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1. 

2. 

Department of Chemistry, Birkbeck College, University of London, Gordon House, 
29 Gordon Square, London WClH OPP, UK 
Department of Physics, Instrument Development Institute, Sevastopol 335053, 
Crimea, Ukraine 

ABSTRACT 

The molecular associations and structures of the complexes between the acridine dye, 
proflavine, and self-complementary deoxytetraribonucleoside triphosphates 5'- 
d(GpCpGpC), 5'-d(CpGpCpG), 5'-d(ApCpGpT), 5'-d(ApGpCpT) in aqueous solution 
have been investigated using one-dimensional and two-dimensional 500 MHz 1H NMR 
spectroscopy. 

1 .  INTRODUCTION 

Many biologically-active aromatic molecules, such as antibiotics, carcinogens, and 
mutagens exert their effect primarily by interacting directly with nuclear DNA. When 
aromatic ligands bind to DNA they inhibit matrix synthesis which results in alterations of 
metabolic processes in the cell. The corresponding theories of interaction, especially the 
intercalation model, have made a considerable contribution to understanding the biological 
properties and the nature of binding of low-molecular aromatic molecules with nucleic 
acids. At the same time experimental and theoretical investigations o f objective laws of 

t This paper is dedicated to the memory of Roland K Robins and his many contributions 
to the chemistry of nucleosides and nucleotides 

637 

Copyright 0 1994 by Marcel Defier, Inc. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
2
1
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



63 8 DAVIES, DJIMANT, AND VESELKOV 

complex formation and structural features of complexes of aromatic ligands with polymer 
molecules are rather complicated because of the complexity of the structure of 
macromolecular nucleic acids and the existence of a great variety of binding sites on the 
p l y m r  chain. A more realistic approach is to study the interactions of aromatic molecules 
with self-complementary oligonucleotides which, to a first approximation, can be 
considered as model systems of native nucleic acid molecules. It is known that aromatic 
ligands show a definite preference for binding to certain base sequences in oligonucleotide 
chains. Thus, the antibiotic actinomycin D preferentially binds to the GC site, but ethidium 
bromide and the acridine dye, proflavine, intercalate into the duplex site with pyrimidine- 
purine base sequencel-7. Such selectivity is observed in the binding of aromatic ligands 
with the shortest fragments of double-helical nucleic acids, the dinucleotide duplexes7. 
Investigations of the interaction of ligands with longer self-complementary oligonucleotides 
extend the possibilities of studying such intercalation processes and make more conclusive 
the transference of their properties to the polymer molecules of nucleic acids. In order to 
solve the problem of the selective binding of aromatic ligands, it is desirable to carry out 
directed experiments using specially-synthesised oligonucleotides with such preferential 
binding sites in different positions and various nucleotide residuals flanking the preferential 
site at a variety of such sites in the sequence. The shortest nucleotide sequences suitable for 
such investigations are tetranucleotides having three potential sites of intercalative binding. 

The most complete information about the nature of the complexes of aromatic 
molecules with oligonucleotides is given by X-ray analysisl. However, the balance of 
forces which dominate in the crystal, particularly one of low hydration, might be expected 
to be very different for complex formation in solution. It should also be taken into account 
that the crystal structure represents a static situation whilst molecules in solution are 
essentially dynamic. Nuclear magnetic resonance spectroscopy is an effective experimental 
method to study molecular complexes in solution and the development of two-dimensional 
NMR techniques has opened up opportunities for investigating the mechanisms of ligand 
interactions with oligonucleotides in solution. 

In this paper, the complex formation of a typical intercalator, proflavine, w i t  h 
s e l f - complemen ta ry  d e o x y t e t r a r i b o n u c l e o s i d e  t r i p h o s p h a t e s  5 ' -  
d(CpGpCpG), S-d(GpCpGpC), 5'-d(ApCpGpT) and S-d(ApGpCpT) has been studied 

