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Binding and localization of the vasodilator and antitumor drug coactivator dipyridamole
(D IP ) and of its three derivatives, RA14. RA47 and RA25 (D IP D ), to cationic (cetyltrimethylammonium chloride), anionic (sodium dodecylsulfate), zwitterionic (N-hexadecyl-N.N-dimethyl-3-ammonio-l-propanesulfonate). and neutral (r-octylphenoxypolyethoxyethanol) m i
celles was studied using fluorescence, optical absorption and 'H N M R spectroscopy. The
analysis of N M R . optical absorption and fluorescence data indicates that the depth of local
ization of the drugs in the micelles from the surface decreased in the order D IP > RA 14 >
RA47 > RA25. The binding constants for the neutral drug forms change in the same order
in the range of 1400-3100 m _1 for D IP to 80-300 m _1 for RA25. This order is identical with
the reported biological activity of D IP D . For the protonated drugs in zwitterionic or neutral
micelles the binding constants are reduced by a factor of 20-75.

Introduction
Dipyridamole, (D IP ), 2,6-bis(diethanolamino)4,8-dipiperidinopyrimido[5,4-d] pyrimidine, is well
known as a coronary vasodilator and has been
used in clinics for many years (Marshall and Parrat, 1973; Marchandt et al., 1984). Recently it has
been shown that it can also act as a coactivator of
a number of antitumor compounds (Batisda et al.,
1985; Asoh et al., 1989; Ford and Hait, 1990; Zhen
et al., 1992). In many cases the tumor cell resis
tance to certain classes of drugs in cancer chemo
therapy is due to the overexpression of P-glycoprotein (P-gp), which is a transmembrane
nonspecific ATP-dependent efflux pump of lipo
philic substances. According to (Shalinsky et al.,
1990, 1993) and (Chen et al., 1993) D IP and its
derivatives (D IP D ) can inhibit the P-gp pump
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function. The affinity of D IP to lipid phase is con
firmed by the fact that it is an inhibitor of the
membrane peroxidation (Iuliano et al., 1989, 1992,
1995; Hiramatsu et al., 1992). From the other hand
it was shown that it binds effectively with micelles
(Tabak and Borissevitch, 1992; Borges et al., 1995;
Borissevitch et al., 1995) and phospholipid m ono
layers (Borissevitch et al., 1996). These data sug
gest that the effects of D IP and its derivatives
could be mediated by the membranes.
The biological activity of D IP D depends upon
the nature of the substituents in different positions
of the molecule. This was demonstrated by both
the DIPD-induced inhibition of adenosine and
phosphate transport in red blood cells (Von Gerlach et al., 1965) and the restoration of the sensitiv
ity of the drug-resistant cells to adriamycin (Ram u
and Ramu, 1989). The structure of D IP D mole
cules can influence their affinity to membrane
lipid phase and position in the membrane. There
fore, we considered a study on the effect of D IP D
side substituents on their interaction with mem
brane models.
Notwithstanding their simplicity, micelles have
been often used as a model of a biological m em 
brane, in particular, when a problem of location
of foreign molecules (e. g. drugs) in an organized
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system of amphipathic substances has been put
forward (Tanford, 1973; Louro et al., 1994).
In previous studies, we have shown that D IP in
micelles is localized in the region that separates
their polar and nonpolar parts (Borissevitch et al.,
1995). Similar results were obtained in experi
ments with phospholipid Langmuir monolayers
(Borissevitch et al., 1996) making it reasonable to
assume that D IP molecules may have similar loca
tion in biological membranes.
In the present work, we determined the binding
characteristics and the location sites of three
D IP D (Fig. 1) in cationic cetyltrim ethylam m onium chloride (C TA C ), anionic sodium dodecyl sul
fate (S D S ), zwitterionic N-hexadecyl~N,N-dim ethyl-3-am m onio-l-propanesulfonate (H P S) and
neutral t-octylphenoxypolyethoxyethanol ( T R I 
TO N X -100) micelles using absorption, fluores
cence emission and proton N M R spectroscopies.
The dependence of the binding characteristics on
the structure o f the substituents was considered
in comparison with D IP taking into account the
ionization state of the drug m olecules and the micellar charge. Fluorescence quenching with nitroxide radicals 2 ,2 ,6,6-tetram ethylpiperidine-l-oxyl
(T E M P O ) and 2,2,6,6-tetram ethylpiperidine-4-hyd roxy-l-o xy l(T E M P O L ) was also used as an addi
tional tool. Since all D IP D have pK values for ni

'CH3

Fig. 1. Structural formulae of dipyridamole
and its derivatives.

