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Abstract—Heteroassociation of an anthracycline antibiotic Daunomycin (DAU) and phenanthridine dye
Propidium iodide (P1) in aqueous solution was studied'HyNMR spectroscopy. The complex-BAU is
stabilized mainly by dispersion van der Waals interactions and hydrogen bond between the 3(8)-amino group
of the dye and 9-acetyl group of DAU. This conclusion follows from comparison of parameters offAU
heteroassociation and complex formation of DAU with aromatic dyes, Proflavine and Ethidium bromide,
under the same conditions.

Studies of heteroassociation of biologically activefairly severe limitations which restrict their practical
aromatic molecules are important from both theoreapplication (for details, see [16, 17]). As a rule, the
tical and practical viewpoints. First, they provideproposed models [4, 5, 215] do not consider the
information on the nature of physicochemical inter-possibility for formation of multidimensional aggre-
actions which affect the affinity of aromatic moleculesgates of any size via both self-association and hetero-
in solution and depend on structural features of thassociation. Also, they provide no analytical expres-
chromophore and side chains of the aromatic ligandsions which could be convenient for experimental
Second, from the medicobiological viewpoint, hetero-data processing. In order to reliably determine NMR
complexes formed by aromatic compounds and thejparameters (at a sufficiently high signal-to-noise ratio)
concurrent binding to receptors could influence thet is necessary to perform measurements at relatively
solubility and efficiency of antibiotics. For example, large concentrations of aromatic compounds (about
caffeine and nicotinamide (vitamin PP) increase theseveral mmol/l). Therefore, models for analysis of
solubility of a series of antibiotics in aqueous solutionNMR data should take into account formation of not
[1, 2]. Aromatic compounds isolated from food rawonly dimeric but also associates of higher order via
materials, such as polyphenols and methylxanthinesglf- and heteroassociation of molecules [18].

can act as regulators of pharmacological activity of \ye recently developed a statistictdermodynamic
antibiotics and DNA protectors from complex forma- heteroassociation model for analyzing NMR data of
tion with aromatic mutagens {8]. This problem also 5,omatic molecules in a mixed solution [16, 17].
includes some aspects of using antibiotics in combinasccording to this model, molecules form infinite-di-
tion with other drugs in pharmacotherapy [7, 8]. Thuspensional aggregates via both self-association and
studies of heteroassociation of aromatic molecules aligsteroassociation, and there are no limitations for the
related both to the solubility and efficiency of anti- gqyilibrium self-association constants. In the present
biotics and to the diet in chemotherapy [9, 10]. study we applied the developed model [16, 17] to the
Various heteroassociation models have been premalysis of heteroassociation of an anthracycline anti-
posed in the recent years for aromatic molecules [4, Biotic Daunomycin (DAU), which exhibits antitumor
11-15]. However, most of these are characterized byctivity, and phenanthridine dye Propidium iodide
(Pl), which possesses pronounced mutagenic pro-
" This study was financially supported in part by the Interna-perties, using one- and two-dimensiond NMR
tional INTAS Program (grant no. 97-31753). spectroscopy (500 MHz). The structures of DAU and
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Fig. 1. Structural formulas of (a) Propidium iodide and
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(b) Daunomycin; unexchangeable protons are denoted.

PI are shown in Fig. 1. Previously [19], we examined®
heteroassociation of DAU with another phenanthridinc?1
dye, Ethidium bromide (EB), under similar condi-
tions. Structural and thermodynamic analysis of th%ﬁ
system EBDAU led us to conclude [19] that the :
complex of EB with DAU is stabilized by both dis-
persion van der Waals interactions and hydrogen bo
between the 3-amino group of the dye and the 9-acet)é1
group of DAU. Unlike Ethidium bromide, the

n

molecule of Propidium iodide contains a longer
aminoalkyl side chain and has an additional positive
charge, which strongly influence its self-association
parameters. The self-association constant ofk®| €
63+6 I/mol [16]) is by a factor of~5 smaller than
that of EB Kgg = 305+14) I/mol [20]) at 298 K.
Comparison of the heteroassociation parameters of the
phenanthridine dyes with those of Daunomycin led us
to draw some conclusions on the nature of physico-
chemical interactions and the role of side chains in
the aromatic molecules in the formation of hetero-
complexes in solution.

The structural and thermodynamic parameters for
complex formation of Daunomycin with Propidium
iodide were determined, as it was done previously
for the system Ethidium bromid®aunomycin [19],
by analysis of proton chemical shifts of the dye and
antibiotic in solution at various concentrations and
temperature. Figure 2 shows the plots of proton
hemical shifts of PI and DAU versus concentration
t 303 K and versus temperature. While varying the
concentration of DAU, the concentration of Pl was
aintained constanfPg = 0.79 mM). The self-associa-
on equilibrium constant of DAU is more than
an order of magnitude greater than the self-association
cpnstant of Pl Ky, = 46 [16], Kpay = 580 I/mol [21]
%?303 K); therefore, the concentration of DAU has

stronger effect on the equilibrium distribution of
aggregates than does the concentration of the dye.