1 using one- and two-dimensional H NMR spectroscopy. The first of the tetramers contains 
two CG sites for preferential binding of proflavine to the duplex, the second and the third 
tetramers have one such site in the centre, flanked from the 5'- and the 3'- ends by different 
nucleosides. The last tetranucleotide has no site with pyrimidine-purine base sequence. 
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Investigations of proflavine binding with dinucleotides have shown79 that there is also 
some probability of intercalation of dye into purine-pyrimidine base sequences in the 
duplex, with the dye binding preferentially to such sites in the monomeric nucleotide chain. 
Data from homonuclear correlation 2D-NMR spectroscopy (2D-COSY and 2D-NOESY) 
were used to assign proton resonances in the 1H NMR spectra of mixed solutions and to 
determine qualitatively the binding sites of the dye with tetranucleotides. The analysis of 
the interaction of proflavine with these tetranucleotides in solution, the influence of the base 
sequence of the nucleotide chain on the nature of complex formation, and the structural 
features of complexes of different types have been made using experimental concentration 
dependences of chemical shifts of non-exchangeable protons of nucleotides and dye. 

2 .  MATERIALS AND METHODS 
Methods for the preparation of solutions and performance of experimental procedures 

are described in the previous paper 10. Deoxytetranucleotides with defined base sequences 
were synthesised by OSWEL DNA SERVICE (Edinburgh University, UK). The 
tetranucleotides and the acridine dye proflavine ('Sigma') were lyophilised three times from 
99,95% D2O then dissolved in deuteriated 0.1 M phosphate buffer, pD = 6.6.500 MHz 1H 

NMR spectra were recorded on a JEOL GSX-500 spectrometer with the residual water 
peak saturated during relaxation. The complete assignments of proton signals had been 
made previously using 2D-COSY and 2D-NOESY spectra of tetranucleotideslo, enabling 
straightforward assignment of the spectra of mixed solutions. 2D-NOE spectra of solutions 
of tetranucleotides with dye were used to elucidate the possible through-space 
connectivities between the protons of these molecules. 

3 .  RESULTS AND DISCUSSION 
In principle, the interpretation of 2D-NOESY spectra provides information about 

internuclear contacts between interacting molecules and hence about the conformation of 
oligonucleotides in a complex with dye in mixed solutions. The merit of NOE is that it 
enables direct determination of interproton distances from NOE build-up rates. Reid et a l l1  
have shown that qualitative interpretation of 2D-NOESY cross-peaks can be made when 

NOESY experiments are carried out at mixing times not exceeding 100 ms. Only in this 
case can one consider the effective correlation time of interproton vectors to be the same for 
all interacting nuclei and calculate internuclear distances using the corresponding equations 
for the cross-relaxation rate of two-spin systems. Under experimental conditions it is not 
always possible to reach the full intensities of cross-peaks between protons of the 
intercalating ligand and the nucleotides which is required for reliable determination of 
corresponding distances and the structures of the complexes. However, even in such 
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cases, 2D-NOE spectra enable important information to be determined about possible 
binding sites of the ligand with the oligomer and conclusions about molecular 
conformational states can be made. 

An example is given by the 2D-NOE spectra of proflavine solutions with 5'- 
d(CpGpCpG) presented in Fig. 1. Together with cross-peaks defining intramolecular 
interactions between nuclei (connectivities between different protons are shown by dotted 
lines), cross-peaks are observed between some dye protons and nucleosides (filled lines) 
for proflavine with 5'-d(CpGpCpG); cross-peaks of approximately equal intensities can be 
observed between protons Hx-H5(Cl) and Hx-H5(C3) as well as between H B - H ~ ' ( G ~ )  
and H B - H ~ ' ( G ~ )  protons. The existence of such internuclear spin-spin interactions 
supports the assumption that the dye intercalates into both CG sites of the tetramer with 
approximately the same probability. In the spectrum of the solution of the dye with 5'- 
d(GpCpGpC) we have observed cross-peaks between protons of proflavine and internal 
nucleosides ( H B - H ~ ' ( G ~ ) ,  Hg-H8(G3), and Hx-H5(C2)) - the latter confirming 
preferential binding of ligand to the central CG site of the tetramer. A similar conclusion 
about dye intercalation into the CG-site of the tetranucleotide 5'-d(ApCpGpT) can be 
drawn from the existence of 2D-NOE cross-peaks between HB-H~ ' (G~)  and Hx-H5(C2). 
Although there is no site with pyrimidine-purine base sequence in the tetramer 5'- 
d(ApGpCpT), the spectra of mixed solutions with dye also provide evidence about 
preferential binding of the dye to the GC site in the centre of this sequence. It should be 
noted that the intensites of all the cross-peaks due to intermolecular interactions are rather 
low compared to those observed for intramolecular interactions which may be due to the 
fact that distances are relatively high between protons of ligand and tetranucleotides at the 
intercalation site. In addition, the number of intermolecular cross-peaks in all the 2D-NOE 
spectra is rather small which may be of significance not only for proflavine but also for 
other intercalating dyes containing planar chromophores without large side groups or 
chains. As a result, the determination of the geometry of the complexes of such ligands 
with oligonucleotides cannot be solved using only 2D-NOESY data. 