trogen protonation in the physiological range
(Borissevitch and Tabak, 1992; Borges and Tabak,
1994), properties of both protonated and neutral
drugs were compared.
Material and methods
DIP, HPS and T R IT O N X -100 were purchased
from Sigma, SD S from B io -R ad , CTAC was from
Herga and recrystallized twice from methanol-acetone (1:4) and dried under vacuum. D IP D s were
a kind gift from Dr. Karl Thom ae G m bH, B iberach am Riss. T E M P O L was produced by oxidation
of its precursor obtained from Aldrich, T E M P O
and solvents D 20 and CDC13 were purchased
from Aldrich (U S A ). All other reagents were ana
lytical grade and used as supplied. H20 was dis
tilled and deionized. The experiments at fixed pHs
were made in acetate (pH 2.0, 3.0 and 5.0), phos
phate (pH 7.0) and borate (pH 9.0) buffers (all
0.02 m ) . The pH titrations were carried out in
w ater using HC1 or NaOH concentrated stock
solutions.
In fluorescence measurements, the D IP D con
centration was in the range from 5 to 10 (.i m s o that
the optical density at the excitation wavelength
(maximum of absorption) was less than 0.1. The
association constants (K b) of drugs to micelles
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were determined by fluorimetric titrations at a
fixed concentration of the drug and with the addi
tion of small aliquots of concentrated surfactant
solutions directly to the cuvette. Data were ana
lyzed as described previously (Tabak and B o 
rissevitch, 1992; Borges et al., 1995). Each K b value
is an average of five independent experiments.
In quenching experiments, small aliquots of
stock solutions of nitroxide radicals in ethanol
(T E M P O , 0.32 m) and in water (T E M P O L , 0.18
m ) were added to the cuvette, and the fluorescence
intensity at the maximum emission wavelength
was monitored. D ata were treated as SternVolm er plots. The bim olecular quenching con
stants were determined from the relationship
K sv = kq * in, where K sw is the slope of the SternVolmer plot,
is the bimolecular constant and
Tfi is the fluorescence lifetime in the absence of
the quencher.
Fluorescence quantum yields (cpfl) for different
solutions of D IP D were obtained with fluorescein
in 0.1 n N aO H (cpn = 0.92) as a standard. The
following concentrations of micelles were used in
the quenching experiments and to measure the ab
sorption and emission spectra of the bound D IP D
forms: from 0.10 to 0.50 m of CTAC, from 0.05 to
0.30 m of HPS, from 0.10 to 0.30 m of SD S and
from 0.05 to 0.1 m of T R IT O N X-100.
In N M R measurements, the D IP D concen tra
tion was in the range of 1 to 5 m M in D 20 , CDC13
and in aqueous solutions of SD S and CTA C, and
less than 100 ^m in CC14 (saturated solution). The
millimolar concentration of D IP D in D 20 was
reached in the acidic medium (pH 2.0), and after
the addition o f micelles the pH was adjusted up to
the desired value (pH 7.0 for CTAC and pH 5.0
and 9.0 for SD S).

Fluorescence m easurem ents were performed on
a JA S C O FP-777 spectrofluorim eter, absorption
was monitored on a Hitachi U-2000 spectropho
tom eter. fluorescence lifetimes were measured
using a nanosecond lifetime system from PTI,
model LS-1, proton N M R spectra were run on a
Bruker A C -200 spectrom eter. The pH values were
measured by a Corning 130 pH m eter equipped
with a glass Ag/AgCl semimicro combination
electrode. All m easurem ents were made at room
temperature.
Results and discussion
Absorption and fluorescence spectra o f D IPD
The optical absorption (3 2 0 -5 0 0 nm) and fluo
rescence emission (3 8 0 -6 0 0 nm) spectra of D IP D
(Tables I, II) are characterized by the bands due
to the tt—>j i and
transitions in the heteroarom atic cycle, respectively (Borissevitch and Tabak,
1992; Borges and Tabak, 1994).
Both absorption and fluorescence spectra of
D IP D are insensitive to the polarity of the
solvents in the range o f dielectric constants 8 from
—33 to ~ 8 . For each D IP D the spectra practically
coincide in the row of the alcohols from methanol
(e=33.6) to 1-decanol (e=8.1) and in acetone (e=
20.7). However, outside the mentioned e range the
maximum positions and the band shapes in both
spectra are changed. Thus, a difference is observed
for chloroform (e=4.8), and it is even larger for
hexane (e=1.9) and CC14 (e=2.2) or in glycerol (e=
42.5) and water (e=80.4) (Tables I, II; Fig.2, 3a).
The D IP D m olecules have eight nitrogen atoms
that can be protonated. This multiple protonation
is confirm ed by the dramatic increase o f D IP D
solubility upon acidification. Indeed, the solubility

Table I. Spectral characteristics of neutral DIPD in homogeneous solutions.
Solvent

Glycerol
Methanol
Ethanol
Acetone
1-Decanol
Chloroform
Hexane

8

42.5
33.6
24.3
20.7
8.1

4.8
1.9

DIP

R A 14

^abs
^
m ax

/v m ax

^

\ ab s

[nm]

[nm]

[nm]

411
410
410
411
411
412
414

484
476
478
476
476
478
469

413
410
410
410
411
410
414

m ax

R A 47

RA25

I fl

/v m ax

\
^a^Sm ax

>n

\ab s

[nm]

[nm]

[nm]

[nm]

[nm]

504
490
490
488
488
496
482

407
406
407
407
407
409

487
479
478
478
478
482

-

-

376
374
374
373
375
372
366

450
444
445
443
444
440
424

m ax

m ax

/v m ax
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Table II. DIPD spectral characteristics in aqueous and micellar solutions.
DIPD

Micelles

Neutral form
If!

