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Abstract

Non-covalent interactions between polymethine dyes of various t¢getonic and anionic thiacarbocyanines as
well as anionic oxonols and tetracyanopolymethinasd human serum albumitHSA) were studied by means of
absorption, fluorescence and circular dichroi6é8D) spectroscopies. Complexation with the protein leads to a red
shift of the dye absorption spectra and, in most cases, to a growth of the fluorescence quantr;yieidoxonols
this growth is very small The binding constanték) obtained from changing the absorption spectra dndrary
from 10* to (5-6) X 10” M~*. K for the anionic dyes is much higher than for the cationic ditee highestk was
found for oxonol3. Interaction of meso-substituted anionic thiacarbocyanines with HSA resultscisn— trans
isomerization and, as a consequence, an appearance and a steep rise of dye fluorescence. Binding to HSA gives rise
to dye CD signals and in many cases is accompanied by aggregation of the dyes. These aggregates often exhibit
biphasic CD spectra. The aggregates formed by the dyes alone are decomposed in the presence of HSA.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction particular, fast non-radiative deactivation of cya-
nines occurs by twisting and rotation of molecular
Polymethine(cyanine dyes have been widely fragments around C-C bonds of a flexible poly-
used for probing various organized media methine chain, leading toans—cis photoisomeri-
(micelles, vesicles, microemulsions, etc.; see, e.g. zation and strong dependence of fluorescence
[1-4]). This is based on their photophysical and |ifetimes and quantum yields on the media viscos-
photochemical properties, which_strongly_depend ity [5,6]. Depending on the conditions, cyanine
on the nature of the surrounding medium. In dyes can form aggregates of different tydds.
Trresponding author. Tel.:+351-21841-9000; fax:+ The I.abelmg of plomacrommecu'ém particular,
351-21846-4455. proteing by cyanines has proven useful: e.g. water-
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red polymethine cyanine dyes can serve as into the minor groove of double-stranded DNA
non-covalent labels for the transport blood plasma (often with formation of aggregatesnd interca-
protein, human serum album{iHSA) [8,9]; indo- lation into DNA molecule between adjacent base
cyanine green has been used as a diagnostic probgairs[14,20—22. At the same time, the interaction
in medical and biological applicatioi40] and for  of cyanine dyes with proteins has been litlle
detection of proteing11,13; the infrared cyanine  studied and the nature of the binding forces and
Cy5 has been applied to an immunoassay of HSA sites is under discussion. A study was reported in
[13]; asymmetric and homodimeric monomethine the |iterature where changes in the absorption and
cyanines have been used as fluorescent probes ok qrescence spectra of some oxadicarbo-, thiadi-

DNA, RNA and bovine serum albumitiBSA) carbo- and tricarbocyanines were detected in the

[%4’15; one of benzothiazolo mon(_)r_nethine cya- _cpresence of HSA and other albumins, from which
nine dyes was suggested as a sensitive and specifi complexation of the dyes with the albumins was
fluorescent probe for the detection of BJAG]; deduced19]

some anionic cyanines were proposed for the This paper describes a comprehensive spectro-

detection of HSA[17]. Such applications are based X pt pd fth it Ft) th P

on the capability of cyanine dyes for non-covalent scopic study of the main features of theé non-
covalent interaction between polymethine dyes of

interaction (complexation with biomacromolecu- : ) )
les. The main spectroscopic effect upon this inter- Various molecular structures and a protein HSA in

action is an increase in the fluorescence quantum @dueous solutions by the use of absorption, fluo-
yield (®,) [10-16,18, which permits using cya- rescence and circular dlchr0|s(ﬁ:D? spectrosco-
nine dyes as fluorescent detectors of biomacrom- Pies. Four classes of polymethine dyes were
olecules. However, in some cases a dropbofis ~ chosen:(i) cationic thiacarbocyaninedl—4); (ii)
observed [19]. Complexation of cyanines with — anionic hydrophilic thiacarbocyanines bearing sul-
DNA has been investigated in a number of works fonate groups(5-8); (iii) anionic oxonols(9—
(see, e.g[18,20,21) and can occur by electrostatic  13); and(iiii ) anionic tetracyanopolymethin€$4,
binding of the dye to the DNA surface, insertion 15) (see below.