Additional geometrical information can be obtained from a knowledge of the limiting 
values of proton chemical shifts of the molecules in the bound state, enabling structural 
characteristics of the complexes to be determined using quantum mechanical calculations of 
shielding effects of aromatic moleculesl2. For solution studies, especially in the case of 
short oligonucleotides, a rather complex dynamic equilibrium of the interacting molecules 
takes place; an equilibrium which includes monomers and dimers of both the 
tetranucleotide and dye and their complexes of different types. Experimentally-observed 
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FIG.l. 2D-NOE spectrum of the mixture of proflavine and tetranucleotide 5'- 
d(CpGpCpG) at initial concentrations of proflavine P0=0.76 mM and tetranucleotide 
No=1.2mM (T=298 K). 
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6 . 0  - 

0 1 2 3 4 r  

FIG. 2. Dependence of proflavine proton chemical shifts on r, the ratio of initial dye and 
double-stranded tetranucleotide concentrations (r = No/Po) at constant proflavine 
concentration in solution. The solid lines represent the mixture of proflavine and 5'- 
d(GpCpGpC) at Po = 0.546 mM and the dashed lines represent the mixture of proflavine 
and S-d(CpGpCpG), at PO = 0.76 mM. 

proton chemical shifts of the molecules are the result of a sum of conmbutions of monomer 
and associated forms, fractions of which depend on the initial concentrations of molecules 
in solution. Measurements of the concentration dependence of proton chemical shifts 
provides information to determine the types of complexes being formed, the equilibrium 
reaction constants and the limiting values of chemical shifts of bound rnolecules7~9~13J4. 
For example, the concentration dependences of chemical shifts, 6,  of proflavine protons in 
solution with the tetranucleotides 5'-d(GpCpGpC) and 5'-d(CpGpCpG) are shown in Fig. 
2. The concentration parameter, r (=N.JP,), is the ratio of initial concentrations of 
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STRUCTURAL ANALYSIS OF PROFLAVINE INTERACTIONS 643 

tetranucleotide duplex and dye. It is seen that pronounced changes of dye proton chemical 
shifts take place at small r values when the dye content in solution is relatively high 
whereas, when r > 1, the tetranucleotide is in abundance in solution and the probability of 
proflavine binding is high enough so that the concentration dependence for 6 is less 
pronounced. Similar curves of 6=f(r) are observed for solutions of dye with 5'- 

d(ApCpGpT) and S-d(ApGpCpT). 

3.1  Proflavine interaction with S-d(CGCG) and S-d(GCGC) 
In order to estimate quantitatively the complexation of proflavine with 

tetranucleotides, different schemes of reactions in solution have been analysed. In the case 
of the interaction of dye with isomeric sequences, S-d(GpCpGpC) and S-d(CpGpCpG), 
the best agreement with experimental data is given by the following scheme for molecular 
association: 

KP 
P + P W P 2  

Kl 
P + N e P N  

K3 
P + N2 H PN2 

KT 
N + N @ N 2  

In this scheme of complex formation, an assumption has been made about the basic 
role of double-component interactions in solution. Taking into consideration the mass law 
equations for reactions (1) and the mass conservation law, we obtain a system of 
equations: 

where P and N are equilibrium molar concentrations of proflavine and tetranucleotide 
monomers, respectively. 