\ abs
^
m ax

DIP

RA 14

RA 47

R A 25

h 2o
CTA
TRITO N
HPS
SDS
H .O
CTAC
TRITO N
HPS
SDS
H .O
CTAC
TRITO N
HPS
SDS
H->0
CTAC
TRITO N
HPS
SDS

Protonated form
m ax

[nm]

[nm]

418
411
411
411
411
405
410
411
410
409
407
408
408
408
408
372
375
376
375
373

500
478
478
478
478
512
496
497
496
504
496
482
482
482
482
451
450
450
450
450

a<Pn
[% ]
99

bT

Ttl
[nsec]

1 0 0

17.7
17.2

1 0 0

-

1 0 0

16.7
17.1
19.5
20.5

1 0 0

70
89
91
91
1 0 0

76
92
96
97
1 0 0
1 0 0

63
76
77
1 0 0

2 1 . 0

19.3
18.1
17.7

la b s
^
m ax

) ,f l
^ m ax

atpn

[nm]

[nm]

[% ]

407
405
402
402
404
403

500
484
485
486
487
512

16

6.2

1 2
2

-

8

499
498
502
498

7

-

-

-

-

-

402

484

_

_

-

-

-

-

-

16.1
15.6

-

-

-

-

8.6
11.2

1 0

_

-

Tfl
[nsec]

1 2

400
400
408
392

-

18.2
18.0
15.0
13.9

12

bT

6

7
4
5
5
5
11

57
50
60
60
87

2.7
41.4
6.1
-

5.8
4.7
_

2.7
2.2

2.9
9.6
-

11.4
15.6

a The accuracy of determination is 20% ; h the accuracy of determination is 10% .

of D IP is: 15 [.i m at pH 7.0, 170
at pH 5.0, 7 m M
at pH 3.0 and 160 mM at pH 1.0, respectively. The
protonation changes the spectral properties of
D IPD. However, as a rule, it is just the first pro
tonation that reduces cpn, t n and changes the ab
sorption and fluorescence spectra (Table II). It is
practically impossible to reveal other protonation
steps from optical measurements. The only excep
tion is R A 25, which has two jumps in the pH de
pendences of absorption and fluorescence inten
sities. The p K.cl values of the first D IP D
protonation are presented in Table III.
The absorption and fluorescence spectra and the
pK.d values of D IP D in aqueous solutions change
in the presence of micelles (Tables II, III). These
changes indicate the binding o f D IP D m olecules
to the micelles. M oreover, the data on fluores
cence quenching presented later also dem onstrate
the binding.
Two regions are usually distinguished in the m i
celle structure (Tanford, 1973; W ennerström and
Lindman, 1979): (a) the m icelle core composed of
the hydrophobic tails and (b) the polar sphere
composed of the heads of the amphipathic m ole
cules. The region (a) does not contain w ater and
is characterized by a low dielectric constant (e=2 4). The region (b) contains both water m olecules

450

500

550

600

Wavelength, nm

Wavelength, nm
Fig. 2. Emission fluorescence spectra of R A 14 (a) and
R A 47 (b) in FLO ( .....) and CTAC micellar solution
(-------) at pH 7.0."CHC1 3 (-— —-) and E tO H ( ------- ). Con
centration of R A 14 and R A 47 is 15|.i m , concentration of
CTAC is 100 mM. Excitation at 405 nm.
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Wavelength, nm

Wavelength, nm
Fig. 3. Emission fluorescence spectra of R A 25: a) in
H -.0 ( .....) and CTAC micellar solution (------- ) at pH 7.0,
E tO H : H20 = 3 :2 (~ ...... -) and EtO H ( ------- ): b) in H 20
at pH 2.0 ( .....) and SDS micellar solution (------- ) at pH
3.0. Concentration of R A 25 is 15|i m . concentration of
CTAC and SDS is 100 m M . Excitation at 375 nm.