R X R
Dye R' R R’ R* X
DTC (1) CyHs H H H r
2 (CH,),0H H H H cr
3 (CH,),0H CH; H H cr
4 n-CeH,3 H H H Br~
5 (CH2):S05” H H H CsHsNH"
6 (CH,):S05” C,Hs OCH; H CsHsNH"
7 (CH2):S05” C,Hs —~CH=CH-CH=CH- CsHsNH"

8 (CH,);S05 NH, H H NH,*
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n=1(14),2 (15).

2. Experimental
2.1. Materials

HSA fraction V, 96—99% purity(catalogue no.
A-1653) was purchased from Sigma and used
without further purification. Cationic cyaninels-

4 were obtained from the dye collection of the
Laboratory of Photosensitizatidinstitute of Bio-
chemical Physics, Russian Academy of Sciehces
anionic cyanine-8 from the dye collection of
the Research and Design Institute for the Chemi-
cophotographic Industry(Moscow, Russia and
anionic dyes9-15 from the dye collection of
Zh.A. Krasnaya(Institute of Organic Chemistry,
Russian Academy of SciengesTheir purity was
checked by thin layer chromatography.

Fresh stock agueous dye solutions, which were Dye;+HSA=Dys,

kept in a refrigerator in the dark, were used.
Phosphate buffer solutions of adequate (6495

or 4.59, NaH,PQ,, Na HPQ and NaCl of analyt-

ical grade were used as received. Doubly distilled
water was used as a solvent.
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2.2. Methods

The pH values were measured with a Crison
Microph 2002 calibrated using standard buffer
solutions. Absorption spectra were recorded with
a JASCO V-560 UV-VIS absorption spectropho-
tometer and fluorescence emission and excitation
measurements on a Perkin-Elmer LS 50B spectro-
fluorimeter, in 1 cm cells, with the sample holders
thermostated at 298 K. Corrected fluorescence
spectra were obtained using the correction file
provided by the manufacturer. Fluorescence quan-
tum yields®, were measured at 298 K using 3,3
diethylthiacarbocyanine iodidedTC) in methanol
(®,=0.048 [23]) and rhodamine 101 in ethanol
(®,=0.92 [24]) as standards, after applying the
necessary corrections for the refractive index of
the solvent. Dye concentrations in fluorescence
measurements were approximately 80 M and
below in order to keep the optical density below
0.1. The error in the estimation df, was + 10%.

CD spectra were obtained with a JASCO J-720
spectropolarimeter, in 1 cm quartz cell, with spec-
tral averaging over four spectra and baseline cor-
rection, at a constant dye concentration and various
protein concentrationf25].

2.3. Data analysis

Interaction of the dyes with HSA was studied
by titration of dye solutions with HSA, with a
fixed dye concentration and variabJelSA]. The
titration was monitored by following the changes
in absorbance and fluorescence of the dye. The
protein concentration was increased from zero up
to the high limiting values until changes in the
dye absorbancéor ®,) became insignificant. The
dye absorption spectrum anfl, at such[HSA]
were taken as those belonging to the bound dye.
We assume here the simple equilibrium between
the free(Dye) and the boundDye,) dye

K

D
with the association constant
o [Dyey) -
[Dye][HSA]’
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where[HSA(] is the concentration of uncomplexed
HSA or assuming: non-interacting independent
binding sites in HSA,

[Dyey]

K=—"""o (3
[Dyern[HSA]
The solution of the quadratic equation for
[Dye,] gives

[Dye,] =(C+1/K)/2—{(C+1/K)?*/4
—n[HSA]o[Dyel o} 4)
where C=n[HSA],+ [Dyel,; [HSA], and [Dye] o
(=[Dye,] + [Dye|]) are the total concentrations of
HSA and the dye, respectivel X and n were
determined from the computer fit of tH®ye,]/
[Dye] values calculated from Eq(4) to those
found experimentally at differenfHSA]. The
experimental concentratio®yeg,] and [Dye;] at
each [HSA] were obtained from the computer
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or

[Dyey,]/[HSA]=n.K 4[Dye{/(1+ K ,[Dye])
+n,K ,[Dyeq /(1

+K,[Dye]) (7

for obtaining K and » did not give good results
due to high scattering of the experimental points.
However, Eg.(7) was successfully applied for
binding of dye9 by HSA (see below.

3. Results
3.1. Cationic thiacarbocyanines

3,3-Diethylthiacarbocyanine iodidéDTC) in
water (concentration approx. I Mhas the
visible absorption band with the maximum at 552.5
nm (Fig. 1a, curve a Addition of HSA to the
solution leads to an initial drop of this band,
followed by (at higher HSA concentratiohsa
gradual red shift and an increase of its intensity
up to about the initial valu€Fig. 1a, curves b-i

modeling of the measured absorption spectra as aThe fluorescence is red shifted and its quantum

sum of the spectra of Dye(measured at high
[HSA]) and Dye (measured afHSA]=0).

