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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
quantitative 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

In addition to the classical regular helical forms, it is known that
double-stranded DNA may have different secondary structures,
such as hairpins, internal loops and branches. Hairpin structures
are common features of RNA molecules (1) and they have been
found to exist in DNA in regions with palindromic sequences
involved in gene regulation (2,3). For example, hairpins contain-
ing 3 nt in the loop occur frequently in native DNAs and RNAs,
for example in replication origins of some phages and viruses
(4,5), in a promoter region of an Escherichia coli heat shock gene
(6) and in rRNA genes. The possible involvement of DNA
hairpins in biological processes has led to numerous physico-
chemical investigations of these structures in vitro (7–14). A

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 conformation 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 bases (7–14).

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 temperature Tm ∼349 K in 0.1 M NaCl)
having a trinucleotide (GAA) loop which is also resistant to
nucleases (15). Under the same experimental conditions the
analogous RNA fragment, r(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 heptamer 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 chains (13,17,18). Hence, it is important
to investigate the conformational properties in solution of
oligonucleotides forming hairpin structures in order to elucidate
any distinctive features of the dynamic equilibrium between the
monomeric and associated forms of these molecules. At the same
time, it is important to investigate binding with such sequences of
biologically active ligands, in particular intercalators, and their
influence on the recognition process of non-classical DNA
structures by regulatory proteins (19,20).

In this work we report an NMR (500/600 MHz) study of the
equilibrium conformational states of the deoxyheptanucleotide
d(GpCpGpApApGpC) and its complexation with a typical
intercalator, ethidium bromide (EB), in aqueous salt solution. The
quantitative determination of the conformational equilibrium of
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the heptamer is based on investigation of the dependence of
proton chemical shifts of the molecules on concentration and
temperature and quantitative determination of the complexation
properties of EB with the heptamer is based on investigation of
the concentration and temperature dependences of proton chemi-
cal shifts of drug–nucleic acid mixtures in solution.

MATERIALS AND METHODS

The deoxyheptanucleotide 5′-d(GpCpGpApApGpC) was
synthesized by the Oswel DNA Service (University of
Southampton). EB was purchased from Sigma Chemical Co. and
used without further purification. The samples were lyophilized
from 99.95% D2O and redissolved in deuterated 0.1 mol/l
phosphate buffer, pD 7.15, containing 10–4 mol/l EDTA. The
concentration of the drug stock solution was measured spectro-
photometrically using the molar absorption coefficient
ε = 5860 mol/l/cm (λ = 480 nm) (21).

500 MHz 1H NMR spectra were recorded on a JEOL GSX 500
spectrometer with the residual water peak saturated during
relaxation. Measurements as a function of concentration of the
heptamer solutions as well as of the mixed drug–heptamer
solutions were made at two temperatures (298 and 308 K) and
measurements as a function of temperature were made at constant
concentration in the temperature range 278–353 K. Chemical
shifts were measured relative to an internal reference, TMA
(tetramethylammonium bromide), and then recalculated with
respect to DSS (sodium 2,2-dimethyl-2-silapentane-5-sulfonate),
i.e. δDSS = δTMA + 3.178 (p.p.m.).

2D homonuclear TOCSY and NOESY experiments were
carried out on a 600 MHz Bruker AMX spectrometer. 2D NOE
spectra were recorded at a fixed temperature (T = 298 K) with a
standard pulse sequence with different mixing times of τm1
= 90 ms and τm2 = 200 ms over a sweep width of 5400 Hz using
4096 data points in the t2 dimension and 512 increments in the t1
dimension. 2D TOCSY spectra were measured at the same
temperature using 2048 data points in t2 and 256 increments in the
t1 dimension with a mixing time of τm = 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
t1 increment in TOCSY and 32 scans in NOESY experiments. 2D
heteronuclear 1H-31P correlation experiments (HMBC) were
carried out on a 500 MHz Bruker DRX spectrometer using
published pulse sequences (22). The sample temperature was
regulated using either Bruker or JEOL variable temperature units,
as appropriate.

RESULTS AND DISCUSSION

NMR analysis of different conformational states of the
heptamer in aqueous solution

Signal assignment and experimental observations. Complete
assignment of all the non-exchangeable proton signals in the
PMR spectrum of the deoxyheptanucleotide 5′-d(GpCpGpA-
pApGpC) at a concentration of 5.61 mmol/l has been made using
homonuclear 2D TOCSY and 2D NOESY experiments and the
chemical shifts are in good agreement with the previous
assignments for this heptamer under similar experimental condi-
tions, except for some small differences for the deoxyribose

protons, which may be due to the slightly different ionic strength
of the solution in the previous work (15).