and the counterions necessary for the stabilization
o f its structure. The water content in this region is
relatively low (W ennerström and Lindman, 1979).
The dielectric constant of the region (b) is higher
than that of the region (a). Actually, there exists
one more region between the micelle surface and
the bulk water, which consists of water m olecules
structured due to the interaction with the polar
surfactant headgroups (Fernandez and Fromherz,
1977; Kaneshina et al., 1984; Thomas, 1980; D rum 
mond et al., 1988; Tocanne and Teissie, 1990). The
properties of this region differ from those of the
bulk solvent and from regions (a) and (b). R ecent
theoretical and model data on the hydration of
phospholipid mono- and bilayers postulate, in
agreem ent with the experimental results, the exis
tence of several layers of structured water close to
the polar phospholipid headgroups. These layers
provide the means for the existence of a very steep
gradient of e in the interface region, decreasing

from e=80 in the bulk to a value o f about £=5 - 7
in the polar region over a distance about 1 0 -1 5 A
with average e values in the range of 3 0 - 4 0 (To
canne and Teissie, 1990; Alper et al., 1993; Oliveira
et al., 1989; Taylor et al., 1990). This model can
also be applied to describe the micelle interface
((Fernandez and Fromherz, 1977; Kaneshina et al.,
1984; Thomas, 1980; Drummond et al., 1988; To
canne and Teissie, 1990). H ence, we can distin
guish the region (c), located between the micelle
surface and the bulk solution, which consists of the
structured w ater molecules and is characterized by
a steep £ gradient perpendicular to the micelle
surface.
The linear sizes of the D IP D molecules (~ 7 A )
are com parable or less than the sizes of any of
these three regions. In principle, D IP D bound to
the m icelles could be localized in any of these re
gions or span more than one region. It is worth
considering here the symmetry of the D IP D m ole
cules. The planar symmetry of the heteroarom atic
cycle, which is common to all derivatives, and the
symmetrical location of the side substituents sug
gest that the neutral drug molecule binds to the
micelle with its heterocycle parallel to the micelle
Table III. Values of p Ka, Ap K a and electrostatic poten
tial in micellar solutions.
Ap Ka

;'Ap Ke be ^ x lO " 3 (eV)

DIPD

Solution

pKa

DIP

H .O
CTA C
HPS
T R IT O N
SDS

5.8
3.5
4.3
4.4
7.3

H .O
CTAC
HPS
T R IT O N
SDS

5.8
3.7
4.4
4.6
7.6

H -.0

6.4
4.6
5.1
5.4
7.7

_

_

- 1.8
- 1 .3
- 1.0
1.3

- 0.8
- 0 .3

5.2
4.9
4.9
5.1
8.7

- 0 .3
- 0 .3
- 0.1
3.5

R A 14

R A 47

C fA C
HPS
T R IT O N
SDS
RA 25

H .O

C f AC
HPS
TR ITO N
SDS

-

-

- 2 .3
- 1 .5
- 1 .4
1.5

- 0 .9
- 0.1

-

49.9
5.5
0

0

2.9

_

_

- 2.1
- 1 .4
- 1.2

- 0 .9
- 0.2

-1 6 0 .8
-

49.9

11.0
0

0

3.0

1.8

-1 6 6 .3
-

44.4
16.5
0

0

2.3

-

-

-

0.2
0.2
0

3.6

-1 2 7 .5
-

11.0
11.0
0

-1 9 9 .6

a From the expression Ap Ke = ApKa-ApK^, ApK , =
Ap/C.,(Triton) = Ap/C.,(HPS); h from the expression
exV = - 2 .3 k T Ap K c
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surface since for the neutral form of the drug there
is no reason to break this symmetry. The differ
ence in the properties o f the substituents would be
responsible for a deeper or shallower location of
the D IP D molecules in the gradient of polarity,
which is perpendicular to the micelle surface.
The spectral changes for R A 14 and R A 4 7 in the
presence o f the micelles in the solution are similar
to those for D IP (Borissevitch et al., 1995; Borges
et al., 1995). The results for R A 25, which are dif
ferent, are presented separately.
R A 14 and R A 47
The absorption and fluorescence spectra of
R A 14 and R A 47 in all types of micelles are nearly
the same as in chloroform , and differ from those in
solvents with higher or lower dielectric constants
(Tables I, II; Fig.2). Since these spectra are due to
the jX*o t i transitions in the heteroarom atic cycle,
this similarity indicates that their cycles are in an
environment with 8 ^ 5 , i.e. in the region (b). This
is in agreem ent with the data on the preferential
location o f certain arom atic compounds in the po
lar headgroup region of micelles (G anesh et al.,
1982). The D IP D affinity to the environm ent with
m oderate polarity is also confirm ed by the data on
their solubility: it is higher in solvents with m oder
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ate polarity (chloroform , acetone, alcohols) than
in nonpolar (hexane) or highly polar (water, glyc
erol) solvents.
R A 25
The absorption spectra of neutral R A 25 are sim
ilar in all the solvents used (except for hexane)
and in all types of micelles (Tables I, II); its fluo
rescence spectra in micelles are close to those in a
w ater-ethanol mixture H20 : E t 0 H = 2:3 (Fig.3a).
This indicates that the neutral R A 25 molecules are
located in a region where 34<e<80, in other words,
in the region (c). For the protonated R A 25 in SD S
its fluorescence spectra are close to those in water
solutions, however, the pH values in the presence
o f micelles are higher (Fig.3b). This suggests that
the heterocycle o f protonated R A 25 is localized
near the negatively charged micelle surface in the
region enriched with protons and has the water
environment. Hence, it is probably localized in the
region (c), as well.
Association constants and p K a shifts o f D IP D in
micelles
The K b values for binding of neutral and proton
ated D IP D to micelles were estimated by titration

