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ABSTRACT

1D and 2D NMR spectroscopy (500/600 MHz) has been
used to investigate the equilibrium conformational
states of the deoxyheptanucleotide 5 '-d(GpCpGpA-
pApGpC), as well as its complexation with the phenan-
thridinium drug ethidium bromide (EB). Quantitative
determination (reaction constants and thermodynamic
parameters) of the conformational equilibrium of the
heptamer in solution and its complexation with EB was
based on analysis of the dependence of proton
chemical shifts on concentration (at two temperatures,
298 and 308 K) and on temperature (in the range
278-353 K). The experimental results were analysed in
terms of a model of the dynamic equilibrium between
single-stranded, hairpin and bulged dimer forms of the
deoxyheptanucleotide and its complexes with EB.
Calculation of the relative amounts of the different
complexes reveals important features of the dynamic
equilibrium as a function of both temperature and the
ratio of the drug and heptamer concentrations. The
guantitative analysis also provides the limiting proton
chemical shifts of EB in each complex which have been
used to determine the most favourable structures of the
intercalated complexes of EB with the (GC) sites of both
the hairpin and dimer forms of the heptanucleotide.

INTRODUCTION

hairpin structure resulting from intramolecular folding of a
partially complementary palindromic DNA sequence is com-
posed of a double-helical stem and a single-stranded loop. The
double-helical stem contains at least 2 bp and the loop consists of
2-5 nt (7-14). The conforrtian of the hairpin loop may be
determined by different factors, including stacking interactions of
the loop residues with base pairs of the stem, the type of terminal
base pair of the stem, steric constraints for loop closure and
intermolecular interactions (stacking and hydrogen bond forma-
tion) of the loop bas€g—14).

It has been shown in recent years that a series of short DNA
sequences form extraordinarily stable structures containing only
two G-C pairs in the stem (15). Of all these sequences the
deoxyheptanucleotide d(GCGAAGC) forms the most stable
hairpin structure (melting temperatdig (1349 Kin 0.1 M NacCl)
having a trinucleotide (GAA) loop which is also resistant to
nucleases (15). Under the same experimergatitons the
analogous RNA fragment, (GCGAAGC), forms a significantly
less stable hairpin compared with d(GCGAAGC), which may
result from different structures of the stems formed by DNA
(B-form) and RNA (A-form) sequences (16).

The three-dimensional structure of the DNA hairpin,
d(GCGAAGC), in solution has been determined using 2D NOE
data (15), assuming that the faper exists in solution in a single
conformational state. It has been found previously that for short
oligonucleotides there is an equilibrium of different structures of
the molecules in solution, including different conformational
states of oligonucleotide chaifis3,17,18). Hence, it is important
to investigate the conformational properties in solution of

In addition to the classical regular helical forms, it is known thatligonucleotides forming hairpin structures in order to elucidate

double-stranded DNA may have different secondary structureany distinctive features of the dynamic equilibrium between the
such as hairpins, internal loops and branches. Hairpin structuma®nomeric and associated forms of these molecules. At the same
are common features of RNA molecules (1) and they have betme, it is important to investigate binding with such sequences of
found to exist in DNA in regions with palindromic sequenceiologically active ligands, in particular intercalators, and their
involved in gene regulaticf2,3). For example, haiins contain-  influence on the recognition process of non-classical DNA
ing 3 nt in the loop occur frequently in native DNAs and RNAsstructures by regulatory protei(ik9,20).

for example in replication origins of some phages and viruseslin this work we report an NMR (500/600 MHz) study of the
(4,5), in a promoter gion of anEscherichia colheat shock gene equilibrium conformational states of the deoxyheptanucleotide
(6) and in rRNA genes. The possible involvement of DNAJ(GpCpGpApApGpC) and its complexation with a typical
hairpins in biological processes has led to numerous physicimtercalator, ethidium bromide (EB), in aqueous salt solution. The
chemical investigations of these structuiresiitro (7—14). A quantitative determination of the conformational equilibrium of
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the heptamer is based on investigation of the dependence pobtons, which may be due to the slightly different ionic strength
proton chemical shifts of the molecules on concentration araf the solution in the previous wo(k5).

temperature and quantitative determination of the complexationThe concentration (8t= 298 K for example) and temperature
properties of EB with the heptamer is based on investigation dependence of the chemical shifts of some aromatic protons and
the concentration and temperature dependences of proton chehiil* of the deoxyribose rings of the heptamed®&pCpGpA-

cal shifts of drug—nucleic acid mixtures in solution. pApGpC) are shown in Figure 1. The experimental data indicate
that most of the protons experience chemical shift displacement
to low frequency on increasing the concentration in the range
0.1-5.6 mmol/l. It was previously assumed that the heptamer