The concentration (at T = 298 K for example) and temperature
dependence of the chemical shifts of some aromatic protons and
H1′ of the deoxyribose rings of the heptamer 5′-d(GpCpGpA-
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
d(GCGAAGC) only formed a hairpin structure in solution (15);
in this case no concentration dependence of proton chemical
shifts should be observed, which is not consistent with the present
experimental results at 298 and 308 K. It is known that the
probability of aggregation depends on the concentration, ionic
strength, temperature of solution and molecular weight of the
oligomer. Investigations carried out by Freier et al. (23) provide
evidence that formation of higher order aggregates is negligible
at the concentrations and relatively high ionic strength used in the
present work.

The experimentally observed dependence of proton chemical
shifts on concentration (Fig. 1) is a result of intermolecular
interactions between heptamer molecules, i.e. most probably the
formation of bulged dimer complexes rather than hairpin dimers
in solution.

Conformational model and analysis. The equilibrium conforma-
tional states of 5′-d(GpCpGpApApGpC) in aqueous solution can
be represented by the following reaction scheme (Fig. 2):

A Kl
�

Al A� A Ka
�A2 1

where A, Al, A2 are monomer, hairpin and dimer of the heptamer
respectively and Kl, Ka are the equilibrium reactions constants of
formation of hairpin and dimer respectively.

Using the mass conservation law for the heptamer and taking
into consideration the mass law equations for reactions 1, the total
concentration of heptamer [A0] is given by equation 2:

[A 0] � [A] � Kl[A] � 2Ka[A] 2 2

where [A] is the equilibrium molar concentration of the
oligonucleotide in the monomer form.

The additive model (24,25) was used to describe the depend-
ence of proton chemical shifts on concentration and temperature:

�� �mfm� �lfl� �afa 3

where fm, fl, fa are equilibrium mole fractions and δm, δl, δa are
the proton chemical shifts in the monomer (A), hairpin (Al) and
dimer (A2) forms of the deoxyheptanucleotide respectively. The
validity of such a model assumes fast exchange between all
conformations and interacting molecules, especially at lower
temperatures. Our NMR experiments have shown that there was
no significant line broadening for all the systems studied as a
function of both concentration and temperature. Therefore, it is
concluded that the additive model for description of the observed
proton chemical shifts may be used to analyse the experimental
results on the conformational properties of the heptamer
5′-d(GCGAAGC), as well as for complexation of the phenan-
tridinium drug EB to the heptamer (see later).
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Figure 1. Dependence of proton chemical shifts (a) on concentration at
constant temperature, (T = 298 K) and (b) on temperature at constant
concentration ([A0] = 2.55 mmol/l) of some of the non-exchangeable protons
of the deoxyheptanucleotide 5′-d(GpCpGpApApGpC) in 0.1 M phosphate
buffer, pD 7.15.

Equations 2 and 3 can be rewritten in the form of equations 4
and 5 respectively:

2Ka[A 0]f
2
m� (1� Kl)fm � 1 4

�� (�m� �lKl)fm� 2�aKa[A 0]f
2
m 5

By eliminating the mole fraction fm from equations 4 and 5, the
following dependence of proton chemical shift on concentration
[A0] of the oligonucleotide in solution is derived:

�� �a�
2(�0–�a)

1� (1� 8z[A 0])�

where

Figure 2. Schematic representation of the formation reactions of (a) hairpin and
(b) bulged duplex from monomer states of the deoxyheptanucleotide
5′-d(GpCpGpApApGpC).

�0 �
�m� �lKl

1� Kl
and z�

Ka

(1� Kl)2 6

It is seen from equation 6 that the parameter δ0 corresponds to the
limiting value of the concentration dependence of the proton
chemical shift when [A0] � 0 and the value of z determines the
slope and curvature of the δ = δ[A0] dependence.