Alternatively, K and n were found from the
simulation of the experimenta, at different
[HSA] by those obtained from Ed5):

D, = (P &/[Dye] + P, [Dyer]) / (/[Dyed]
+&,[Dyey]), (5

where®,, ¢, &y, andg, are fluorescence quantum
yields and extinction coefficientat the excitation
wavelength of the free and the bound dye, respec-
tively, and[Dye,] and [Dye;] were calculated from
Eq. (4) ([Dye]=[Dyel, — [Dye,]). The higherk,
the lower dye concentration was used for
determination (at K>10" M~ [Dye] approx.
10~ 7 M), in order to increase its accuractypi-
cally approx. +20%).

Usually the application of the Scatchard equa-
tions [26]

its

[Dye,]/([Dye][HSA) =nK — K[Dye,]/[HSA]  (6)

yield grows(Fig. 1b). Since there are no isosbestic
points in the absorption spectra, we may infer that
the equilibrium between the free and the bound
dye is not simplethere are probably several bound
forms of the dye and it is troublesome to obtain
the association constark from the absorption
spectra. However, it appears to be possible to
determine the effective association constaRf
from the evolution of ®, upon complexation
assuming the simple equilibrium between the free
and the bound dye(Eg. (1)) (see Fig. 1h.
Addition of a neutral phosphate buffer to the
solution (0.01 M, pH 6.95 decreaseX.« (Table

1). Similar spectroscopic features are inherent in
the interaction of DTC structural analogs, thiacar-
bocyanines2 and 3, with HSA (Fig. 1b). The
corresponding values . obtained from grow-
ing ®, in the presence of HSA are listed in
Table 1.

Thiacarbocyanind with longer N-alkyl substit-
uents has a strong tendency to form aggregates in
agueous solution. The aggregates are non-fluores-
cent and have a broad absorption spectifigy.

2, curve a; the fluorescence excitation spectrfim
corresponds to the monomeric dye present in the
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Fig. 1. (A) Absorption spectra of DTQ1.2X 10" M) in agueous solution in the presence of increasing HSA concentrations: 0
(a); 5.8x107° (b); 1.14x10°° (c); 3.28x107° (d); 6.02x107° (e); 9.93x10°° (f); 1.71x107* (g); 2.75x10~* (h); and
3.62x107* M (i). (B) Dependence of the fluorescence quantum yields of BAC2 (b) and3 (c) in water on HSA concentration
(point9 and its approximation based on E&) (curved assumingk=1.74x10* M™%, 3.5x10* M~* and 1.0<10* M1, respec-
tively, (n=1).

system in small amoupt Addition of HSA leads shifted band of the dye bound to HSALX=566
to decomposition of the aggregates into the mono- nm). Simultaneously, a strong increase in the
meric dye complexed with HSA, which has the fluorescence quantum yield is observdéam 0.05
absorption spectrum shifted to the red as comparedto 0.68, which also indicates complexation of the
with the free dye(Fig. 2, curves b—k and is dye with HSA. Unlike cationic thiacarbocyanines,
accompanied by enhancement of the fluorescence.an isosbestic point occurs in the absorption spectra.
While free cationic thiacarbocyaninéiéke other While 5 is present at moderate concentrations
polymethine dyes studied heras symmetric mol-  in aqueous solutions in monomeric foréand 7
ecules exhibit no CD signals, their complexes with are in equilibrium with their dimeréand, at higher
HSA give rise to low-intense negative CD spectra. concentrations, with H aggregajeabsorbing in
For example, for DTC(1.5xX107° M) in the  the short-wavelength regidi¥ also forms J aggre-
presence of HSA2.2x10~* M) the amplitude of  gates absorbing in the re27,24. Upon addition
the CD band is approximately 0.10—0.15 mdeg. of HSA, the dimeric and aggregate bands are
reduced and replaced by the new da@parently
3.2. Anionic thiacarbocyanines with sulfonate the band of the monomeric dye complexed with
groups HSA). This is accompanied by an appearance and
a growth of fluorescence, which is absent in
Addition of HSA to an aqueous solution & aqueous solutions o8 and 7 without HSA. For
results in a drop of the initial absorption band of the monomer of dye5 the binding constank
the free dye(AD}%=557 nm) and growing a red-  could be estimated only at sufficiently low con-
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Table 1
Association parameters for binding polymethine dyes to HSA
Dye Buffer Absorption maxima, nm K, Mt n
Free dye Bound dye
1(DTC) no 552.5 ~565 1.74<10% @ 1.2
1(DTC) 0.01 M pH 6.95 1.0%x10* 2 1.¢
2 no 557 ~567 3.5x10° @ 1.2
3 no 542 ~563 1010 @ 1.
4 no broad 565 - -
5 no 557 566 (2-3 x10° ® 0.03-0.08
(8-9 x10* be 1.0
6 0.01 M pH 6.95 559 590 1.0610" ° 0.2
~1.7x10° be 1.0
6 0.01 M pH 4.55 5¢107 P 0.1
~8X10° b 1.0
7 0.01 M pH 6.95 539, 570sh 611 >1002 (1=
9 no 548 558 6.x10" ® 1.79
K,;=5.5x10" ¢ 1.0¢
K,=3x10"¢ 1.0¢
9 0.01 M pH 6.95 6.x 107 ° 1.02
9 0.1 M NacCl 3.2x10°° 112
10 no 562 574 4.%107 1.0
10 0.01 M pH 6.95 5.x10"° 1.0
12 no 647 662.5 - -
13 no 455 462 1.%107® 1.0
14 no 437 445 1.107° 0.7%
~1Xx10" be 1.0
15 no 536 546 5.¢107 ® 0.6
~1.3x107 be 1.0
15 0.01 M pH 4.55 4.&10° P 5.3