Chemical shifts were calculated using an additive model: 
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In this relation am, 6d, 61, &, 63, and 64 are the proton chemical shifts of the dye molecule 
in the monomer, dimer, and 1:l (PN), 2:l (PzN), 1:2 (PNz), and 2:2 (P2N2) complexes, 
respectively. The values of Srn and 6d were determined previously9 from investigations of 
proflavine self-association using concentration dependences of dye proton chemical shifts 
in the same solvent system (0.1 M phosphate buffer). The value of proflavine dimerisation 
constant, Kp, averages 300 - 350 M-l at temperatures T = 293 - 298 K15. Values of the 
constant of self-association, KT, of tetranucleotides 5'-d(GpCpGpC) and 5'-  
d(CpGpCpG), were determined independently from analysis of the concentration 
dependencies of 1H NMR spectra of tetramerslo and, under the conditions of this 
experiment, KT =1000(f-120) (mol of duplex)-' and KT =1300&160) (mol of duplex)-1, 
respectively. It follows that the observed chemical shift, 6, is a function of the unknown 
quantities 81 - 64, K1- Kq, P and N. As the concentrations of dye, P, and tetranucleotide, 
N, in turn, depend on K1 - Kq, P and N can be found from the solution of the system of 
equations (2). Parameters 61, &, 83, 64, K1, K2, K3, and & of equation (3) were 
determined using the variational method of data analysis by minimization of the quadratic 
discrepancy function9 using experimental concentration dependences of chemical shifts for 
the different dye protons. Such a multiparametric problem required solution in two stages: 
the initial approximation was found by the method of accidental search of an unconditioned 
minimum- and further optimisation was carried out by the modified simplex method of 
Nelder and Mead16>l7. A detailed discussion of the computational procedure and the 
evolution of different models used in the analysis of the concentration dependences of 
proton chemical shifts has been published'8 for one of the systems studied, proflavine with 
5'-d(GCGC). The analysis begins with the simplest case when the only reactions taken 
into account are the self-association of proflavine and the tetranucleotide. and 1:l and 1:2 
proflavine-tetranucleotide complex formation; calculations are then made for the sequential 
inclusion of new reactions in scheme (1). The parameters obtained at each sequential step 
serve as the first approximation for the calculation of parameters in the more complicated 
scheme. The actual fit of the curves (discrepancy between experimental and calculated 
points) for the general model in scheme (1) did not exceed 1%. 

The calculated values of equilibrium constants of complex formation Ki, and induced high 
field chemical shifts for the protons of proflavine, A6i = 6, - 6i, where i =1,2,3,4 for the 
corresponding type of complex, are presented in Table 1. The values of A6i define the 
shielding effects of nucleosides on dye protons in the complex. Constants K1 and K2, of 
1:l and 2:l complex formation of proflavine with the single strand of 5'-d(GpCpGpC) 
tetranucleotide are approximately equal in value due to the existence in this sequence of two 
GC sites of preferential binding of proflavine with monomerg. The tetranucleotide 5'- 
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17600 k 1600 +I 

TABLE 1: Calculated values of parameters of complex formation of proflavine with 
S-d(GpCpGpC) and S-d(CpGpCpG) 

HM HA HB 

1.03 1.01 1.28 

1.30 1.12 1.21 

0.75 0.98 0.96 

0.59 0.84 0.98 

5'-d(GpCpGpC) I Tetranuclmtide 

Hx 

0.91 

1.20 

0.93 

0.66 

A6itppm I 1.02 10.89 1 1.01 I 0.95 

AWppm 

A83tppm 

AWppm 

0.95 0.94 1.06 0.90 

0.49 0.73 0.91 0.88 

0.55 0.75 1.10 0.62 

K1M-l I 3800 k 600 

2500 k 400 

9400 k 1000 

I 3630 k 660 
4 

d(CpGpCpG) contains one GC site flanked from both sides by nucleotides which increases 
the probability of vertical stacking interactions between guanine and cytosine bases in the 
centre of the sequence and facilitates binding of the planar dye molecule with the tetramer; 
this is the likely reason that the constant of complex formation K1, of proflavine with 
d(CpGpCpG), is higher t h a n  the corresponding constant for the isomeric sequence. 