The parameters δm, δl, δa, Kl and Ka in equation 6 and the
thermodynamical parameters ∆H�, ∆S� of formation of hairpin
and dimer (reactions 1) in solution were calculated by using, at the
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
Kl and Ka were expressed in terms of the corresponding
parameters ∆Hl� , ∆Sl� and ∆Ha� , ∆Sa�:

Kl(T) � exp(�Sl��R – �Hl��RT) 7

Ka(T) � exp(�Sa��R – �Ha��RT) 8

assuming that the values of ∆H� and ∆S� 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 values of δ for
nine non-exchangeable protons of the deoxyheptanucleotide
d(GCGAAGC) as a function of concentration and temperature:
H8(G1), H6(C2), H8(G6), H5(C7), H6(C7), H1′(C2), H1′(G6)
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 assumed that δm and δl are
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Scheme 1. Structural formula of the phenantridium drug ethidium bromide (EB).

monotonic functions of temperature due to changes in intra-
molecular base stacking in the different conformational states of
the heptamer in solution. Linear and quadratic approximations for
δm(T) and δl(T) respectively were used in the calculations
(23,25–27). It should be noted that the dependence of δm on
temperature is also observed for self-complementary and
non-self-complementary deoxytetranucleotides of different base
sequence (28–31). The results of calculations for different
protons of the heptamer d(GCGAAGC) are presented in Table 1.

Table 1. Calculated values of enthalpy ∆H� (kJ/mol) and entropy ∆S�
[J/(mol K)] of formation of hairpin (Al) and bulged dimer form of the
heptanucleotide 5′-d(GCGAAGC)a

Nucleotide proton –∆Hl� –∆Sl� –∆Ha� –∆Sa�

H8(A4) 70.0 198.4 195.8 554

H2(A4) 66.1 187.2 185.4 524

H8(G6) 57.7 163.5 122.2 320

H6(C2) 65.3 185.2 143.9 385

H6(C7) 65.7 186.2 169.3 470

H1′(C2) 65.2 184.8 169.7 472

H1′(G6) 58.6 166.2 182.7 522

H5(C2) 64.1 181.7 174.8 490

H5(C7) 66.2 187.4 179.1 502

Mean values 64.3 ± 2.8 182.3 ± 8.3 169.2 ± 16.1 471 ± 53

aIn 0.1 M phosphate buffer, pD 7.15, T = 298 K.

According to the analysis of the molecular equilibrium in
solution summarized in Figure 2 it is assumed that the equilibrium
constant for either hairpin or dimer formation (Kl or Ka) is equal
for all protons studied. The mean values of these parameters at T
= 298 K are respectively Kl = 57.2 ± 4.7 and Ka = 112.6 ± 17.7
× 103 l/mol. The calculated value of parameter Ka is larger than
the corresponding values for self-complementary tetramers under
the same solution conditions (17,18) and similar to the values of
the self-association constants of complementary oligonucleotide
sequences containing 5 or 6 nt in the chain (23,27); this result may
be explained by the possibility of non-Watson–Crick base pairing
in the centre of the bulged duplex of the heptamer (Fig. 2) in
solution.

Properties of the conformational equilibrium. The relative
content of each of the conformational states of the deoxyhepta-
nucleotide d(GCGAAGC) has been calculated from the equilib-
rium constants as a function of concentration of the heptamer in
solution at 298 and 308 K; an example of such calculations at

Figure 3. Calculated relative content (f) of different conformers (monomer,
hairpin, dimer) as a function of (a) concentration ([A0]) at T = 298 K and
(b) temperature at constant concentration ([A0] = 2.55 mmol/l) of the
deoxyheptanucleotide 5′-d(GpCpGpApApGpC);  fr (T) is the relative content of
the dimer compared with the sum of monomer and dimer forms of the heptamer
(dashed line).

T = 298 K is presented in Figure 3a. The contribution to the
general equilibrium in solution of different conformational states
(monomer, hairpin and dimer forms) of the heptamer
d(GCGAAGC) is determined not only by the values of equilib-
rium reaction constants, Kl and Ka, but also by the concentration
of oligonucleotide in solution. With increasing concentration of
the heptamer there is a small decrease in content of the monomer
in solution, whereas the relative amount of dimer increases and
the corresponding fraction of the hairpin decreases.