#Found from growing®,.

PFound from the evolution of the absorption spectrum using the[Blpé,]/[Dye] vs. [HSA].
°Rough estimate assuming=1.

dFound from the evolution of the absorption spectrum using the Scatchard equation.

centrations(approx. 3x10~7 M), at which the
monomek=2 dimer equilibrium is shifted to the Dye HSA+Dye=Dye, HSA
monomer and with HSA an isosbestic point is DY& HSA+Dye« Dye; HSA
present in the absorption spectidig. 39.

It is noteworthy that for dyess and 6 the
simulation of the experimental plotgDye;]/ Dye, , HSA+Dye= Dye, HSA (8)
[Dye] vs. [HSA] based on the evolution of the
absorption spectra reveals the unrealistic apparentand their deaggregation at higher concentrations
association numbersmuch less than unityTable of the protein:

1). The simulation ofP, dependence ofHSA] as
well as the Scatchard plots also give similar values PY&.» HSA+HSAS Dye, . HSA+Dye HSA
of n. This might be due to occurrence, apart from
. ) . . etc.
the simple complexation, partial aggregation of the

dyes on HSA at relatively low HSA concen- Dye, HSA+HSA=Dye HSA+Dye HSA, (9)
trations:

etc.
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Fig. 2. Absorption spectra of dy& (4.4x10~® M) in water as a function of HSA concentratiofiSA] =0 (a); 3.12x 10 ° (b);
1.77x 1073 (c); 4.3x107° (d); and 8.0x10~°> M (e); fluorescence excitation spectrum[&tSA]=0 (A,=600 nm (f).

where m is the aggregation number. Dye aggre- dye 8, apart from the usual effects of the red shift

gates are usually non-fluorescent and often have of the absorption spectrum and growing fluores-

low extinction coefficients; their formation could cence, results in the appearance of a long-wave-

result in diminishing the monomericdbound dye length absorption shouldé€n,.,=545 nm. Since

band andD, at low [HSA], whereas deaggregation this new species possesses fluorescence with rather

of the dyes at highefHSA] recovers the bound small Stokes shiffapprox. 12 nm; see Fig.)5it

monomeric dye in the system, leading to a curva- may be reasonable to suppose that it is a J

ture of the[Dye,]/[Dye] dependence ofHSA] aggregate of the dye formed on HSA. Interestingly,

greater than that without aggregation—deaggrega-we did not find any J aggregation of dyealone

tion phenomena and hence to the anomalously low in aqueous solutions.

values ofn (Fig. 4). In Table 1, along with the Complexation of dye$—7 with HSA results in

apparent andn obtained from the best fit to the appearance of CD spectrum in the wavelength

experimental points, th& values roughly estimat-  region of the dye absorption spectrum, which has

ed from the experimental data assumiirg 1 are negative sign(for dye 6 see Fig. 3b. For dye5

presented. (2x10°°% M) its amplitude is approximately 0.3
Dye 7 even at concentrations as low as10 M mdeg at{HSA]=(0.7—1.0) X 10~* M.