The deoxyheptanucleotide '-&(GpCpGpApApGpC) was d(GQGAAGC) only formed a hairpin structure in solut{@s); _
synthesized by the Oswel DNA Service (University of" this case no concentration dependence of proton chemical
Southampton). EB was purchased from Sigma Chemical Co aﬁgiﬁs should be observed, which is not consistent with the present
used without further purification. The samples were lyophilizefXPerimental resuits at 298 and 308 K. It is known that the
from 99.95% DO and redissolved in deuterated 0.1 moliProPability of aggregation depends on the concentration, ionic
phosphate buffer, pD 7.15, containing-4@noll EDTA. The strength, temperature of solution and molecular weight of the

concentration of the drug stock solution was measured spectfJdOMer. Investigations carried out by Freseal. (23) povide
photometrically using the molar absorption coefficientSVidence that formation of higher order aggregates is negligible
£ = 5860 mol/licm X = 480 nm) (21). at the concentrations and relatively high ionic strength used in the

500 MHz'H NMR spectra were recorded on a JEOL GSX sodresent work. _
spectrometer with the residual water peak saturated during!N® €xperimentally observed dependence of proton chemical
relaxation. Measurements as a function of concentration of tiy&ItS 0N concentration (Fig. 1) is a result of intermolecular
heptamer solutions as well as of the mixed drug—heptam eractions between heptamer molecules, i.e. most probably the
solutions were made at two temperatures (298 and 308 K) a mation of bulged dimer complexes rather than hairpin dimers
measurements as a function of temperature were made at constarUtion

concentration in the temperature range 278-353 K. Chemical . _
shifts were measured relative to an internal reference, TMgOnformational model and analysiene equilibrium conforma-

(tetramethylammonium bromide), and then recalculated wit onal states of'Sd(GpCpGpApApGpC) in aqueous sqlutior_l can
e represented by the following reaction scheme (Fig. 2):

respect to DSS (sodium 2,2-dimethyl-2-silapentane-5-sulfonate),
i.e.dpss=0rma + 3.178 (p.p.m.). K

2D homonuclear TOCSY and NOESY experiments were A QA A+ A(‘;znA2 1
carried out on a 600 MHz Bruker AMX spectrometer. 2D NOE
spectra were recorded at a fixed temperafireZ98 K) with a
standard pulse sequence with different mixing times.@f
=90 ms andp2 = 200 ms over a sweep width of 5400 Hz usin . S . .
4.096 dz_ata points in the dimension and 512 increments in the t%run;?r:g?hzf rr;il;glr;c?r?sde?\gjtiegnr?asv?/efgtr“;ﬁgheptamer and taking
dimension. 2D TOCSY spectra were mea_lsured at the SaMo consideration the mass law equations for reactidghs total
temperature using 2048 data points srtd 256 increments in the concentration of heptamer ghis given by equatiog:
t1 dimension with a mixing time af,, = 70 ms. The repetition '
delays were 1.5 and 3.0 s for 2D TOCSY and 2D NOESY )
experiments respectively. Sixteen scans were collected for each [Ad = [A] + K[A] + 2KJA] 2
tyincrementin TOCSY and 32 scans in NOESY experiments. 2D ) o )
heteronucleatH-31P correlation experiments (HMBC) were Where [A] is t_he equilibrium molar concentration of the
carried out on a 500 MHz Bruker DRX spectrometer usin§ligonucleotide in the monomer form. ,
published pulse sequencg?). The sample temperature was The additive modg(24,25) was used to describe the depend-
regulated using either Bruker or JEOL variable temperature unidNce of proton chemical shifts on concentration and temperature:
as appropriate.

MATERIALS AND METHODS

where A, A, A, are monomer, hairpin and dimer of the heptamer
respectively an&, K are the equilibrium reactions constants of

0 = Opfm + O/f + 012 3
RESULTS AND DISCUSSION wherefyy, fi, f3 are equilibrium mole fractions ardg, 9|, 5 are
the proton chemical shifts in the monomer (A), hairpif) éd
dimer (A) forms of the deoxyheptanucleotide respectively. The
validity of such a model assumes fast exchange between all
conformations and interacting molecules, especially at lower
Signal assignment and experimental observati@@smplete temperatures. Our NMR experiments have shown that there was
assignment of all the non-exchangeable proton signals in the significant line broadening for all the systems studied as a
PMR spectrum of the deoxyheptanucleotidel®®pCpGpA- function of both concentration and temperature. Therefore, it is
pPApGpC) at a concentration of 5.61 mmol/l has been made usingncluded that the additive model for description of the observed
homonuclear 2D TOCSY and 2D NOESY experiments and tharoton chemical shifts may be used to analyse the experimental
chemical shifts are in good agreement with the previousesults on the conformational properties of the heptamer
assignments for this heptamer under similar experimental condi-d(GCGAAGC), as well as for complexation of the phenan-
tions, except for some small differences for the deoxyribosidinium drug EB to the heptamer (see later).

NMR analysis of different conformational states of the
heptamer in aqueous solution
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Figure 1. Dependence of proton chemical shif®§ 6n concentration at
constant temperaturel (= 298 K) and If) on temperature at constant
concentration @g] = 2.55 mmol/l) of some of the non-exchangeable protons
of the deoxyheptanucleotidé-&GpCpGpApApGpC) in 0.1 M phosphate

buffer, pD 7.15.