The calculated temperature dependences of the mole fractions
of monomer, hairpin and dimer forms of the heptamer are shown
in Figure 3b. It is seen that at low temperatures the amount of
dimer is relatively high, but decreases with increasing tempera-
ture to give a concomitant increase in monomer concentration in
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solution. The melting temperature of the dimer, Tm ≈ 314 K, is
easily observed in Figure 3b, where the content of the dimer (fr,
dashed line) at different temperatures is presented relative to the
sum of the fractions of monomer and dimer forms in solution, so
that the cooperativity of the melting process of the dimer is
emphasized more clearly. The fraction of the hairpin in solution
has a maximum at ∼314 K; at lower temperatures (T ≤ Tm of the
dimer) the content of the hairpin increases with temperature as the
dimer melts, but at T > Tm a monotonic decrease of the mole
fraction of the hairpin structure is observed due to its melting at
higher temperatures. The calculated melting temperature of the
d(GCGAAGC) hairpin is ∼348 K, in agreement with previous
results (16).

Thus the present NMR analysis reveals the existence of a
complex equilibrium of different conformational states which
includes monomeric, hairpin and dimeric forms of the deoxy-
heptanucleotide d(GCGAAGC) in aqueous solution. Qualitative-
ly this kind of behaviour was used to explain the melting
experiments by absorption and fluorescence spectroscopy for the
related sequence d(GCGAAACGC) (13). As quantitative analy-
sis of NOE intensities is not valid when multiple conformations
are present in fast exchange, there are limitations on structure
determination of hairpins such as d(GCGAAGC) based solely on
NOE measurements (15).

Thermodynamic parameters. The thermodynamic parameters,
summarized in Table 1, confirm that formation of both the hairpin
and dimer of the deoxyheptanucleotide in aqueous solution is
exothermic. The magnitude of the enthalpy of formation of the
bulged dimer for the deoxyheptanucleotide d(GCGAAGC) in
aqueous solution, ∆Ha = –169.2 ± 16.1 kJ/mol, is somewhat
higher than that calculated theoretically for four G:C base pairs
(32). It is likely that the difference reflects some contribution to
∆Ha� of two mismatched base pairs (A·G) in d(GCGAAGC), as
suggested previously (15).

The calculated value of ∆Hl = –64.3 ± 1.3 kJ/mol for formation
of the hairpin having a stem with two G:C base pairs is consistent
with ∆Hl = –79.5 kJ/mol (7) for a hairpin with a stem containing
three G:C base pairs. At the same time these experimental
enthalpies are somewhat smaller (∼20%) in absolute values than
the theoretical values of ∆Hl determined by nearest neighbour
analysis (32). However, in the calorimetric study of oligonucleo-
tide sequences containing 13 deoxynucleotides the magnitude of
enthalpy, ∆Hl = –155 kJ/mol, for formation of a hairpin with a stem
consisting of four G:C base pairs (33,34) is higher in absolute value
(calculated relative to 1 bp) than the enthalpy of hairpin formation
with a smaller stem size. In the light of the present study this
difference may be partially due to some disorder of the G:C base
pairing next to the loop when the size of the stem is relatively small
and may be partially due to a higher probability of formation of a
bulged duplex in longer oligonucleotides; in the latter case there
will be a relatively large contribution of the enthalpy of dimeriz-
ation to the total thermal effect of hairpin and dimer formation of
the oligonucleotide in solution.

The calculated entropy of formation of the hairpin, ∆Sl =
–182.3 ± 8.3 J/mol K, obtained in this work is in good agreement
with the results for a hairpin with a short stem (13). It is worth
noting that for hairpin structures (33,34) where the length of the
stem is double that in d(GCGAAGC) the entropy change of
hairpin formation is about double the ∆Sl value obtained in the
present work. The large negative value of the entropy of

formation of the deoxyheptamer dimer in aqueous solution,
∆Sa = –471 ± 53 J/mol K (Table 1), indicates substantial ordering
of solvent in the vicinity of the dimer, which may be due to a
rather bulky structure of the bulged duplex having non-
complementary purine base pairs in the centre of the
deoxyheptamer d(GCGAAGC) (Fig. 2).