As previously [17, 19], the experimental data were

Table 1. Parameters of heteroassociation of Daunomyc"bnalyzed following the general molecular heteroas-

and Propidium iodide in 0.1 M phosphate buffer, pD 7.1

Tempera-| Protons| 3, Protons| 3, K,
ture, K [ of DAU| ppm | of PI ppm [/mol
303 2-H 761 | 1-H 7.81
1-H 7.31 | 10-H 7.74
Kpau = 3-H 7.32 | 9-H 7.08 | 560+60
580+110
Kp = OCH; | 3.93 4-H 6.92
46+5
10-Heq 2.96 | 2-H 6.89
10-H,, | 2.75 | 7-H 6.13
313 2-H 7.66 | 1-H 7.74
1-H 7.21 | 10-H 7.68
Kpau = 3-H 7.33 | 9-H 7.05 | 340+90
370+90
Kp = OCH; | 3.93 | 4-H 6.99
35+4
1O-Heq 292 | 2-H 6.81
10-H,, | 2.78 | 7-H 6.19

sociation model which assumes the existence of
a dynamic equilibrium in solution. Here, the equilib-

rium involves infinitely dimensional self-association

and heteroassociation with formation of different
complexes (Scheme 1):

Scheme 1.

Ka

A + A, =/ A €)
Kp

Py + P, ——= P; 4 (b)
K

A, + P /= AP (c)
K

PA, + P, =——= P;A/P (d)
K

A, + P;A, ——= A,P;A, (e)

Here, A and R are, respectively, monomeric DAU
and PI; A, A, B, and P, are aggregates containing
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i or k molecules of DAU and or | monomers pf PI.
The equilibrium self-association constants of DAU
(K5) and Pl Kp) and DAU-PI heteroassociation con-

@

3, ppm

stantK were assumed not to depend on the number To.H (P
of molecules in the aggregates and complexes. In 2.1 (DAT))
terms of the above model, the dependence of the TH baD)
observed proton chemical shifts of DAU (A) and Pl 7 BHOAD
(P) may be represented as follows [17, 19]: e
For protons of Daunomycin: rHED
4 Me (DAU)
a, { { 1
Op = — |3 |21 + Kpgg) - ————
d (1 - Kaay)? 3
1 10-Hgq (DAU)
10-H,, (DAU)
+ 28| ————— -1 - K aj
dA{(l ~ K ay)? ATE
2 1 1 1 1
K 0 1 2 3 4 ¢, mM
b Bon zpl
(1 - Kaap) (1 - Kppy) 3, ppm tuen (D)

10-H (PI)

Kp K a
X [1 + 1 + 1 j] 8 r 2-H (DAU)
2(1 - Kppy) 1 -Kpay 8 1H{DAU)
3-H (DAU)
For protons of Propidium iodide: ;L " inen
.08 00890 S-S0 000 7-H (PI)
5, = & {8 {2(1 + Kppy) ! J
A = | Omp PP - —— (7> 7
pO (1 — KP pl)z 4 O—OO—O—O—O'—O'_‘O'_‘O_'O__O—O_—O_—O_O Me (DAU)
{ 1
+ 28gp| ————5 - 1 - Kppy
1 - Kppy)?

3T oo-00-0—0—0—0—0—0—0—0—0—0 10-Hs (DAU)
10-H,,. (DAU
K ay M ax (DAU)

+ 3p
T (L - Kpp)? (1 - Ky &)

2 1 1 1 1 1 1
( Kag K py H 290 300 310 320 330 340 350 T, K
x |1 + + .

21 -Kpagy) 1-Kpp

Fig. 2 Experimental dependences of proton chemical

H d h | . shifts of Daunomycin (DAU) and Propidium iodide (PI)
€re,a,, Pp anday, p; are,t € molar conc_gntratlons in a mixed solution: (a) versus concentration of DAU at
Of DAU and PI, the SUbSCprtO” referS tO |n|t|a| con- 303 K, po = 079 mM and (b) versus temperaturemt:

centration, and1”, to concentration of the monomer. 0.79 anda, = 1.61 mM.
The quantitieSa, Sq4a, Op, @Ndd4p and the equilib-
rium constantK, andKg (Table 1) were determined were determined from the temperature dependences
from the data of independent experiments which weref proton chemical shifts in a mixed solvent (Fig. 2b)
carried out under identical conditions [16, 21]. Itusing the additivity model [16, 20]. Table 2 contains
follows that the observed concentration dependencélBe calculated enthalpies and entropies of complex
of proton chemical shifts of PI and DAU in mixed formation of DAU with PI in agueous solution.
solvents (Fig. 2a) are functions of two unknown The data in Table 1 show that the-PIAU hetero-
parameters; andK. The latter can be determined by association constant coincides with the self-associa-
the calculation routine described in [16]. Table 1 givesjon equilibrium constant of DAU within the error
the values ob, andK calculated for 303 and 313 K. of determination but considerably exceeds the self-
The thermodynamic parameters, enthalpiy and association of Pl. According to the results of studies
entropy AS of heteroassociation of DAU with PI of heteroassociation of aromatic ligands possessing
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(@) eters for complex formation, this fact unambiguously
indicates an additional stabilization of heteroassociates
by intermolecular hydrogen bonds formed between
the amino groups of the dyes and the 9-MeCO group
of DAU. It should be noted that in the two systems,
PF-DAU and EB-DAU, where heterocomplexes are
stabilized by hydrogen bonds, the self-association
constants of the components were of the same order
of magnitudeKpg = 540,Kpa, = 580 [17], andKgg =
270 I/mol [19] at 303 K. The corresponding self-
association constants for the system-[PAU differ
by more than an order of magnitud&y,, = 580,

Kp = 46 I/mol at 303 K. Large differences between
the self-association constants were also observed
while studying heteroassociation of Daunomycin and

A Proflavine with caffeine [23, 24], but in these cases

the heteroassociation equilibrium constants had inter-

mediate values between the corresponding self-as-

FCT) A, () sociation constants. In our experiments [22, 25] on

the interactions of Acridine Orange and Novanthrone

with caffeine the self-association constants differed,
respectively, by two and three orders of magnitude.

0.40 Nevertheless, in these systems the heteroassociation

b constants also had intermediate values between the

0.30 - W ! corresponding self-association constants. We can thus

presume that the relatively high DAPI heteroas-

sociation constant, as well as in the system-BBU,

F(r)

0.8

0.6

0.4

0.2

0.50

0.15 - results from additional stabilization of the hetero-
complex via formation of intermolecular hydrogen
0.10 bond between the 3- or 8-amino group of the dye and

9-acetyl group of the antibiotic.

0.05 - A Az However, enhanced affinity of aromatic DAU and
APA, AP; P1 molecules for each other did not give rise to inter-
0 - - - . molecular cross peaks in the 2M-ROESY spectrum

2903003100320 330 340 30 TLK even at their maximal concentrations. The negligible
intensity of intermolecular cross peaks may be due to

heteroassociates of Daunomycin and Propidium iodide Q|splacem_ent of equilibrium on addltlo.n of Propidium
versus (a) DAUPI initial concentration ratior = ayp, iodide which promotes formation of different hetero-
and (b) temperaturep, = 0.79, 8, = 1.61 mM. associates between DAU and Pl with relatively low
concentrations of complexes of each type in solution.
It should be emphasized that the same factor is likely
to be responsible for the absence in the 2M-ROESY

complexes in solution strongly depend on the strucSPECilum of even intermolecular cross peaks from
ture of both chromophore and side chains. As a rulg€li-associates of DAU, whereas such peaks were
the heteroassociation constants were intermedia&bserved at _the same antibiotic concentrations in solu-
between the equilibrium self-association constantdOn containing no dye [21].

of the components [16, 225]. However, the hetero-  The equilibrium constants obtained in the present
association constants for the acridine dye Proflavinwork (Table 1) were used to calculate the relative
(PF), and phenanthridine dye Ethidium bromide (EB)xoncentrations of heterocomplexes against the con-
with Daunomycin [17, 19] were considerably greatercentration of DAU and temperature (Fig. 3). Figure 3a
than the self-association constants of the dyes arghows that the overall contribution of heterocomplexes
DAU. Taking into account the most probable struc{A; P, and A P A)) to dynamic equilibrium in solu-
tures of heterocomplexes and thermodynamic parantion is approximately equal to the contribution of

Fig. 3. Relative concentrations of self-associates and

various medicobiological properties [16, -25],
the equilibrium parameters of formation of hetero-
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Fig. 4. Calculated structure of the 1:1 Propidium iodibaunomycin complex: (a) side view: the chromophore planes of

the Pl and DAU molecules are shaded; the aminoalkyl side chain of Pl is shown as broken line; the hydrogen bond between
the 3-amino group of Pl and the 9-acetyl group of DAU is shown as dashed line; (b) top view: mutual arrangement of the
chromophore planes of Pl and DAU in the heterocomplex is illustrated.