exists mainly as a dimel28], so it is impossible

to obtain directly the binding constant for its 3.3. Anionic oxonols

monomer. The estimate made from the evolution

of &, givesk>10° M. Oxonols belong to the class of anionic polyme-
Incorporation of HSA in aqueous solution of thine dyes with negative charge shared among four
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Fig. 3. (A) Dependence of the absorption spectrum of @ye.46x10~7 M) on HSA concentration in 0.01 M phosphate buffer
pH 6.95: [HSA]=0 (a); 5.0x1077 (b); 1.0x10¢ (c); 2.0x10°° (d); 3.0x107° (e) and 4.9<10°° M (f). (B) CD spectra of
dye 6 (1.7x10°% M) with HSA in 0.01 M phosphate buffer pH 6.9FISA]=1.0x10"7 (a); 2.0x10 7 (b); 5.0x1077 (¢);
1.0x107° (d); 2.0x107° (e) and 5.0<10°° M (f).

oxygen atoms. They are rather stable in aqueousgrowing of the red-shifted band of the dye bound
solutions and have absorption spectra similar to to HSA, for 9, 10 and 13 with the presence of an
those of thiacyanines with the polymethine chain isosbestic point in the spectra. The binding con-
of the same length. Oxonols 9—13 are non-fluores- stants obtained from the evolution of the absorp-
cent in water. Incorporation of HSA into aqueous tion spectra are very high>10" M~?; see Table
solutions 0f9—13 results, as usual, in the decrease 1). However, unlike cyanines, the fluorescence
of the initial monomeric band of the free dye and growing upon the complexation is very smé&dit
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[Dyey)[Dye]
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1 1.5 2

[HSA] x 10%, M

Fig. 4. Experimental plofDye,]/[Dye] vs. [HSA] for dye 6 obtained from the evolution of the absorption specttiaincles) and
its simulation usingK=1.05x 10" M~%, n=0.25(solid line) and usingk=1.7x10° M~%, n=1 (dashed ling.

[HSA]=(1.8-2.0x10°°* M &,=1.2x103,
4.8x10% and 5<10~2 for 9, 10 and 12, respec-
tively). The association numbet found for 9
using Eq.(4) is larger than 1(for 10 and 13, n=

1) (Table 1. Simulation of the interaction in terms
of the Scatchard Ed.7) gives for 9 two complex-

of the two HSA sites bindin@ (with lower K) is
more sensitive to the ionic strength and, therefore,
its binding affinity is of higher electrostatic char-
acter. In the presence of acidic buff@.01 M, pH
4.55) the isosbestic point in the absorption spectra
of 9 and 10 with HSA is lost. This is due to

ation constants close to each other. This meansaggregation—deaggregation of the dye on positive-

that 9 binds to HSA in two sites(two dye
molecules per one HSA whereas bulkier dyd0
binds in a single site. Unlike other oxonols, the
fluorescence spectrum 8fbound to HSA is broad
(Fig. 6), probably because of the contribution of

ly charged HSA expressed by Eg®8) and (9).
The complexation is accompanied by the appear-
ance of a positive band in the CD spectriFig.
7a). Aggregation of9 on HSA at low pH is
confirmed by the change of the CD signal shape,

two bound dye species to the emission. An increasewhich is biphasic(a couple of positive and nega-

in the ionic strength of the solution by addition of
0.01 M neutral phosphate buffefpH 6.95
decreases for 9 down to 1(only one binding site
remaing, having minor effect ork. Furthermore,
increase in the ionic strengttby introducing 0.1
M NaCl) decreaseX (see Table L Hence, one

tive bands at relatively small HSA concentrations
((1-3yx10°" M) when the aggregation takes
place, and transforms into the unifor(positive)
band at highefHSA] when the aggregates decom-
pose into the bound monoméFig. 7b). While
the uniform CD band can be produced by the
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Arb. units
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A, nm

Fig. 5. Absorption spectra of dy&(5.8xX10°¢ M) in water atfHSA] =0 (a) and 5.0<10~° M (b) as well as fluorescence emission
(c, d) and excitation(e) spectra of8 with HSA (5.0X107° M). A,=450 nm and 540 nm for ¢ and d, respectively; fok;e=570
nm.