Complexation of ethidium bromide to
d(GpCpGpApApGpC) in aqueous solution

Experimental observations. The structural formula of the EB
molecule (Scheme 1) shows the atom position of all aromatic
protons having different NMR resonance peaks used in the drug
binding studies. In the 2D NOESY spectra of mixed solutions
obtained at different mixing times (τm1 = 90 ms, τm2 = 200 ms)
only a few intermolecular cross-peaks between EB and the
heptamer protons were observed, as found previously for EB
binding to self-complementary deoxytetranucleotides (17,18). In
the present case only cross-peaks of small intensities between the
meta/para protons of the EB phenyl ring and cytosine deoxy-
ribose protons H1′(C2) of the heptamer could be detected.
Down-field shifts of phosphate resonances have been observed at
the sites of intercalation of drug molecules in an oligonucleotide
duplex (35), providing evidence of significant conformational
perturbations of the oligomer secondary structure on intercalative
binding of the drug. An indication of the preferred site of binding
of EB with the heptamer is given by comparison of the 2D 1H-31P
heteronuclear shift correlation spectra of the deoxyheptanucleo-
tide d(GCGAAGC) in solution and when mixed with EB; there
are larger down-field shifts of the two phosphate resonances
G(1)pC(2) and G(6)pC(7) on drug binding compared with other
phosphate signals in the oligonucleotide chain. Taking into
consideration the results of homonuclear (2D NOESY) and
heteronuclear 1H-31P 2D NMR spectroscopy, it may be con-
cluded that the prefered sites of drug binding with the heptamer
are the GC sites of the 5′-d(GCGAAGC) sequence.

In order to determine quantitatively the structures and
thermodynamics of complexation of EB with the deoxyhepta-
nucleotide 5′-d(GpCpGpApApGpC), the chemical shift depend-
ence of the EB chromophore protons was measured as a function
of both the concentration of the heptamer (e.g. Fig. 4a at 298 K)
and temperature (Fig. 4b).

Model of complexation and analysis. It was considered that the
basic scheme for molecular complexation had to take into account
at least the complexation of one EB molecule with both the single-
and double-stranded forms of the heptamer and binding of one
and two drug molecules to the hairpin, as the relative content of
the hairpin is predominant in solution at all temperatures and
concentrations, as shown in Figure 3. The following equilibria
were considered for quantitative analysis of complexation of EB
with the heptamer:

D� D Kd
�

D2 (a)

A Kl
�

Al (b) A� A Ka
�

A2 (c)

A� D Kl
�

AD (d) Al� D K2
�

AlD (e)

A2� D K3
�

A2D (f) A lD� D K4
�

AlD2 (g)

9
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a

b

Figure 4. Proton chemical shifts of EB on complexation with the heptanucleo-
tide 5′-d(GpCpGpApApGpC). (a) Dependence on concentration of the
heptamer at constant drug concentration [D0] = 1.15 mmol/l in solution, T = 308
K. (b) Temperature dependence at [D0] = 1.15 mmol/l (drug) and A0 = 2.28
mmol/l (heptamer).

Chemical shifts were calculated using an additive model (the
validity of such a model was discussed above):

�� �mFm� �dFd��
4

i�1

�iF i 10

where δm, δd, δ1–δ4 are the proton chemical shifts of EB in the
monomer, dimer, in 1:1 complexes with monomer (AD) and
hairpin (AlD), in the 1:2 complex with heptamer dimer A2D and
in the 2:1 complex with the hairpin (AlD2); Fm, Fd, F1–F4 are
mole fractions of EB in the monomer, dimer and in the
above-mentioned complexes respectively. The values of δm, δd
and Kd = 155 ± 7 l/mol at T = 298 K were determined previously
(25) from investigations of EB self-association using the

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 constants K(T)
on temperature was expressed in terms of the thermodynamic
parameters ∆H�, ∆S� using relations equivalent to 7 and 8. Thus,
taking into account the mass law equations and the mass
conservation law for reactions 9, the observed chemical shift 10
is a function of the following parameters: δ1–δ4, ∆H1�–∆H4�,
∆S1�–∆S4�. It is reasonable to solve such a multiparametric
problem by the method of successive complication of the model
(17,18). The computational 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 work (17,24,26). 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
reactions of a second drug molecule binding with the monomer
and dimer forms of the deoxyheptanucleotide. However, the
values of the equilibrium constants for such reactions could not
be determined with great accuracy due to the relatively small
content of these complexes in solution, even though the
experimental data are sufficient to calculate these contributions.