Binding of the second dye molecule with S-d(CpGpCpG) monomer, as seen by 
comparison of the constants K2 and K1, takes place with somewhat less probability than 
the first. If one dye molecule preferentially binds to the central GC site, then the process of 
binding of the other molecule with adjacent sites of such sequence will be, obviously, 
nonco-operative. The existence of preferential dye binding to pyrimidine-purine base 
sequences in the duplex is supported by the calculated values of the constants K3 and K4, 
which are substantially different for the isomeric tetranucleotides considered. The 
equilibrium constant, K3, of 1:2 complex formation of dye with S-d(CpGpCpG), a 
sequence containing two CG sites, is approximately double that for its isomer with one 
such site which indicates that proflavine intercalates into each CG site of these double 
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helical sequences with approximately the same probability. This conclusion is supported by 
the disposition and relative intensities of cross-peaks between protons of proflavine and 
nucleotides in 2D-NOE spectra. Comparison of the equilibrium association constants, Q 
and K3, shows that the binding of the second molecule with 5'-(GpCpGpC) is highly 
nonco-operative providing additional confirmation that the dye molecule preferentially 
intercalates into CG sites so that the binding of the second molecule to such a duplex is 
very difficult. On the other hand, in the interaction of proflavine with S-d(CpGpCpG), 
where there are two sites with pyrimidine-purine base sequences, the reaction constant, 
Q, is high, approximately 20 times greater than for the isomeric tetranucleotide. When 
taken together, these results confirm that the formation of 2:2 complexes of proflavine with 
tetranucleotide duplexes correspond to the 'excluded neighbour' model19 according to 
which intercalation of the dye molecule between adjacent base pairs is impossible. 

Relatively large values of induced chemical shifts, A6j  (Table l), indicate the 
considerable shielding effects of nucleosides on all the proflavine protons which results 
from intercalation of the dye chromophore between the base rings of the tetranucleotides. 
Quantum mechanical calculation of the shielding effects of nucleic acid bases12 predicts 
maximum-induced chemical shifts around 1.7 - 1.8 ppm for the protons of a planar 
molecule situated between guanine and cytosine at a distance of 3.4 A from the base 
planes. The calculated values of A6i for all dye protons in the complexes are in the range 
0.5 - 1.3 ppm indicating a rather extensive overlap between the planes of the interacting 
molecules. It is significant that the values of induced chemical shifts A61 and A h  for the 
complexes of dye with the monomers of these tetranucleotides are somewhat higher than 
the values of A63 and A& for the complexes with the duplex (Table l), despite the fact that 
the shielding of dye protons results from nucleosides of only a single-stranded tetramer. 
Preliminary calculations show that in such cases the necessary shielding of all the 
proflavine protons can be achieved only at distances less than 3.4 8, between the ligand 
chromophore and adjacent tetranucleotide bases, which is made possible by the high 
conformational freedom of the single-strand nucleotide sequence. As for the complexes of 
dye with the double helix, comparison of A63 and AS4 values shows that the structures of 
1:2 and 2:2 complexes are not substantially different for both tetranucleotides studied 
although a somewhat higher shielding of HM and HA dye protons in the 1:2 complex of 
proflavine with 5'-d(CpGpCpG) compared with 5'-d(GpCpGpC) indicates deeper 
intercalation of ligand into CG sites of the double helix. 

3 . 2  Proflavine interaction with 5'-d(ApCpGpT) and 5'-d(ApGpCpT) 

The corresponding analysis of concentration dependences of dye p r o t o  n 
c h e m i c a l  shifts has also been carried out for solution mixtures with she 
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t e t r amers  5'-d(ApCpGpT) and 5'-d(ApGpCpT), in which central CG and GC sites are 
flanked by adenine and thymine. However, calculations using scheme (1) for these 
sequences did not give satisfactory agreement with the experiment unless the possibility of 
1 :2 complex formation of proflavine with tetranucleotide (PN2) is considered in two 
different ways: direct binding of dye with the duplex and formation of this complex by 
interaction of the tetranucleotide monomer with 1: 1 complex PN, where proflavine acts as a 
'nucleation centre'. 

KP 
P + P m P 2  

K1 
P + N @ P N  

KT 
N + N e N 2  

K2 
P + PN @ P2N (4) 

It is necessary to consider the structure of the complex by means of the 'nucleation 
centre' (Reaction 4a) because the equilibrium self-association constants of the tetramers 
with AT base pairs at the ends of the sequences are substantially lower than KT for 
tetranucleotides containing only CG base pairs. The values of self-association constants 
turned out to be approximately equal for 5'-d(ApCpGpT) and 5'-d(ApGpCpT) and 
averaged 160(&30) (mol of duplex)-l at T = 293 Klo. The reaction of 2:2 complex 
formation of dye with these tetramers, that contain only one CG or GC site, may be 
neglected in a general equilibrium in solution as shown by corresponding calculations in 
this work. 