Table IV. Solubility, biological activity and characteristics of binding of neutral and protonated (H +) DIPD to
micelles.
DIPD

DIP

R A 14

R A 47

R A 25

aSolubility
X l O “5 M

bActivity
adenosine

cActivity
phosphate

Solution

1.5 ± 0 .5

+++++

+++++

CTAC
TRITO N
HPS
SDS

3100
1400
1600
1800

CTAC
TRITO N
HPS
SDS

2200
1300

CTAC
TRITO N
HPS
SDS
CTAC
TRITO N
HPS
SDS

2.6

±

1.0

11.0 ± 3 .0

26.0 ±

6.0

+++++

++++

0

+++++

+++

0

dK h( H + )
M-

1

M-

Kh/K b(H +)

1
11

25
25
>3000
2.5

281.8
56.0
64.0
< 0.6
880.0

-

-

15
>2000

73.3
<0.7

450
200
150
500

<5

<90.0

130
80

<5

1 1 0 0

1500

1 0 0

300

-

-

7.5
-

20.0
>26.0

-

<5
-

-

>

20.0
-

a Solubility in 0.02 m phosphate buffer at pH 7.0; b determination from the inhibition of the adenosine transport in
red blood cell (Von Gerlach et al., 1965); c determination from the inhibition of the phosphate transport in red
blood cell (Von Gerlach et al., 1965); d accuracy of determination is 20% .
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of a drug solution at a fixed concentration at a
given pH with variable amounts of the surfactant.
The appropriate pH to perform the titration was
chosen based on the pK.d values for the drugs in
the micelles (Table III). For CTAC, HPS and T R I 
TO N X -100 they were 7.0 for all D IPD . 2.0 for
R A 14 and R A 47 and 3.0 for R A 25, while for SD S
the values of 5.0 and 9.0 were used for all D IPD.
The K b values decrease following the sequence
D IP > R A 1 4 > R A 4 7 > R A 2 5 for the neutral forms of
D IP D in all types of micelles (Table IV ). This se
quence is opposite to that o f the water solubilities
o f D IP D neutral forms. Since all D IP D molecules
share a common central heterocycle, the variation
in their water solubility is due to the difference in
structure of side substituents, which determine the
above sequence of relative D IP D hydrophobicity
and affinity to micelles. For the protonated forms
the sequence is not so clear, since the experim en
tal values of K b for R A 47 and R A 25 in CTAC and
HPS micelles have a high dispersion and cannot
be determined with sufficient accuracy. For SD S
the binding o f protonated D IP D is already com 
plete at SD S concentrations just slightly above the
critical micelle concentration, and the K b also can
not be determined accurately. However, it is pos
sible to assert that for all types of D IP D the protonation reduces dramatically the K b values for
T R IT O N X -100, H PS and CTAC micelles and in
creases them for SD S ones.
The K b values for D IP D change at protonation
due to two factors: ( 1) the increase in polarity
upon protonation, which reduces the affinity to
the hydrophobic micelle interior. This effect is
clearly observed in neutral and zwiterionic mi
celles, where the protonation reduces the K b val
ues by factors from 20 to 75 (Table IV ); (2) the
electrostatic interaction betw een the charged mi
celle surface and the positive charge of the proton
ated D IP D molecule. In cationic CTAC micelles
the electrostatic repulsion reduces and in anionic
SD S the attraction increases the K b of protonated
D IP D by several orders of magnitude as compared
with neutral and zwiterionic micelles.
In order to determine the apparent pK d shift
(Ap/Ca) due to the interaction of the drug with the
surfactants, experim ents were performed at rela
tively high concentrations o f the surfactant in the
solution ensuring almost complete binding of
D IP D to micelles.