Properties of EB complexation with the heptamer. The calculated
values of the limiting chemical shifts of EB protons (δ1–δ4) in the
complexes, equilibrium constants (Κ1–Κ4) and thermodynamic
parameters of formation of different complexes (∆H1�–∆H4�,
∆S1�–∆S4�) are summarized in Tables 2 and 3. It is seen from
Table 2 that the equilibrium constants K2 and K4 of complex
formation between EB and the hairpin are significantly smaller
than the constants K1 and K3 for drug complexation reactions with
monomer and dimer forms of the heptanucleotide in solution at T
= 298 K. The results indicate the relative difficulty of binding of
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
heptamer. It is worth noting that the equilibrium constants K1 and
K3 of EB complexation with the monomer and dimer forms of the
heptamer are in good agreement with the corresponding constants
for binding of EB with the GC site of single-stranded and
double-stranded forms of the deoxytetranucleotide d(AGCT) (18).
The value of the constant K4 = 0.51 ± 0.16 × 103 l/mol shows that
the probability of 2:1 EB–hairpin complex formation in solution is
substantially smaller than that of the 1:1 complex (K2 = 3.9 ± 1.4
× 103 l/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
(G3) base and unpaired adenine (A4) base. These results are in
agreement with conclusions drawn in previous work (33,34) that
binding constants of EB with the stem in the hairpins d(GCGCT-
nGCGC) are approximately an order of magnitude greater than
with loops (Tn) containing different numbers (n = 3, 5 or 7) of
thymines in the chain and that drug–loop complexes are stabilized
by stacking interactions between thymine base rings and the drug
chromophore.
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Table 2. Calculated values of limiting proton chemical shifts and equilibrium constants for complexes of EB and the heptamer 5′-d(GpCpGpApApGpC) at T = 298 K

EB proton δ1 (p.p.m.) δ2 (p.p.m.) δ3 (p.p.m.) δ4 (p.p.m.) δm (p.p.m.) K1 (103 l/mol) K2 (103 l/mol) K3 (103 l/mol) K4 (103 l/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 11.7 (± 1.7) 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
deoxyheptanucleotide 5′-d(GpCpGpApApGpC)

Reaction –∆G� (298 K)
(kJ/mol)

–∆H� 
(kJ/mol)

–∆S� (298 K)
(J/mol/K)

K1

A + D � AD 23.2 ± 0.3 60.7 ± 7.5 125 ± 24

K2

Al + D � AlD 20.5 ± 0.7 48.3 ± 7.1 93 ± 22

K3

A2 + D � A2D 24.2 ± 0.3 69.5 ± 3.8 152 ± 13

K4

AlD + D � AlD2 15.4 ± 0.7 37.9 ± 9.4 75 ± 34

Using the values of the equilibrium constants (Table 2), the
relative content of each of the molecular complexes in solution
has been calculated as a function of r (= [A0]/[D0], the ratio of
initial concentrations of heptanucleotide and drug) at 298 and 308
K. An example is shown at 298 K in Figure 5a, where it can be
seen that the contribution of different types of complexes to the
general equilibrium in solution is determined not only by the
values of equilibrium reaction constants, but also by the value of
r, as shown previously for drug binding with self-complementary
and non-self-complementary deoxytetranucleotides (17,18,31).
The relative amount of the 1:1 complex of EB with the hairpin
(AlD) grows rather quickly with increasing r in the range 0 ≤ r ≤
1.5, because of a relatively large content of hairpin structures
compared with other conformational states of the heptamer in
solution at lower concentrations (Fig. 3a) and temperatures (Fig.
3b). There is a maximum of the 1:1 AlD complex at r ≈ 2 and then
a gradual decrease at higher r values, although this complex is
always predominant. At the same time, growth of the fraction of
the 1:2 complex of the drug with the dimer (DA2) becomes
significant at r > 1.5, as is clearly seen in Figure 5a (at T = 298 K).
However, due to the relatively low melting temperature of the
complex of the drug with the bulged duplex, an increase in
temperature of 10�C (T = 308 K) leads to a significantly smaller
amount of the 1:2 complex of the drug with the dimer in solution.
The relative amount of the 1:1 complex of the drug with the
monomer structure of the heptamer (AD) remains small over the
whole range of r studied, whereas characteristic maxima of the
concentration curves for 2:1 EB–hairpin complexes are observed
at r values corresponding to the stoichiometric relations of
heptamer and drug concentration for complex formation, i.e.
r = ∼0.66 for AlD2 complexes.

