬiпdЙg огЁЬ to trr" о.й.. Jй; сЁ.йi;ri... the helicalЯт,Jсftrrё, ргеsumаЬlУ due to uпйпdiпg of the helix Ьу tИе drug in .u"b u ,"йiйу;;; oligonr"йoiid"8rII,!ше, It should Ье emphasized,tltat оЬsегЧеd melting *", Ь, а *urtlcorn|o"й ,;;;, аrе ачегаgеd
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Тhегtпеdупаmiс*I arralysis Ьу ,н NмR of the complexation of ethidiurn brorдide to а DNд...

It rS
сопtгiЬцtiоп of each type of g9ирlех.

MagПttu&s о! the thеrmафпаmiсаI paraпeters of соmрlехаtiоп о! ЕВ with the octamer I The
thегmоdупаmiоаI раrаmФеrs sчmmшisеd in Таьlе 2 show йаt аuiье rеасiой of соmрlех fогmаtiоп of Ев йth
the осtаmег duplex аrе Ф(оthегmiс. tlорнпs et al |l3l suggested that enthalpy сhапgъs fог binding of аrоmаtiс
dгugs with double-helical DNA is the sчm of at least six соЙропепts, includin8:-1) dimbution of

f
0.8

0,5

the stacking iпtегасtiопs ofthe bases caused Ьу fогmаtiоп of
йе cavity fоr the drug molecule to оссчру; 2) stacНng
interactions of the bases iп the сайtу йth drug сhгЬmорhф
З) electrostatic inteгactions between the positivelpcharged
drug cations and the negatively-charged phosphates of
nucleotides; 4) аltеrаfiоп of solvation due to complex
fогmаtiоп ; 5) dt$еrепt afiangements of the iпtегсаlаtоr in the
complex ; 6) specific hуdrоgеп bonds rvНch drug molecules
fогm in the complex. Sоmе соmропепts ol enthalpy change (
1), 4), 5) ) ппау adopt positive values [13, 28]. Positive
епtrору contгibutions аrе dеtегmiпеd, in the main Ьу
hydrophobic inteгactions due to tгапsfег of the drug mоlесчlе
from solvent to the iпtегсаlаtiоп site.

The absolute values оfепtгору and enthalpy changes fоr 1

:2 сошрlехеs of ЕВ Йth the octamer duplex аге substantially
smaller than the Atl and Дý values fоr оthеr complexes (2:2,
3:2 Md 4:2), indicating that hydrophobic interacions play а
significant rоlе in the binding of ЕВ to the double-helical
deoxyoctanucleotide in aqueouý solution. It is seen frоm ТаЬlе
2 that successiФ binding of ЕВ molecules to the осtаmеr

300 310 з20 зз0 з40 з5о збо
т,к

Fig. 6. Calculated tsmреrаtчrе depende,nce of thc
relative content, f (7), of di{Iеrепt complexes of ЕВ
with the ооипuglеоtidе, d(GACATGTC), in solution
at D6=1.15 mmol.I'1 апd 1{o=1.2l mmol,l-t,

fачоuгаьlе епtrору compared йth l:2 complex *Ж;JlН*Yl,,,rТ: 
"Yi,HJ"lJ'*il't*,'.;1*rT;d€oxytetranucleotides [9] and mау Ье iпtефгеtеd as arising from l) incTeased чап dег Waals interactions (а

dесгеаsе of the distance betTveen adjacent base раiгs has been found in lhе 2:2 соmрlех соmрагеd йth the 1:2
соmрlеХ of ЕВ йth d(TGcA) [i4], contaЫng the мmе рrеfегrеd binding sites fоr tЁе drug qclT.c) and d(C-A)
sites) as in the осtаmеr studied); 2) an iпсrеаsе of the rigidity of the double-helical struсtчrе due to intercalation of
фffегепt пumьеrs (2-а) of drug molecules, accompanied Ьу а dесгеаsе of епtrору in йеw of timiting the пчmьеr
of accessible сопfогmаtiоП sEtes [29, 30]; З) апd агisiпg from а combination of iоц and чrаtег interacions [20].

The values of the thегmоdупаmiс раrаmеtеrs obtained fоr the 1:2 апd 2:2 complexes of ЕВ йth the оФаmеr

9:Рl.Ъ which ргеdоmiпаtе in solution at r> 1 (Fig, 5), аrе in good аgrееmепt йth саlогimеtгiс results fог ЕВ
binding to oligonucleotide duplexes of соmрагаЬlе length [l1, 12,з1]. Рrечiочф it had Ьееп found frоm NMR
фа at the same experimental conditions [9] that t}te чаlчеs of enthalpy changei оп Ьiпdiпg of ЕВ to relatively
shоrt deoxytФгanucleotide ýequenceý rчеrе substantially lаrgеr (iп abiolute 