DAU self-associates (A A;). This is explained by and DAU chromophores in the 1:1 heterocomplex are
the fact that the self-association constant of DAUcoplanar and are arranged at a distance of 0.34 nm
coincides within the error of determination with thefrom each other. Such a complex can be stabilized by
DAU-PI heteroassociation constant. Propidium iodiddoth stacking interaction of the aromatic chromo-
exist in solution mostly in the monomeric form; there-phores and hydrogen bond between the 3-amino group
fore, heterocomplexes ;RA, consist mainly of Pl of the dye and 9-MeCO group of the antibiotic (the
monomers flanked by aggregates of DAU. This conhydrogen bond is shown as dashed line in Fig. 4a).
clusion is supported by the temperature dependence dhe calculated structure of the 1:1-BPIAU complex

the relative concentration of complexes of each typés well consistent with the structure of the HBAU

in a mixed solution (Fig. 3b). At low temperature, theheterocomplex in agueous solution [19].

is fairly large, and the contribution of almost all so|ytion by hydrogen bond is qualitatively confirmed

associates g_radually decrease_s as the temperature riggsanalysis of thermodynamic parameters for complex

thus increasing the concentration of monomeric formgyrmation of PI with DAU (Table 2). Relatively high
The observed proton chemical shiiég (Table 1)

of PI and DAU were used to calculate the mostraple 2. Thermodynamic parameters of self-association

probable structure of a 1:1 complex of Propidiumof paunomycin and Propidium iodide and their hetero-
iodide with Daunomycin in aqueous solution. Asassociation in 0.1 M phosphate buffer (pD 7.1)

previously [16, 20], mutual orientation of the PI and
DAU molecules in the complex was determined by ~AGYys —AHO, ~ASYys

establishing a relation between the induced protonCompound; - —= kJ/mol Jmotl k-1
chemical shifts 45 = §,, — &, and the theoretical
shielding curves which were calculated by quantum-

chemical method for aromatic molecules [26]. Thé Self-association
values for the heterocomplex FDAU (Table 1) paya 16.5+0.5 34+6 59.4+14.5
almost coincide with those characterizing proton ppb 9.6+0.2 26+6 54+17

shielding in the system EBDAU [19].

Figure 4 shows the most probable steric structure
of the 1:1 P+DAU heterocomplex in aqueous solu- DAU+PI 15.9+0.4 377 70+15
tion, which was simulated by the calculations (the
structure was plotted with the aid of Mathematica 2.2 Data of [21].
program, Wolfram Res. Inc.). The planes of the PP Data of [16].

Heteroassociation

RUSSIAN JOURNAL OF ORGANIC CHEMISTRY Vol. 38 No. 7 2002



1040

are determined to a considerable extent by van der3.

Waals dispersion interactions, as follows from the

strong overlap of the aromatic chromophores in the 4.

complex (Fig. 4). Van der Waals dispersion interac-

tions are characterized by negative enthalpy andg

entropy [27]. The formation of hydrogen bond in the
DAU-PI complex is also characterized by negative
AH and AS values [27, 28]. According to different

sources, the enthalpy of hydrogen bond formation in ™

aqueous solution ranges fros8 to -13 kJ/mol [30].
The data in Table 2 show that the thermodynamic
parameters of heteroassociation of DAU and PI

molecules are greater in absolute values than the'

corresponding parameters for self-association of these

compounds. A qualitatively similar pattern was ob- 8-

served for the heterocomplexes -BFAU [17] and
EB-DAU [19] stabilized by intermolecular H-bond.

EXPERIMENTAL

10.

Propidium iodide (Sigma) and Daunomycin (Fluka)

were dissolved in DO (isotope purity 99.95%, 11.

Sigma), and the solution was subjected to lyophiliza-

tion. Solutions were prepared by adding a required.

amount of samples in 0.1 M deuterated phosphate
buffer (pD 7.1) containing IT¢ mol/l of EDTA. The

concentration of aromatic molecules in aqueous solu-
14

tion was determined by spectrophotometry: Blq
493 nm € = 5900 | mott cnmi™?) [29]; DAU, A0
477 nm € = 11500 | mottcm™?) [30, 31].

The 'H NMR spectra (LM and 2M) were measured "

on a Bruker DRX spectrometer at 500 MHz. The
chemical shifts were measured at 303 and 313 K in
the range of DAU concentrations from 3.93 to 0 M;
the temperature dependences of proton chemical shifts

were determined in the range from 295 to 353 K17

The chemical shifts were measured relative to 2,2-di-
methyl-2-silapentane-5-sulfonic acid using tetra-

methylammonium bromide as internal reference. Thé8.

signals were assigned using two-dimensional homo-

nuclear TOCSY and ROESY techniques [16, 20]. 19.

The authors are grateful to the United Reseacrh
Center at the London University for providing the

possibility of performing NMR measurements on20.

a Bruker DRX (500 MHz) spectrometer at the Birk-
beck College.

21.
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