The calculated temperature dependencies of the mole fractions
of different types of EB–heptamer complexes are shown in Figure
5b. It is seen that at lower temperatures practically all of the drug
is in the complexed state, with either the hairpin (AlD) or dimer
(DA2) forms of the heptamer. Melting of the 1:2 complex of EB

with the bulged duplex form of the heptamer takes place at
relatively low temperatures and so the relative content of the DA2
complex decreases rapidly and is not significant at T ≥ ∼314 K.
At the same time there is an increase with temperature in the
relative content of the 1:1 complex of EB with the single-strand
form of the monomer due to the increase in the fraction of the
monomer form of the drug and single-strand form of the heptamer
in solution. There is an initial growth with temperature (T < ∼314
K) of the relative content of the 1:1 complex of the drug with the
hairpin (AlD), as it is thermally a more stable structure than DA2,
but after a maximum at ∼300 K there is a monotonic decrease in
the mole fraction of such complexes due to their melting at high
temperatures. It should be noted that the melting temperature Tm
of the 1:1 drug–hairpin complex is slightly lower (∼3–4�C) than
the corresponding Tm value for the hairpin in solution. This
behaviour is the opposite of that observed for binding of aromatic
ligands with double-stranded DNA and self-complementary
oligonucleotide sequences, which leads to an increase in the
melting temperature of these structures (36). This result suggests
that intercalation of a ligand into a very compact and ‘tense’
hairpin structure to some extent ‘relaxes’ it, leading to a decrease
in the melting temperature of the hairpin on drug binding.

Structures of the complexes

Homonuclear (1H-1H NOESY) and heteronuclear (1H-31P
HMBC) NMR experiments indicated qualitatively that EB binds
preferentially to the GC base pairs found in the stem of the hairpin
and in the duplex form of the heptamer. A more detailed analysis
of the structures of the complexes of EB with d(GCGAAGC) has
been made using the calculated limiting values of EB proton
chemical shifts (Table 2), which enable, in principle, the
structures to be determined for each of the four complexes AD
(from δ1), AlD (δ2), DA2 (δ3) and AlD2 (δ4); in practice, it is
expected that limiting chemical shifts lead to determination of
reliable structures for 1:1 EB binding to GC base pairs in the stem
of the hairpin (ΑlD) and bulged duplex (DA2).

The induced chemical shifts of drug protons (∆δi = δm – δi) are
in the range 0.3–1.4 p.p.m. up-field, indicating substantial ring
current shielding effects of nucleotide bases on all the EB protons;
this is consistent with intercalation of the drug chromophore
between the base planes of the heptamer. The three-dimensional
structures of the complexes of EB with the deoxyheptanucleotide
were calculated using a modified model of equivalent magnetic
dipoles (17), which approximates the quantum mechanical
isoshielding curves (37), together with the algorithm and
software for transformation of coordinates, kindly provided by
V.I.Poltev (38,39). The sequence of transformations of coordi-
nates in the double helix consisted of variation of the parameters
ω (propeller), κ (buckle), τ (tilt), ρ (roll), Dx (shift), Dy (slide), Ω
(twist) and Dz (rise) (40). In this work shielding of the EB protons
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Figure 5. Calculated relative content (f) of drug (D) and the different complexes
with the heptanucleotide 5′-d(GpCpGpApApGpC) in solution as a function of
(a) r (= [A0]/[D0]), the ratio of initial concentrations of heptanucleotide and drug
at T = 298 K, and (b) temperature in solution at [D0] = 1.15 mmol/l and [A0]
= 2.28 mmol/l, i.e. r = 1.

b

a

by adjacent base pairs, G:C and C:G, in the intercalated complex
in the stem of the hairpin and in the dimer form (GC sites) has
been calculated as a function of the conformational parameters of
the double helix. The computational procedure for determination
of the conformational parameters of the intercalated complex has
been described in detail elsewhere (17).

As an example, the most favourable structure calculated for
intercalation of EB into the 5′-d(GC) site of the stem of the hairpin
is presented in different projections in Figure 6. Spatial represen-
tation of the structure was obtained using Mathematica 2.2
software (Wolfram Research Ltd). The intercalated complex is
characterized by the following helix parameters: Dz = 6.96 Å, Ω =
6�, ω = 4�, τ = 5�, Dx = –0.04 Å, Dy = 1.25 Å, ρ = 3.5�, κ = 2.0�.
The drug chromophore is situated perpendicular to the helix axis
at equal distances (3.48 Å) from the upper and lower base pairs
in the 5′-d(GC) site of the stem of the hairpin. Unwinding of the
adjacent base pairs at the intercalation site is 30� (Ω = 6�), which
is somewhat higher than the 25–26� for the 1:2 complexes of EB
with duplexes of self-complementary deoxytetranucleotides in
solution (17,18), X-ray crystal data of the EB–d(CpG)2 complex