"ы*; 
than йоsе dеtегmiпеd fоr

шастоmоlесulаr DNA [12, 13] and lопgег oligonucleotide duplexes [11, 12] The observed diffeгences [9] mау Ье
aTplained Ьу the following: l) - the сопtгiЬчtiоп of hydrophobic effects *ould Ье diffеrепt оп binding JЯiЬе Crug
to mасгоmоlесulаr DNA соmраrеd йth shoc oligonucleotides; 2) - the сопfогmаtiопаl transitions on drug
biodiog to short duplexes, due to the influence of 'оflее ends" in such molecules, is quite diffегепt frоm DNA
macтomolecules whеrе their iпflцепсе сап Ье negleced, The rеsчlts obtained in this wогk сопfiгm these
a&ЧrmРtions; the influence of o'free endý'is сrресеd to Ье mчсh smаllег fоr the оФаmеr duplex соmраrеd йth
dЯorytetranucleotides and фе thегmоdупаmiс раrаrпФеrs for ЕВ complexation йth the оФаmеf (Table 2) аrе iп
good аgrееmвпt with the rеsчlts published previously for relatively long oligonucleotide duplexes [11,12].
Additional Support to сопfirm these assumptitihs аге the mчсh highег Дl/ values fог complexation of the drug йth
t€fminal sites of the осtаmег duplex (i.e. 3:2 шd,4:2 complexes in Table 2) rrhich *аУ Ье explained in tегms of
thе hiфег conformational freedom of the nucleotides situated at the ends of the chain,
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ТТРМОДДЕАМFIЕИЙ АЬЛt} КОМIIЛЕКСОУТЗОРЕЕЕЯ ЕРОМИСТОГО ЕТЩДIЮ ЗоктАмЕром дЕк 5'-d(GpApCpApTpGpTpC} у вошому розчшЕI мЕтодом iil-ямр
сIIЕктFоскOшi

В. r. Пяхомов, Л Б. ,Щевiс', О. Е. Весепков,
Севасmёпольсьlмй depclcaBHul| п епriчнuй yHi вер сum е п,

Севасmополь, з 3 505 3, Сmрелецька бупа, Спуdмiспечка, ItpuM, Уqа|на
/!епарtпаменm iMit, Беркбек комеOеr Лонdонськоzо унiвершпеmу,

Лонdон, WCLH ОРР, Велuкобрuпанiя

Мегодами lM- и 2М-ЯМР спеrсгроскопii досл}rдЕ€Irа самоасофацй самокошцемsrrгарЕого д*оксиоlсгаrrуклеопадr 5'-(фАРСРАРТРфТРС) Та ЙОГО КОШШеКСOуIЕqреrц1 з фснаrrгржrlшовым барвrиr<ом бромистш,л япцiем (ЕБ).
Гомоядерна кор€дя{iйfiа IIМР сrrекгроскопй ZM-TOCSY та zilд_lioBsY вrrко,рисюванi ддя повIюго вiдпесеrцrясrтналЪ необмfuдло< тlрогонЬ молекуд i псiсного вц}наченЕrI йст rrpepeBalшrorв з;в"Еrаrоя лiгаrlщi з
олiгоrrуклеоптдною послЙовЕоспо. РозробленО меюдцсУ вк!наqеýrrЯ тtрмодtrамiЧlСОl ПаРаr,ЛЬiв р*оu*r,;чцitoKt"aMepy ,Щtж та апалЬу скл4дной рiвноваги у водrому розчlшi при йоrо *о*rrr.ооу.*рйi ЁРо*..rrп, 

"rrцi* 
,ru

ocEoBi даrплr ЯМР. Розрахунок констант рiвноваги та терллодд*rамi*rr* пчр*фiв (вЬпоi;^ещ.ii; e*;rdi ;екгропii) },твореппядmпексу оrmlllsру та pеaкlii кошшексоDrlвореlпrя з ЕБ Йr,р}.Й;*;iЙЙЙ**.пооrо"r.Й
проюню( хiйчrтЖ зсувЬ молеlЕл вiд темпфатурк i коrпдеrrграцii. ЭксперЙеrггаlъпi резуlътати обробленi за
1оlоуоlою Молелi, яка врахову€ угБОрfiilrя коlшлексiв з рiзrпаr числом irrге,рка-тьоваrпо< у дЕпекý *ооеr.уо фарбmасу(1:2, 2:2, 3;2 М 4:2 rСОlШПrеКСИ). ПОКаЗапо, що вiдносrдп? скл8д молекуJrqрrдок, комплексь йоо*,r-rу запсжrrь вiд
спiввiдrошеrтrs початковt ( кошrекграцй окгамýру та барвrпп<а i тейератури розчurу; посйовrrе вбудоЕваrпrя
y9пеr,ул барвrпжа у окгамершпi.щzплекс вiдфвасться rrtпи-кооперативцо.
кlIючовI СЛоВд: дезоксиоктаtýтлеOпл& брошаспЙ е"rцЙ irtгеркаlтячй" тсрмодшrамiчr*r параметрц ЯМР_
спеtсроскопiя