Equations2 and3 can be rewritten in the form of equatiahs

and>5 respectively:

2KJAJPR + (L + K)f, =1

5 = (6m + 5|K|)fm + ZéaKa[Ao]frzn

By eliminating the mole fractiofy, from equationg and5, the
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Figure 2.Schematic representation of the formation reactiora bifrpin and
(b) bulged duplex from monomer states of the deoxyheptanucleotide
5'-d(GpCpGpApApGpC).

Itis seen from equatidhithat the parametég corresponds to the
limiting value of the concentration dependence of the proton
chemical shift when [§ — 0 and the value afdetermines the
slope and curvature of tlde= 8[A o] dependence.

The parametery, 8, 05 K andKjy in equation6 and the
thermodynamical parameteh$i©®, AS° of formation of hairpin
and dimer (reactior in solution were calculated by using, atthe
same time, the concentration (at temperatures 298 and 308 K) and
temperature dependence of proton chemical shifts of the
heptamer in solution. In the calculations the equilibrium constants
K and Ky were expressed in terms of the corresponding
parameteraH,° , AS° andAHy° , AS°:

Ki(T) = expdS°/R —4H;°/RT) 7

K{T) = expdS.°/R —4H.°/RT) 8

assuming that the values #&H° and AS° do not depend
substantially on temperature in the range studied.

The calculations were carried out by the variational method
(26) using the minimization of the joint quadratic discrepancy
functions between the experimental and calculated valddsiof
nine non-exchangeable protons of the deoxyheptanucleotide
d(GCGAAGC) as a function of concentration and temperature:

following dependence of proton chemical shift on concentratiohl8(G1), H6(C2), H8(G6), H5(C7), H6(C7), HT2), H1(G6)

[Aq] of the oligonucleotide in solution is derived:
2(6594)

T J@ + 84A)

where

and H1(G7). These protons experience relatively large con-
centration and temperature changes and the positions of their
resonances in the PMR spectra have been determined with
sufficient accuracy for the calculations as discussed in our
previous work (17,24). In the analysis of the temperature
dependence of chemical shifts it was assumedghahdd, are
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Scheme 1Structural formula of the phenantridium drug ethidium bromide (EB).

0.3}
monotonic functions of temperature due to changes in intra- ;| Dimer
molecular base stacking in the different conformational states of -
the heptamer in solution. Linear and quadratic approximations for ~ 0.1 - "’mr
om(T) and &(T) respectively were used in the calculations 0.0 ; ; J
(23,25-27). It bould be noted that the dependenc&nfon 0 1 2 3 4 A 5mM 6

O

temperature is also observed for self-complementary and
non-self-complementary deoxytetranucleotides of different base

sequence (28-31). The wéts of calculations for different fT) b)

protons of the heptamer d(GCGAAGC) are presented in Table 1.
101
Table 1. Calculated values of enthalpy1° (kJ/mol) and entroppS° 09t
[J/(mol K)] of formation of hairpin (£ and bulged dimer form of the
heptanucleotide' l(GCGAAGC} 0.8
0.7
Nucleotide proton -AH,° -AS° —AHZ° -AS?° 06t
H8(A4) 70.0 198.4 195.8 554 051}
H2(A4) 66.1 187.2 185.4 524 04l
H8(G6) 57.7 163.5 122.2 320 osl
H6(C2) 65.3 185.2 143.9 385
H6(C7) 65.7 186.2 169.3 470 021
H1'(C2) 65.2 184.8 169.7 472 0.1
H1'(G6) 58.6 166.2 182.7 522 0.0r o
H5(C2) 64.1 1817 174.8 490 270 ZéO ZéO 3(50 31‘0 320 350 Im?iio 350
H5(C7) 66.2 187.4 179.1 502 TK
Mean values 64.3+2.8 182.3+8.3 169.2+16.1 47153
an 0.1 M phosphate buffer, pD 7.16= 298 K. Figure 3. Calculated relative contenf) (of different conformers (monomer,

hairpin, dimer) as a function o8)( concentration fg]) at T = 298 K and
) ] o  (p)temperature at constant concentratioAg]([= 2.55 mmolll) of the

According to the analysis of the molecular equilibrium in deoxyheptanucleotide-8(GpCpGpApAPGPC);fr (T) is the relative content of
solution summarized in Figure 2itis assumed that the equilibriurfhe d|mer_ compared with the sum of monomer and dimer forms of the heptamer
constant for either hairpin or dimer formatid) 6rKy) is equal ~ (@ashed ine)
for all protons studied. The mean values of these paramefers at
= 298 K are respectivelyy = 57.2+ 4.7 andKy = 112.6+ 17.7 _ . - o
x 108 /mol. The calculated value of paramefgyis larger than | = 298 K is presented in Figure 3a. The contribution to the
the corresponding values for self-complementary tetramers un(%gneral equilibrium in solution of different conformational states
the same solution conditiois7,18) and similar to the values of mgg%rﬂ'e Cha_lrpén " anq glmetr florrtr:s)th of Ithe r}eptaylr)gr
the self-association constants of complementary oligonucleoti&g y ) is te etrmme dKnObotnyl yb ?hva ues o teqtl_ll b-
sequences containing 5 or 6 ntin the cf2®27); this result may fium reaction constants; andK, but also by the concentration

be explained by the possibility of non-Watson—Crick base pairin f oligonucleotide in solution. With increasing concentration of
in the centre of the bulged duplex of the heptamer (Fig. 2) i e heptamer there is a small decrease in content of the monomer

; in solution, whereas the relative amount of dimer increases and

solution. X - -
the corresponding fraction of the hairpin decreases.