According to the reactions scheme (4), the system of equations determining the 
equilibrium molar concentrations of interacting monomers, P and N, is: 

and an expression for the chemical shifts of proflavine protons can be written in the form: 
6 = (P/Po)(Gm + 2KpP8d + KIN61 + 2KiK2PN82 + K1K3N263 + K T K ~ N ' ~ ~ )  (6) 

Using equation (a), the calculated values of the parameters of complex formation of 
proflavine with 5'-d(ApCpGpT) and 5'-d(ApGpCpT) are presented in Table 2. For both 
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K$M-1 

Kfl-1 

w-1 

TABLE 2: Calculated values of parameters of complex formation of proflavine with 
5'd-( ApCpGpT) and 5 ' 4  ApGpCpT) . 

1520 5 380 

15700 2 2300 

4880 k 1220 

470 k 150 

3400 k 4500 

7000 k 1200 

I 22000 2 1800 I 24300k 1500 

tetranucleotides it is significant that the equilibrium reaction constants K2 are much smaller 
than K1, so that the binding of the second proflavine molecule with a single strand is 
highly nonco-operative. Similarly, intercalation of the second molecule into the duplex 
forming a 2:2 complex is also nonco-operative as our additional calculations have shown. 
It is likely that dye molecules preferentially intercalate into the central site of the tetramers 
so that the binding of one more proflavine molecule either to the single strand of 
tetranucleotide or to the duplex is improbable. 

It is noteworthy that the equilibrium constants of 1 : 1 complex formation of proflavine 
with these tetranucleotides are much higher than those for the corresponding complexes of 
thisdye with dinucleotides CpG andGpC which average K1= 140(+130) M-1 and 
K 1 = 750(&150) M-', respectivelyg. The substantial difference in complex formation of 
proflavine with monomers of dinucleotides and tetramers which have central sites with the 
same nucleotide sequences is probably due to the different intramolecular stacking between 
adjacent bases in dinucleotides and tetranucleotides. In the latter, the supposed binding site 
with dye is flanked by nucleosides from the 5'- and the 3'- ends of the sequence and, in 
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this connection, there is less probability, compared with dinucleotides, of 'opening' of the 
base planes in the central site of the tetramer to provide more favourable conditions for the 
binding of the planar dye molecule. 

The constant, K3, defining 1:2 complex formation through a 'nucleation centre' 
(reaction 4a), turned out to be much higher for the 5'-d(ApCpGpT) sequence than for 5'- 
d(ApGpCpT). This can be explained by taking into account the results of the investigation 
of the complex formation of proflavine with dinucleotides CpG and GpC where it was 
shown9 that, when the dye interacts with single strands of dinucleotides, the structures of 
the 1:l complexes with CpG and GpC are substantially different. In the 1:l complex of 
proflavine with CpG, the dye molecule is orientated with respect to the tetranucleotide 
strand by the side aromatic ring of the chromophore9. Such an orientation of the planar 
proflavine molecule in the CG site of the tetramer creates favourable conditions for the 
binding of the second single strand tetranucleotide molecule through the 'nucleation centre' 
(reaction 4a) forming the 1:2 complex and it is expected that the value of the constant K3, 
will be high. In the 1:l complex of proflavine with GpC, the dye molecule is orientated 
with respect to the nucleotide chain by the central aromatic ring of the chromophore so that 
considerable overlap of the planes of the dye molecule and bases takes placeg. Additional 
stabilisation in such a structure is possible due to electrostatic interactions of the positively 
charged nitrogen atom of proflavine with the negative phosphate of the dinucleotide. In this 
case, the arrangement of the planar proflavine molecule in the GC site of the tetramer is not 
optimum for binding the second single strand tetranucleotide molecule through the 
'nucleation centre', because it is not provided with sufficient stacking interactions between 
the dye chromophore and the bases of the binding monomer of the tetranucleotide. It is 
likely that the formation of such a complex should be accompanied by reorientation of the 
dye molecule at the intercalation site with additional expenditure of energy resulting in a 
lower K. As for the possibility of direct intercalation of the proflavine molecule into the 
duplex, a comparison of Kq values shows that they are approximately equal for both the 
tetranucleotides studied. 