The addition o f neutral, zwitterionic and posi
tively charged surfactants induces a negative pK
shift o f D IP D , while for the negatively charged
SD S this shift is positive (Table III). The observed
ApK a includes two terms (Drum m ond et al., 1988;
Davies and Rideal, 1961; Lee, 1978; R ooney et al.,
1983; Louro et al., 1994):
Ap/Ca = Ap/Cj + Ap K e
where Ap/C; is the intrinsic shift due to the new
environm ent of D IP D , which has different physi
cal and chemical characteristics, Ap/Cc is the elec
trostatic shift due to the difference in the bulk H +
concentration and the local H + concentration near
the m icelle surface caused by the electrostatic in
teraction betw een H + and the charged m icelle
surface.
For neutral micelles, Ap/Ce equals zero and
Ap/Ca=Ap/Cj. The absolute values of ApK\ in the
presence o f T R IT O N X -100 follow the sequence
D IP > R A 1 4 > R A 4 7 > R A 2 5 ~ 0 . The ApK, values
for DIP, R A 1 4 and R A 4 7 are high, which means
that their environm ent changes strongly upon
binding, and the difference betw een the K b values
for the neutral and charged drug forms is large
even in the absence of a net micelle charge. The
measured difference in the Ap/Cj values for these
three D IP D , though rather small, indicates, how
ever, the difference in their position within the mi
celle, D IP being located deeper and R A 4 7 shal
lower as compared with R A 14. The small ApK,
value for R A 25 means that the characteristics of
its environm ent in micelles are close to those in
the bulk.
Assum ing that the A p K t is the same for all types
o f micelles, we can derive ApK c for the positively
and negatively charged micelles as Ap/Ce =
Ap/Ca - A p ( T a b l e III). The H + concentration
near the m icelle surface is given by the Boltzmann
equation
[H +] = [H +]„exp ( - e 'P / 2.3 kT)
where [H+]0 is the bulk proton concentration. ^
is the electrostatic potential in the aqueous phase
adjacent to the m icelle surface and e is the elem en
tary charge. The potentials eW (in energy units)
were calculated as
e y = - 2 .3 k T ApK e
and are also shown in Table II.
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Table V. DIPD bimolecular quenching constants /cqxlO
E tO H (T E M P O )

H20 ( T E M P O L )
DIP

0.69

(0.72)
R A 14

-

(0.64)
R A 25

2.4

(0.79)

-

(0.69)

-

-

-

‘sec- 1 ) by T E M PO and TEM POL*.

HPS
H+
1.5

(0.63)
1.5

-

(0.59)
R A 47

CTAC
H+

10 ( m

(0.65)
1.7

(0.90)
1.8

(0.55)
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SDS
H+

1.7

1.3

(0.73)

(0.48)

(1.9)

(0.78)

1.9

1.4

(0.64)

(0.43)

1.2
(0.47)

(0.90)

-

-

-

1.8

(0.59)
1.4

(0.30)

2.6

1.7
3.0

3.1

2.6

(2.2)

(1.2)

2.0

(0.47)

2.3

(0.53)

* The data for T E M P O L are shown in brackets.

From the com parison o f data for neutral ( T R I 
TO N X -100) and zw itterionic (H P S) micelles it
follows that the electrostatic effect is small for
zwitterionic m icelles as well (ApK e values are
small). This implies a small influence o f the
charges in these m icelles upon the position of
D IP D as com pared with the neutral T R IT O N X -

100.
For cationic C TA C m icelles the absolute values
of Ap/Ce and the electric potential follow the se
quence: D IP — R A 1 4 > R A 4 7 > R A 2 5 . The rela
tively high Ap/Ce values for DIP, R A 14 and R A 47
mean that in the cationic micelles they are local
ized in a region depleted in protons as compared
to the bulk aqueous solution, in other words, close
to the positively charged layer o f the micelle. The
proton concentration in the R A 25 environment is
closer to the bulk one.
In the case o f anionic SD S micelles ApK c shows
that R A 25 has the closest location to the nega
tively charged layer of the micelle.
Fluorescence lifetimes and quenching
The decay o f the D IP D fluorescence in aqueous
hom ogeneous solutions and in the presence of mi
celles is biexponential, probably due to the equi
librium betw een the protonated and neutral spe
cies. D ata for the lifetim es (Table II) are the
average values obtained from the expression (Lakowicz, 1983):
< x > = ( a ^ , 2 + a 2x 22 ) / ( e x i t ! + a 2t 2 )

The bim olecular fluorescence quenching con
stants (Table V ) calculated from the K sv values in

aqueous (T E M P O L ) and ethanolic (T E M P O ) so
lutions for all D IP D are near the diffusion limit.
In m icellar solutions, kq for T E M P O L is near
the diffusion limit of the dynamic quenching for
all D IP D in all types of micelles, while kq for
T E M P O is several times greater. The association
constant of T E M P O with lysolecithin m icelles is
higher than 3000 m _1 (Tabak and Borissevitch,
1992). T E M P O L has a lower affinity to the m icelle
and its concentration in the micelle is lower. Since
T E M P O m olecules have a high affinity to the mi
celle and are localized preferably inside (R a machandran et al., 1982), their virtual con cen tra
tion in micelles is significantly higher than their
average bulk concentration. M ore effective
quenching o f D IP D fluorescence by T E M P O con 
firms that all D IP D are bound to the micelles.
' H N M R spectra
'H N M R spectra of D IP D are due to the pro
tons o f the substituents (Im asato et al., 1993). In
order to facilitate data analysis, the spectra of dif
ferent D IP D are presented and discussed
separately.
R A 25
For the simplest D IP D , R A 2 5 , the spectrum
consists o f two amine quartets and two methyl
doublets corresponding to the substituents in
4-(8-) and 2-(6-) positions of the m olecule (Figs.4a,
5a). The spectra are quite similar in CDC13,
D M SO and CC14. U pon addition o f D 20 to the
CDC13 solution the amine quartets vanish and the
methyl doublets broaden due to the exchange of
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ppm