Properties of the conformational equilibriunThe relative The calculated temperature dependences of the mole fractions
content of each of the conformational states of the deoxyheptafmonomer, hairpin and dimer forms of the heptamer are shown
nucleotide d(GCGAAGC) has been calculated from the equiliin Figure 3b. It is seen that at low temperatures the amount of
rium constants as a function of concentration of the heptamer diimer is relatively high, but decreases with increasing tempera-
solution at 298 and 308 K; an example of such calculations fatre to give a concomitant increase in monomer concentration in
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solution. The melting temperature of the dinfgs,= 314 K, is  formation of the deoxyheptamer dimer in aqueous solution,
easily observed in Figure 3b, where the content of the dier (AS, = —-471+ 53 J/mol K (Table 1), indicates substantial ordering
dashed line) at different temperatures is presented relative to thfesolvent in the vicinity of the dimer, which may be due to a
sum of the fractions of monomer and dimer forms in solution, s@ther bulky structure of the bulged duplex having non-
that the cooperativity of the melting process of the dimer isomplementary purine base pairs in the centre of the
emphasized more clearly. The fraction of the hairpin in solutiodeoxyheptamer d(GCGAAGC) (Fig. 2).
has a maximum af314 K; at lower temperatures € Ty, of the
e e Wi erperalre o Bmplecton of s bomide 0
fraction of the hairpin structure is observed due to its melting f% PCPGPAPAPGPC) in aqueous solution
higher temperatures. The calculated melting temperature of the
d(GCGAAGC) hairpin i€1348 K, in agreement with previous Experimental observationghe structural formula of the EB
results(16). molecule (Scheme 1) shows the atom position of all aromatic
Thus the present NMR analysis reveals the existence ofpaiotons having different NMR resonance peaks used in the drug
complex equilibrium of different conformational states whichbinding studies. In the 2D NOESY spectra of mixed solutions
includes monomeric, hairpin and dimeric forms of the deoxyebtained at different mixing timesg{; = 90 ms;Ty2 = 200 ms)
heptanucleotide d(GCGAAGC) in aqueous solution. Qualitativesnly a few intermolecular cross-peaks between EB and the
ly this kind of behaviour was used to explain the meltingieptamer protons were observed, as found previously for EB
experiments by absorption and fluorescence spectroscopy for tieding to self-complementary deoxytetranucleot{dgs18). In
related sequence d(GCGAAACG(Q)3). As quatitative analy- the present case only cross-peaks of small intensities between the
sis of NOE intensities is not valid when multiple conformationgnetdpara protons of the EB phenyl ring and cytosine deoxy-
are present in fast exchange, there are limitations on structufigose protons H{C2) of the heptamer could be detected.
determination of hairpins such as d(GCGAAGC) based solely daown-field shifts of phosphate resonances have been observed at
NOE measurements (15). the sites of intercalation of drug molecules in an oligonucleotide
duplex (35), poviding evidence of significant conformational
perturbations of the oligomer secondary structure on intercalative

summarized in Table 1, confirm that formation of both the hairpirt?inding .Of the drug. An irjdication of the preferred Siti of@blinding
and dimer of the deoxyheptanucleotide in aqueous solution ?é EB with the heptamer is given by comparison of thét2-p

exothermic. The magnitude of the enthalpy of formation of thlfeteronuclear shift correlation spectra of the deoxyheptanucleo-

bulged dimer for the deoxyheptanucleotide d(GCGAAGC) i ide d(GCGAAGC.) in 30'9“0” and when mixed with EB; there
aqueous solutiondH, = —169.2+ 16.1 kd/mol, is somewhat are larger down-field shifts of the two phosphate resonances

higher than that calculated theoretically for four G:C base pai (1)pC(2) and G(6)pC(7) on drug binding compared with other

(32). ltis likely that the difference reflects sonmairibution to Phosphate signals in the oligonucleotide chain. Taking into

° ; ; ; ideration the results of homonuclear (2D NOESY) and
AHZ° of two mismatched base pairs (A-G) in d(GCGAAGC), a onsi 31 X
suggested previousiiL5). %eteronucleaﬁ-H- P 2D NMR spectroscopy, it may be con-