Figure 6. Calculated structure of the fragment of the 1:1 complex of EB and
hairpin form of the deoxyheptanucleotide 5′-d(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.

a

b

(41,42) and the results of theoretical investigations for regular
double-helical oligonucleotide sequences (43,44); 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 5′-(GC) site of the
heptanucleotide dimer is characterized by the following helix
parameters: Dz = 6.9 Å, Ω = 10�, ω = 5�, τ = 16�, Dx = 0.17 Å,
Dy = 0.05 Å, ρ = 7.5�, κ = 7.0�. Unwinding of the adjacent base
pairs in such a complex is 26� (Ω = 10�), which is in good
agreement with X-ray crystal data (41,42), solution studies of
drug binding to GC sites of self-complementary oligonucleotides
(17,18) and the results of theoretical investigations (43,44).

Thermodynamics of complex formation

The thermodynamic parameters presented in Table 3 show that all
the reactions of complex formation of EB with the monomer,
hairpin and dimer forms of the heptanucleotide (reactions 9d, e,
f and g) are exothermic. The enthalpy values, ∆H2� = –48.3 ±
7.1 kJ/mol and ∆H4� = –37.9 ± 9.4 kJ/mol, obtained by NMR for
EB binding with the stem and loop of the hairpin d(GCGAAGC)
respectively are in good agreement with the results obtained by
optical and calorimetric investigations on drug complexation
with hairpins d(GCGCTnGCGC), containing four G:C base pairs
in the stem and different numbers of thymine residues in the loop
(33,34). The enthalpy of complex formation of EB with the
bulged duplex of the heptamer 5′-d(GCGAAGC), ∆H3� = –69.5
± 3.8 kJ/mol, agrees within error limits with the enthalpy of drug
binding to self-complementary deoxytetranucleotides under the
same experimental conditions (17,18). The formation of mis-
matched base pairs (A·G) in the heptamer dimer, considered
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previously (15), may influence the energetics of drug binding.
The enthalpy of complexation of EB with the monomer form of
the deoxyheptanucleotide, ∆H1� = –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 the distinctive features of
the primary structure of the deoxyheptanucleotide
d(GCGAAGC), which contains a fragment of four purine
nucleotides (GAAG) in the centre of the sequence, expected to
have a relatively small affinity for drug binding (31). As the
enthalpy of drug complexation with the monomeric form of the
deoxyheptanucleotide is an average over a number of possible
binding sites, the existence in the oligonucleotide of a fragment
with identical types of bases (i.e. purine-purine or pyrimidine-
pyrimidine), which are characterized by small drug binding
affinity (31), may decrease the effective values of thermodynamic
parameters of complex formation.

The entropies of complexation of one or two EB molecules
with the hairpin of the deoxyheptanucleotide d(GCGAAGC),
∆S2� = –93 ± 22 J/mol K and ∆S4� = –75 ± 34 J/mol K, are
substantially smaller in absolute value than ∆S1� = –125 ± 24
J/mol K and ∆S3� = –152 ± 13 J/mol K for drug binding with the
monomer and dimer forms of the heptamer (Table 3). It is likely
that hydrophobic interactions play a more significant role in
binding of an aromatic ligand to the compact hairpin structure
compared with the more flexible monomeric and dimeric forms
of deoxyheptanucleotide in aqueous solution; such hydrophobic
interactions due to transfer of the drug molecule from solvent to
the intercalation site result in positive contributions to entropy
and hence lead to entropy change for ∆S2� and ∆S4� that are
smaller than ∆S1� and ∆S3�.

In conclusion it should be emphasized that:
(i) NMR analysis of the conformational and drug binding

properties of the deoxyheptanucleotide d(GCGAAGC) indicate
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 aromatic
ligand such as ethidium bromide (EB);

(ii) the method developed for analysing the concentration and
temperature dependencies of NMR experimental parameters of
drug–nucleic acid complexation enables the contributions of
different reactions of complex formation to be differentiated, as
well as determination of the separate enthalpy and entropy effects
of formation of each complex in solution;

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

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