the amine protons with those of H20 (Fig.5b). In
H 20/ D 20 solutions two singlet methyl peaks are
observed (Fig.5e). They are displaced to higher
fields when pH decreases (Fig.6a) suggesting a re
duction of electron density probably due to the
protonation o f the amine nitrogens.
The R A 25 spectrum in SD S is similar to that in
aqueous solutions (Fig.5d) in the pH region from
1.0 to 10.0. However, in SD S the absolute values
of the chem ical shifts are equal to those obtained
in aqueous solution at pH values higher by 4 - 5
units (Fig 6b). This result is in reasonable
agreem ent with the ApA^a value for R A 25 in the
SD S micelles (Table III). It may be rationalized in
terms o f the location o f its side substituents in the
region of the micelle, where the proton concentra
tion is 4 - 5 orders o f magnitude higher than in the
aqueous solution at the same pH, i.e., close to the
negatively charged head groups of SD S. In CTAC
micelles the spectrum is similar to that in chloro
form enriched with water (Fig.5c), in other words,
the substituents are located in the region (b) near
the external part.
R A 47
The R A 47 spectrum in CDC13 consists of two
sets o f two triplets (four triplets in total) due to
two A 2B 2 systems o f the m ethylene protons of the

Fig. 4. 'H NM R spectra of R A 25 (a),
RA 47 (b) and R A 14 (c) in CDC13. Con
centrations are 1 m M .

ijüi

PPm
Fig. 5. ]H NM R spectra of the methvl protons of R A 25
in CDCI 3 (a), CDC1 3 + D: 0 (b), CTA C (c) and SDS
(d) micellar solutions at pH 7.0 and D^O at pH 3.5 (e).
Concentration of RA 25 is 1 mM (a.b ), 0.5 mM (c.d) and
0.2 m M (e). Concentrations of CTA C and SDS are 80
m M and 50 m M . respectively. The spectrum (c) was ob
tained by subtraction of the strong micelle peak from
the total spectrum.
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ated R A 4 7 in 4-(8-) and 2-(6-) positions have dif
ferent surroundings. The protonated R A 47 m ole
cules are drawn closer to the m icelle surface due
to the electrostatic interaction with the SD S mi
celle charged surface, and hence one pair of the
substituents appears in the water phase, probably,
in the region (c). Since the subsituents, comprising
the pair, have a sym metrical location in the m ole
cule, this could be an additional argument in favor
of the parallel orientation of the heterocycle rela
tive to the micelle surface.
Taking into account optical absorption and fluo
rescence spectra, we can assure that the neutral
R A 47 m olecules are localized in the polar part of
the micelles. The m olecules of this protonated
drug are located in SD S micelles so that two sub
stituents appear in the superficial part of the
micelle.

pH
Fig. 6 . The position of R A 25 methyl 'H NMR peaks
(chemical shifts in ppm) in dependence on pH in
H 2 0 : D 20 = 9 :1 (open symbols) and SDS micellar solu
tion (closed symbols). Concentration of R A 25 is 0.2 m M ,
concentration of SDS is 50 m M . Plots (a) and (b) corre
spond to high-frequency and low-frequency peaks,
respectively.

substituents in the 4-(8-) and 2-(6-) positions, and
two singlet peaks of methyl groups (Fig.4b, 7a). In
CDC13 containing considerable amounts of water,
the signal from OH groups broadens and practi
cally disappears due to the exchange with water.
In aqueous solution the methylene peaks collapse
into two unresolved envelopes at 4.02 and 3.87
ppm (Fig.7b).
For R A 4 7 in micelles, the methylene set in the
region of 3 .9 - 3 .8 ppm (the other set is hidden by
the strong m icelle peak) for both neutral and pro
tonated drug is similar to that in aqueous solutions
(Fig.7c,d). In the spectrum o f the neutral form in
SD S both methyl peaks are broadened as com 
pared with the aqueous solutions (Fig.7d). For the
protonated form, one o f the methyl peaks is
broadened even more than for the non-protonated
one, and the other remains narrow, as in pure
w ater (Fig.7c). This result allows us to assume that
the methyl groups of the substituents in proton

ppm
Fig. 7. ‘H NM R spectra of R A 47 in CDC1 3 (a), D20 (b)
and SDS micellar solutions at pH 5.0 (c) and pH 10.0
(d). Concentration of R A 47 is 1.0 mM (a) and 0.3 mM
(b, c and d), concentration of SDS is 100 m M .
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R A 14
The R A 14 spectrum in C D C I3 (Fig.4c, 8a) con
sists o f one single broadened peak at about 4.9
ppm due to the hydroxyl groups and three triplets
which correspond to 3 methylene groups. Two of
them, in the 4 . 2 - 3 .8 ppm region, can be identified
as belonging to the ethanolam ine substituents due
to the A 2B 2 pattern, and the third one at 3 .7 -3 .5
ppm corresponds to the methylenes o f the piperidine rings which are close to the nitrogen atoms.
The remaining -C H 2- groups of the piperidine
rings give a signal at about 1 .6 -1 .7 ppm similar to
D IP (Borissevitch et al., 1995); this signal is hidden
by the residual water signal and will not be consid
ered further. In aqueous solution two ethanola
mine triplets collapse into an unresolved envelope
(4 .1 - 3 .9 ppm), while the peak of the methylenes
of piperidine rings is practically the same as in
CD C I3 (Fig.8d). The signals o f the ethanolam ine