The calculated value @i+, = —64.3+ 1.3 kJ/mol for formation cluded that the prefered sites of drug binding with the heptamer

of the hairpin having a stem with two G:C base pairs is consistefite 1€ éSC sites dOf thé-§(GCGAAGC) sleqUﬁnce. q
with AH; = =79.5 kJ/mol (7) for a hairpinith a stem containing In order to determine quantitatively the structures an

. ; : ; dynamics of complexation of EB with the deoxyhepta-
three G:C base pairs. At the same time these expenmen@?rmo. . .
enthalpies are somewhat smalle2(%s) in absolute values than nticleotide 5d(GPCpGPARAPGPC), the chemical shift depend-

the theoretical values d§H; determined by nearest neighbourence of the EB chromophore protons was measured as a function

analysis(32). Hovever, in the calorimetric study of oligonucleo- of both the concentration of the heptamer (e.g. Fig. 4a at 298 K)

tide sequences containing 13 deoxynucleotides the magnitudeatgrd temperature (Fig. 4b).

enthalpyAH =—155 kJ/mol, for formation of a hairpin with a stempodel of complexation and analysiswas considered that the
consisting of four G:C base p&(88,34) is hyher in absolute value - phasjc scheme for molecular complexation had to take into account
(calculated relative to 1 bp) than the enthalpy of hairpin formatiog |east the complexation of one EB molecule with both the single-
with a smaller stem size. In the light of the present study thignd double-stranded forms of the heptamer and binding of one
difference may be partially due to some disorder of the G:C bag@d two drug molecules to the hairpin, as the relative content of
pairing next to the loop when the size of the stemiis relatively smafle hairpin is predominant in solution at all temperatures and
and may be partially due to a higher probability of formation of &oncentrations, as shown in Figure 3. The following equilibria

bulged duplex in longer oligonucleotides; in the latter case the{gere considered for quantitative analysis of complexation of EB
will be a relatively large contribution of the enthalpy of dimeriz-ith the heptamer:

ation to the total thermal effect of hairpin and dimer formation of

Thermodynamic parameter$he thermodynamic parameters,

the oligonucleotide in solution. Ky

The calculated entropy of formation of the hairphg§ = D+D<D: (a)
—182.3t 8.3 J/mol K, obtained in this work is in good agreement K, Ka
with the results for a hairpin with a short sté8). It is worth AshAr () AtASA, ()
noting that for hairpin structur¢83,34) where the teyth of the A+DXaAD @ A +DKeaD (e
stem is double that in d(GCGAAGC) the entropy change of < @ ! <AD (@)
hairpin formation is about double tA& value obtained in the A, + DE;‘?AzD f) AD + DQADZ @)

present work. The large negative value of the entropy of
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a &, ppom dependence on concentration of drug proton chemical shifts in the
same solvent system (0.1 mol/l phosphate buffer, pD 7.1).

The dependence of the equilibrium association conddh}s
on temperature was expressed in terms of the thermodynamic
parameterdH°, AS° using relations equivalent Taand8. Thus,
taking into account the mass law equations and the mass
conservation law for reactio®s the observed chemical sHifd
is a function of the following parametes—04, AH;°-AH4°,
AS°-AS°. It is reasonable to solve such a multiparametric
problem by the method of successive complication of the model
(17,18). The comutational procedure to determine the para-
meters of the model by minimizing the discrepancy function
between the experimental and calculated values of chemical
shifts for the six non-exchangeable protons of the EB chromo-
phore is described in detail in previous wti,24,26). In the
calculations the data on the temperature and concentration (at two
different temperatures) dependence of EB proton chemical shifts
in mixed solution have been processed jointly. In the present
calculations other schemes of complex formation have also been
analysed, taking into consideration, for example, additional

b & ppm reactions of a second drug molecule binding with the monomer
and dimer forms of the deoxyheptanucleotide. However, the
8.5 o H1 values of the equilibrium constants for such reactions could not
8% 110 be determined with great accuracy due to the relatively small
8ok W content of these complexes in solution, even though the
experimental data are sufficient to calculate these contributions.
7o — s Hg Properties of EB complexation with the heptariibe calculated
/ H2 values of the limiting chemical shifts of EB protods-0,) in the
ror oo complexes, equilibrium constant&(K4) and thermodynamic
:::”"/’* parameters of formation of different complexd@gi{°-AH,°,
6.5 7 AS °-A$°) are summarized in Tables 2 and 3. It is seen from
Table 2 that the equilibrium constarifs and K4 of complex
6ol M/ formation between EB and the hairpin are significantly smaller
' than the constanks, andK3 for drug complexation reactions with
monomer and dimer forms of the heptanucleotide in soluti®n at