It follows from the data presented in Table 2 that the calculated values of induced 
chemical shifts of proflavine protons A63 and A84 in the 1:2 complexes are close to each 
other for both tetranucletides which confirms that the geometry of the 1 :2 complex does not 
depend on the mechanism of its formation. The values of A61 and A h  differ significantly 
between each proton in proflavine and the induced chemical shifts for all the proflavine 
protons are considerably smaller in the 2: 1 compared with the 1: 1 complex. It should be 
noted that the calculated value of A82 in the 2: 1 complex is the mean value for the protons 
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0.45 

0.30 

0.15 

0 1 2 3 4 r  

FIG. 3: Calculated relative content of molecular complexes in solution as a function of r 
= Ndpo. The solid lines represent the mixture of proflavine and 5'-d(GpCpGpC) and the 
dashed lines represent the mixture of proflavine and 5'-d(CpGpCpG). 

of the two dye molecules bound with the tetranucleotide. Supposing that one dye molecule 
intercalates into the central site, then the other one binds, in all probability from the outside, 
by means of vertical stacking interactions to the end nucleotides because shielding of its 
protons is insignificant. 

3.3  Concentration dependence of molecular complex formation 
The relative content of molecular complexes in solution as a function of r (=Ndpo, 

the ratio of the initial concentrations of tetranucleotide duplex and dye) has been determined 
using the calculated values of reaction constants in this work. The contribution to the 
general equilibrium in solution of different types of complexes is determined not only by 
the values of equilibrium reaction constants, but also by the nature of nucleotide sequence 
and the value of r. With increasing r, a monotonic growth of the fraction of 1:2 complexes, 
PN2, is observed for all the tetranucleotides. For tetramers 5'-d(GpCpGpC) and 5'- 
d(CpGpCpG), this is due to the high probability of formation of such structures with 
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increasing duplex concentration in solution (Fig.3). When proflavine interacts with 
tetranucleotides 5'-d(ApCpGpT) and 5'-d(ApGpCpT), 1 :2 complexes at relatively high r 
values are formed mainly through the 'nucleation centre' due to the considerable 
concentration of tetranucleotide monomers and 1: 1 complexes in solution. The 
contribution of the 2:2 complex (Fig. 3, P2N2) is substantial only for solutions of dye with 
tetramer 5'-d(CpGpCpG) that contains two CG sites unlike any other sequence studied; the 
decrease of the fraction of this complex at large r is due to the small concentration of free 
dye in solution. It is noteworthy that the relative amount of 2:l complexes, P2N, of dye 
with 5'-d(ApCpGpT) and 5'-d(ApGpCpT) is small and becomes negligible already at r=1, 
providing evidence of the existence of only one dye binding site in such sequences. At the 
same time, the fraction of 2:l complex is much higher for the other tetramers containing 
two potential binding sites (Fig.3). It is significant that some curves are not monotonic and 
have maximums at r values corresponding, as a rule, to stoichiometric relations of 
tetranucleotide and dye concentrations for complex formation. 

The analysis of the complex equilibrium in solution shows that the contribution of 
each type of complex to the experimentally-observed proton chemical shifts is determined 
by the magnitudes of equilibrium reaction constants and the values of initial concentrations 
of interacting molecules and depends substantially on the base sequence in the nucleotide 
chain. In this connection, a purely qualitative interpretation of observed NMR data without 
the corresponding quantitative analysis of the system (see, for example, references 20-21) 
does not allow, in our opinion, the equilibrium content of different associations in solution 
to be determined properly, as well as the limiting proton chemical shifts of bound ligands 
which may lead to substantial errors in determining the distinctive structural features of the 
complexes being formed. 

3.4 Structures of the complexes 
In this paper, the structures of the complexes of proflavine with tetranucleotides have 

been determined by a combination of 2D-NOE spectra and calculated induced chemical 
shifts of dye protons. Assuming that the planes of the base pairs in the complex are 
separated by 6.8 A, the most favourable structures of the 1:2 complexes of proflavine with 
the four tetranucleotide duplexes were found using isoshielding maps computed by 
Giessner-Prettre and Pullmanlz. The results of these calculations are shown in Fig. 4 for 
two representative tetranucleotides, 5'-d(CpGpCpG) and 5'-d(ApGpCpT). In these 
structures, proflavine intercalates into the CG site of the 5'-d(CpGpCpG) sequence and the 
GC site of the tetranucleotide 5'-d(ApGpCpT) from the side of N(7) and N(4) of the base 
pairs, i.e. from the major groove of the minihelix. The dye chromophore is parallel to the 
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8 