ppm
Fig. 8 . 'H NMR spectra of R A 14 in CDC1 3 (a). CC14 (b),
CTAC micellar solution at pH 2.0 (c) and D20 at pH
5.0 (d). Concentration of R A 14 is 1 mM (a ). < 10|.im (b)
and 0.3 mM (c,d). Concentration of CTA C is 40 mM.

protons in CC14 consist of three unresolved peaks.
The positions of the two external (at the highest
and the lowest fields) peaks are practically the
same as in CDC13 and the central one is shifted to
high field (Fig.8 b).
The relative position of the peaks of the R A 1 4
neutral form in the presence of CTAC or SD S is
similar to that in nonpolar CC14, the spectrum in
the whole being shifted to the low field (Fig.8c).
Taken together, the optical and N M R spectral
data lead to the conclusion that, similar to D IP
(Borissevitch et al., 1995), neutral R A 14 m olecules
are localized in the micelle interior at the “bord er”
of the polar and nonpolar regions so that the heteroarom atic cycle is placed close to this border
and the substituents are located in the nonpolar
part.
The location in micelles and biological activity
Based on our data, we can assert that despite
the difference in structures of the surfactant m ole
cules which determ ines the architecture of the m i
celles the main features of D IP D interaction with
all types of used micelles are similar.
The structure and the position of the substitu
ents in D IP D affect their binding characteristics
and location sites in micelles due to the change of
hydrophobicity. Neutral D IP has the highest hydrophobicity and is localized in micelles near the
border between the polar (b) and nonpolar (a) re
gions, having its polarizable heteroarom atic cycle
in the region (b) and the nonpolar substituents
penetrating into the region (a) of the m icelle ( B o 
rissevitch et al., 1995). Neutral R A 14 m olecules
with the same substituents in crossed positions
possess a hydrophobicity somewhat lower than
D IP and have practically the same location in m i
celles. Neutral R A 47 m olecules have a hydropho
bicity lower than D IP and R A 1 4 and are localized
closer to the micelle surface. The heteroarom atic
cycle and the substituents in R A 47 are positioned
in the micellar region (b). Neutral R A 25 m ole
cules have the lowest hydrophobicity. They are lo
cated near the micelle surface in the region (c)
which consists of structurized water molecules. As
all D IP D are symmetrical, we can suppose the par
allel location of their heterocycles relative to the
micelle surface.
High hydrophobicity of neutral D IPD forms is
consistent with their low water solubility at physi
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ological pH. This provides their high K b values
upon interaction with micelles.
Protonation o f D IP D reduces their K b for cat
ionic, zwitterionic and neutral micelles and in
creases it for anionic ones. Electrostatic interac
tion o f the protonated D IP D molecules with the
surface charges either moves D IP D into the inte
rior for cationic micelles or draws them closer to
the surface for anionic ones. In the case of the
protonated R A 4 7 in SD S solution this results in
the penetration o f two cross substituents into the
aqueous phase.
Since their pK a values are shifted towards lower
pH in positive, zw itterionic and neutral micelles,
at physiological pHs the D IP D molecules in these
micelles are neutral and tightly bound. For anionic
micelles the pK.a shift is in the opposite direction.
The D IP D m olecules are protonated at physiolog
ical pHs and also strongly bound. So, at physiolog
ical pHs D IP D have high association constants
with all types o f micelles. This makes it possible to
suppose that they are bound effectiv ely by mem
branes in vivo.
Hence, we can assume that the presence of the
polarizable heterocycle in the structure of a bioac
tive m olecule is necessary to provide its affinity to
the polar region o f the membrane. The molecules,
which have the substituents with relatively low hydrophobicity, are displaced to the membrane sur
face and the substituents appear in the water
phase. The m olecules with highly hydrophobic
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substituents are localized near the border between
the polar and the nonpolar region of the mem
brane and the nonpolar substituents perm eate into
the hydrophobic mem brane interior.
The biological activity of D IP D determined
through inhibition of the phosphate or adenosine
transport across the m em branes o f red blood cells
(Table III) decreases in accordance with the se
quence D IP ~ R A 1 4 > R A 4 7 > R A 2 5 (Von G erlach
et al., 1965). The same sequence describes the
depth of D IP D location in the micelles. So, the
deeper penetration of D IP and R A 1 4 into the
membrane interior could be responsible for their
higher activity in these processes as compared with
R A 47 and R A 25 which are located more superfi
cially. We believe that their different location in
the mem brane should be taken into account while
explaining the difference in their biological
activity.
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