58 0 280 290 300 310 320 330 340 350 360 =298 K. The rgsglts indicate the relative diﬁiculy _of binding of
T.K the EB aromatic ligand to the very compact hairpin structure of
d(GCGAAGC) compared with binding to the conformationally
more flexible structures of the monomer and dimer forms of the
Figure 4. Proton chemical shifts of EB on complexation with the heptanucleo- heptamer. It is WOI‘th notl_ng that the equilibrium _constb(@tand
tide 5-d(GpCpGPAPAPGPC). & Dependence on concentration of the K3 Of EB complexation with the monomer and dimer forms of the
heptamer at constant drug concentratizg) £ 1.15 mmol/l in solutionT = 308 heptamer are in good agreement with the corresponding constants
K. (b) Temperature dependence Bp][= 1.15 mmol/l (drug) andy = 2.28 for binding of EB with the GC site of single-stranded and
mmol/l (heptamer). double-stranded forms of the deoxytetranucleotide d(AGTS))
The value of the constal = 0.51+ 0.16x 103 I/mol shows that
the probability of 2:1 EB-hairpin complex formation in solution is

Chemical shifts were calculated using an additive model (thgubstantially smaller than that of the 1:1 complex+3.9+ 1.4

validity of such a model was discussed above): x 10® I/mol), i.e. binding of a second drug molecule is less
favourable compared with the first one. If it is assumed that the first

molecule intercalates into the GC site of the stem, then the second
drug molecule, in all probability, interacts with the loop of the
hairpin and is stabilized by stacking interactions with the guanine
wheredn, 0g, 01—04 are the proton chemical shifts of EB in the (G3) base and unpaired adenine (A4) base. These results are in
monomer, dimer, in 1:1 complexes with monomer (AD) anagreement with conclusions drawn in previous W8&34) that
hairpin (AD), in the 1:2 complex with heptamer dimefDhand  binding constants of EB with the stem in the hairpins d(GCGCT-
in the 2:1 complex with the hairpin @p); Fn, Fg, F1—F4 are  nGCGC) are approximately an order of magnitude greater than
mole fractions of EB in the monomer, dimer and in thewith loops () containing different numbers € 3, 5 or 7) of
above-mentioned complexes respectively. The valudg,dly  thymines in the chain and that drug—loop complexes are stabilized
andKy = 155+ 7 I/mol atT = 298 K were determined previously by stacking interactions between thymine base rings and the drug
(25) from invesigations of EB self-association using thechromophore.

4
(5 = 6mFm + 6dFd + ZéiFi 10

i=1
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Table 2. Calculated values of limiting proton chemical shifts and equilibrium constants for complexes of EB and the heg{@p&p&pApApGpC) af = 298 K

EB proton & (p.p.m.) & (p.p.m.) &z (p.p.m.) &4 (p.p.-m.) &m(p.p.m.) Ki(1CUmol) Ky (103 Umol) Kz (103 l/mol) Ky (103 I/mol)

H1 7.89 8.10 7.93 7.48 8.68
H10 7.69 7.99 7.53 7.55 8.62
H9 7.31 6.97 6.51 6.61 7.66 1121.7) 3.9¢£1.4) 17.7£1.9) 0.51 £ 0.16)
H4 7.18 6.70 6.63 6.40 7.55
H2 7.16 6.65 6.49 6.66 7.48
H7 6.37 5.92 5.49 5.26 6.67
Table 3. Thermodynamic parameters of EB complexation with the with the bulged duplex form of the heptamer takes place at
deoxyheptanucleotide-8(GpCpGpApApGpC) relatively low temperatures and so the relative content of the DA
: complex decreases rapidly and is not significaitat 314 K.
Reaction —AG® (298 K)  —AH® —AS® (298 K) At the same time there is an increase with temperature in the
(ka/mol) (k/mol) (J/mol/K) relative content of the 1:1 complex of EB with the single-strand
Ky form of the monomer due to the increase in the fraction of the
A+D+ AD 232+03 60.7+ 7.5 125+ 24 monomer form of the drug and single-strand form of the heptamer
Ko in solution. There is an initial growth with temperatdre (314
A+D+—AD 20.5+£0.7 48.3t7.1 93+ 22 K) of the relative content of the 1:1 complex of the drug with the
Ks hairpin (AD), as it is thermally a more stable structure tha@,DA_
Ay+D+rAD  242+0.3 69.5+ 3.8 152+ 13 but after a maximum &B00 K there is a monotonic decrease in
Ke the mole fraction of such complexes due to th.elr melting at high
AD+Do> AD, 154407 37.9+9.4 75134 temperatures. It should be noted that the melting tempefiaiure

of the 1:1 drug—hairpin complex is slightly lowéB¢4°C) than

. . the correspondind@y, value for the hairpin in solution. This
Using the values of the equilibrium constants (Table 2), thgenayiour is the opposite of that observed for binding of aromatic
relative content of each of the molecular complexes in soluthpg&“.@S with double-stranded DNA and self-complementary
has been calculated as a functiom ¢# [Agl/[Do], the ratio of ~ qigonycleotide sequences, which leads to an increase in the
initial concentrations of heptanucleotide and drug) at 298 and 3%Iting temperature of these structu(@8). This resultsggests
K. An example is shown at 298 K in Figure 5a, where it can bt intercalation of a ligand into a very compact and ‘tense’
seen that the contribution of different types of complexes to theyinin structure to some extent ‘relaxes’ it, leading to a decrease