FIG. 4. Calculated structures of 1 :2 complexes of proflavine with tetranucleotides: 
a) proflavine with d(CpGpCpG), b) proflavine with d(ApGpCpT). The structures are 
viewed perpendicular to the planes of the base pairs and dye chromophore. The atoms of 
the uppermost base pairs, bonds between them, and the bonds of intercalated proflavine 
are in black. The dye chromophore is shaded. An arrow shows the direction to major 
groove of the helix. 
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base planes and is situated at equal distances of 3.4 %, from them. Intercalation of the dye 
molecule into these tetramer sites is corroborated by the existence of cross-peaks between 
proflavine protons and the corresponding nucleosides in 2D-NOE spectra. In determining 
the structure of the complex, different geometries of the base pairs23 at the intercalation site 
for the helix in the B-form have been considered. The ring current effect of the nucleotide 
bases provides the main contribution to the shielding effect of neighbouring molecules.12 
As the ring current effect decreases rapidly with distance (with a l/r3 dependence), only the 
influence of adjacent base pairs in the double helix should be taken into consideration for 
calculations of the structures of the complexes of dye with the tetranucleotide duplex. 
Computational analysis of the ring current effects of adjacent base pairs on proflavin 
chemical shifts shows that, within the limits allowed for double-helical DNA in solution, 
the variation of angular parameters K (buckle), p (roll) and w (propeller twist) have little 
influence on the induced chemical shifts of the symmetrical molecule, proflavine, and can 
be neglected compared to the influence of the translational parameters D,(shift), Dy(slide) 
and DZ (rise) and angular parameters 2 (tilt) and !2 (twist) of the base pairs; only the effect 
of variation of these latter five parameters was tested in the calculation of the intercalculated 
structure from limiting proton chemical shifts. The notations and nomenclature of 
translational and angular parameters of the helical structures are taken from reference 24. 

It is significant that the structures of all the 1:2 complexes formed by intercalation of 
proflavine into the CG sites of all the tetranucleotides are not substantially different from 
each other. These smctres are in  good agreement with that for the 1:2 complex of 
proflavine with d(CpG) determined by crystal structure analysis*. Similar, but slightly 
different geometry is obtained when the dye intercalates into the GC site of tetranucleotide 
5’-d(ApGpCpT) although the differences in the structures are not large and the general 
orientation of the chromophore relative to the base pairs is preserved (Fig.4). Such 
similarity of the structures of the 2: 1 complexes is also observed when proflavine binds to 
isomeric CG and GC duplexes79. Hence, it can be concluded that, for 1:2 complexes, the 
mutual orientations of the planes of the base pairs and the dye chromophore do not deFend 
on the base sequence in the CG sites of the tetramers nor on the type of nucleoside flanking 
the ligand binding site. At the same time, as has been shown above, the nature of 
nucleotide sequences has a substantial influence on the values of equilibrium association 
constants and hence on the probability of formation of such structures in solution. It can be 
assumed that selectivity of proflavine binding with the pyrimidine-purine base sequence is 
due mainly to different conformational transformations of tetranucleotides during dye 
intercalation. Investigations of intercalated complexes of dye with dinucleotides in 
crystals25 confirm that the structure of sugar-phosphate backbone in such associations 
depends on the nucleotide sequence. 
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Determination of common features in the selectivity and specificity of the interaction 
of biologically-active aromatic molecules with nucleic acids is a very important problem. 
Analysis of the structures of crystal complexes of aromatic ligands with oligonucleotides 
summarised the most essential physico-chemical factors that determine intercalative 
recognition26. They are the following: conformational states of different nucleotide 
sequences sensitive to both the planar chromophore of an incoming ligand and its side 
chains; steric differences between major and minor duplex grooves that can play an 
important role when an intercalant has a bulky side-chain or grouping attached; the 
existence at the ligand of atom groups with potential hydrogen-bonding ability with donors 
or acceptors in the bases of nucleic acids; the existence of cationic charge on either the 
ligand chromophore itself or its side chains. One might expect that these factors will also 
contribute the specificity of binding of aromatic molecules with oligonucleotides in aqueous 
solution. 
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