general equilibrium in solution is determined not only by the, e melting temperature of the hairpin on drug binding.
values of equilibrium reaction constants, but also by the value é}

r, as shown previously for drug binding with self-complementa
and non-self-complementary deoxytetranucleot{d€s18,31). "Structures of the complexes
The relative amount of the 1:1 complex of EB with the hairpirHomonuclear ¥H-!H NOESY) and heteronucleatH-3P
(A|D) grows rather quickly with increasimgn the range & r< HMBC) NMR experiments indicated qualitatively that EB binds
1.5, because of a relatively large content of hairpin structurgseferentially to the GC base pairs found in the stem of the hairpin
compared with other conformational states of the heptamer and in the duplex form of the heptamer. A more detailed analysis
solution at lower concentrations (Fig. 3a) and temperatures (Figf the structures of the complexes of EB with d(GCGAAGC) has
3b). There is a maximum of the 1:JDAcomplex at =2 and then been made using the calculated limiting values of EB proton
a gradual decrease at higheralues, although this complex is chemical shifts (Table 2), which enable, in principle, the
always predominant. At the same time, growth of the fraction aftructures to be determined for each of the four complexes AD
the 1:2 complex of the drug with the dimer ()Aecomes (from &), AD (32), DA2 (83) and AD2 (d4); in practice, it is
significant at > 1.5, as is clearly seen in Figure 5a (@298 K).  expected that limiting chemical shifts lead to determination of
However, due to the relatively low melting temperature of theeliable structures for 1:1 EB binding to GC base pairs in the stem
complex of the drug with the bulged duplex, an increase iof the hairpin A|D) and bulged duplex (DA.
temperature of 1TC (T = 308 K) leads to a significantly smaller  The induced chemical shifts of drug protof§; = oy, —d;) are
amount of the 1:2 complex of the drug with the dimer in solutiorin the range 0.3-1.4 p.p.m. up-field, indicating substantial ring
The relative amount of the 1:1 complex of the drug with theurrent shielding effects of nucleotide bases on all the EB protons;
monomer structure of the heptamer (AD) remains small over thkis is consistent with intercalation of the drug chromophore
whole range of studied, whereas characteristic maxima of théetween the base planes of the heptamer. The three-dimensional
concentration curves for 2:1 EB—hairpin complexes are observsttuctures of the complexes of EB with the deoxyheptanucleotide
at r values corresponding to the stoichiometric relations ofvere calculated using a modified model of equivalent magnetic
heptamer and drug concentration for complex formation, i.aipoles (17), which appwximates the quantum mechanical
r = [0.66 for AD, complexes. isoshielding curves(37), together with the Igorithm and

The calculated temperature dependencies of the mole fractiogsftware for transformation of coordinates, kindly provided by
of different types of EB—heptamer complexes are shown in Figukél.Poltev (38,39). The sequence of transfotimas of coordi-
5b. It is seen that at lower temperatures practically all of the druwates in the double helix consisted of variation of the parameters
is in the complexed state, with either the hairpifbjfor dimer  w (propeller)k (buckle),t (tilt), p (roll), Dy (shift), Dy (slide),Q
(DA,) forms of the heptamer. Melting of the 1:2 complex of EB(twist) andD, (rise) (40). In this work shiding of the EB protons
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Figure 6. Calculated structure of the fragment of the 1:1 complex of EB and
hairpin form of the deoxyheptanucleotided$GpCpGpApApGpC) correspon-

ding to intercalation of the drug in the d(GC) site of the stem of the hairpin:
(a) side view; b) view of the molecular complex looking perpendicular to the
planes of the base pairs and the drug chromophore. The drug chromophore and
phenyl ring are shaded.

(41,42) and the redts of theoretical investigations for regular
double-helical oligonucleotide sequent43,44); the difference

is probably due to the rather tense hairpin structure being opened
up on intercalation of the drug.

The most favourable structure of the fragment of the 1:2
complex of EB intercalated into the'-@&C) site of the
Figure 5.Calculated relative conterf} 6f drug (D) and the different complexes  heptanucleotide dimer is characterized by the following helix
T T i rate o et samconbations o epiamiceatis ang g PTomeersDz = 69 AQ = 107, 0= 5, T = 167, Dy = 0.17 A
ar= o). o otinitiatc rations of ucieot Y9 D, =0.05Ap =75,k =7.0°. Unwinding of the adjacent base
itzT, ngr?]?n};i/ﬁ?gg ):tirnperature in solution &b} = 1.15 mmoll andAd pgirs in such a complex is 2@Q = 10°), which is in good

agreement with X-ray crystal daf41,42), slution studies of

drug binding to GC sites of self-complementary oligonucleotides
by adjacent base pairs, G:C and C:G, in the intercalated compl@x,18) and the redts of theoretical investigatiorié3,44).
in the stem of the hairpin and in the dimer form (GC sites) has
been calculatgd as a function of the conformational param.eterﬁ‘ﬂermodynamics of complex formation
the double helix. The computational procedure for determination
of the conformational parameters of the intercalated complex h@te thermodynamic parameters presented in Table 3 show that alll
been described in detail elsewhere (17). the reactions of complex formation of EB with the monomer,

As an example, the most favourable structure calculated fbairpin and dimer forms of the heptanucleotide (reacBdng,
intercalation of EB into the'&l(GC) site of the stem of the hairpin f and g) are exothermic. The enthalpy valuid,° = —48.3+
is presented in different projections in Figure 6. Spatial represe-1 kJ/mol and\H4° = —37.9+ 9.4 kJ/mol, obtained by NMR for
tation of the structure was obtained using Mathematica 2B binding with the stem and loop of the hairpin d(GCGAAGC)
software (Wolfram Research Ltd). The intercalated complex isespectively are in good agreement with the results obtained by
characterized by the following helix parametBrs=6.96 AQ =  optical and calorimetric investigations on drug complexation
6°,w=4°,1=5",Dy=-0.04ADy=1.25Ap=35,k=2.0.  with hairpins d(GCGCJGCGC), containing four G:C base pairs
The drug chromophore is situated perpendicular to the helix axisthe stem and different numbers of thymine residues in the loop
at equal distances (3.48 A) from the upper and lower base paf838,34). The ethalpy of complex formation of EB with the
in the 8-d(GC) site of the stem of the hairpin. Unwinding of thebulged duplex of the heptameérdf GCGAAGC),AH3° = -69.5
adjacent base pairs at the intercalation sitei§QG= 6°), which  + 3.8 kJ/mol, agrees within error limits with the enthalpy of drug
is somewhat higher than the 25226r the 1:2 complexes of EB binding to self-complementary deoxytetranucleotides under the
with duplexes of self-complementary deoxytetranucleotides isame experimental conditioi$7,18). The formi@on of mis-
solution(17,18), X-ray crystal data of the EB—d(Cp@pmplex matched base pairs (A-G) in the heptamer dimer, considered

0.0 ' : - :
270 280 290 300 310 320 330 340 350 360
T



previously(15), may influence the energetics of drugding.
The enthalpy of complexation of EB with the monomer form of
the deoxyheptanucleotidit;° =—60.7+ 7.5 kJ/mol, turned out

to be substantially lower than that found for binding of EB with
the monomer form of self-complementary deoxytetranucleotides
(17,18). The differences may be due to thérdisve features of 3
the primary structure of the deoxyheptanucleotide

d(GCGAAGC), which contains a fragment of four purine 4
nucleotides (GAAG) in the centre of the sequence, expected to
have a relatively small affinity for drug bindi@1). As the 5
enthalpy of drug complexation with the monomeric form of the
deoxyheptanucleotide is an average over a number of possib
binding sites, the existence in the oligonucleotide of a fragment
with identical types of bases (i.e. purine-purine or pyrimidine-8
pyrimidine), which are characterized by small drug binding®
affinity (31), may decrease the eftige values of thermodynamic 10
parameters of complex formation. 1

The entropies of complexation of one or two EB molecules?
with the hairpin of the deoxyheptanucleotide d(GCGAAGC),
AS° = 93+ 22 J/mol K and\S° = —75+ 34 J/mol K, are 13
substantially smaller in absolute value the8° = —125+ 24
J/mol K andASz° = —152+ 13 J/mol K for drug binding with the
monomer and dimer forms of the heptamer (Table 3). It is likelys
that hydrophobic interactions play a more significant role in
binding of an aromatic ligand to the compact hairpin structurd
compared with the more flexible monomeric and dimeric formg-,
of deoxyheptanucleotide in aqueous solution; such hydrophobic
interactions due to transfer of the drug molecule from solvent &
the intercalation site result in positive contributions to entrop)f9
and hence lead to entropy changeZ&° andAS,° that are 5,
smaller thar\S; ° andASs°®.

In conclusion it should be emphasized that: 21

() NMR analysis of the conformational and drug binding22
properties of the deoxyheptanucleotide d(GCGAAGC) indicaté®
that there is an equilibrium of molecules in solution, including,
different conformations of the heptamer (in single-stranded,
hairpin and dimer forms) and their complexes with an aromati¢
ligand such as ethidium bromide (EB); )

(i) the method developed for analysing the concentration arid
temperature dependencies of NMR experimental parametersof
drug—nucleic acid complexation enables the contributions @B
different reactions of complex formation to be differentiated, as
well as determination of the separate enthalpy and entropy effeé
of formation of each complex in solution; 30

(iii) the quantitative analysis shows that the relative amount of
each molecular complex in solution depends on the ratio of ti%
initial concentrations of heptamer and drug and on the squtio&
temperature;

(iv) the NMR analysis also provides limiting chemical shiftsza
from which the structures of the intercalated complexes of EB
with the GC sites of the hairpin and dimer forms of the34
deoxyheptanucleotide d(GpCpGpApApGpC) can be calculat
in terms of different conformational parameters of the helix.
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