monomeric dye molecules, the biphasic CD spectra terminal carbon atoms of the polymethine chain.
are known to characterize dye aggregates on bio-Upon addition of HSA, the absorption bands of
macromoleculeqas a result of exciton coupling tetracyanopolymethine$4 and 15 in water trans-
of the adjacent dye molecules[20,21,29. A form into the red-shifted ones having lower extinc-
comparison of the wavelengths of the biphasic CD tion coefficient (with an isosbestic point in the
spectrum with those of the dye absorption spec- absorption spectda which belong to the dyes
trum shows that the aggregate and the monomercomplexed with HSA(Fig. 8. Simultaneously a
spectra lie in similar wavelength regions. moderate rise o, is observedfor 15 from 0.029
Dyes11 and12 in the presence of HSA exhibit to 0.12. For both dyes the complexation constants
no isosbestic points in their absorption spectra g found from changing the absorption spectra are
apparently due to pgrtial aggregation of the dyes of the order of 10 M (Table 1. The apparent
on HSA. Greater ability of these dyes for aggre- 4gsociation numbers found from the best fit to
gation could be the consequence of their higher o experimental plot§Dye.]/[Dye] vs. [HSA]

hydrophobicity. are less than 1, probably due to aggregation—
o . deaggregation phenomena. This is confirmed by
3.4. Anionic tetracyanopolymethines the evolution of the CD spectrum of5 with

growing [HSA]. CD appears as biphasimega-
Tetracyanopolymethine dyes possess the simpletive—positive aggregate spectruniin the same
structure with formal negative charge on two wavelength region as the absorption banak
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Arb. units

400 500 600 700 800

Fig. 6. Absorption(a) and fluorescencéb) spectra of dyed (1.5x10~% M) in water; the same in the presence of 10°° M
HSA (c and d, respectivey fluorescence excitation spectrum #fin the presence of HSAA; =680 nm (e). For comparison,
fluorescence spectrum df in the presence of 1:810°° M HSA (f) (A¢=550 nm.

moderate HSA concentratior§1—7) x10°° M) However, they exhibit the lowest (approx. 10
and completely disappears at higHetSA] (Fig. M~1), which is much higher for the anionic dyes
8b). At low pH the isosbestic point in the spectra (Table 1. Analogous behavior was found earlier
of 15 is blurred out; in the presence of 0.01 M for porphyrins: the positively charged compounds
phosphate buffer pH 4.55 the association number showed no evidence of binding to HSA, while
n estimated from the changes in the absorption negative porphyrins did29,31. Similarly, ochra-
spectrum was found to be 5.@GTable 1. This toxin A binds strongly to HSA only in its dianionic
points to essential aggregation of the dye on HSA form [32]. Therefore, we may infer that the overall
with the average aggregation number 5.3 and the HSA charge does not play a crucial role in binding
aggregate absorption band slightly shifted to the dyes, and different local charges of binding sites
red, the deaggregation process being insignificant are of importance. It can be seen from the data of

in the HSA concentration range studid@0— Table 1 that for cationic thiacarbocyaninks3 (i)

3.4 X107 M). a rise of ionic strength of the solutidivy addition
of a neutral buffer decreaseX; (ii) incorporation

4. Discussion of hydrophilic group(OH) into the dye molecule

decreaseX (cf. DTC and2); and (iii ) hydropho-
The experimental data show that polymethine bic substituent{CH;) in the dye increasé& (cf.
dyes can bind non-covalently to HSA with the dyes2 and3). Hence, we may conclude that both
association constants ranging from410 6— electrostatic and hydrophobic forces are operative
6) X 10" M1, Since HSA at neutral pH has overall upon complexation of these dyes with HSA. A
negative chargeits pK,=5.4 [30]), we might rise of @, is observed apparently due to hindering
expect at pH 7 the highest binding affinity for intramolecular motions of dye molecules in
oppositely charged cationic thiacarbocyanines. restricted environment of the binding sites and a
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Fig. 7. (A) CD spectra of dyed (2.0x10°® M) with HSA in 0.01 M phosphate buffer pH 6.93HSA]=1.0x10"7 (a),
5.0x1077 (b), 1.0x10°° (c), 2.0x107° (d) and 4.0<10°° M (e). (B) The same in 0.01 M phosphate buffer pH 4.F3SA] =
1.0x1077 (a); 2.0x1077 (b); 5.0x107 (c); 1.0x10° (d); 2.0x10"° (e); and 4.0<10°° M (f).

red shift of the absorption spectra is due to higher asymmetric distortion of the chromophore induced
refractive index of the macromolecular environ- by the chiral protein.

ment compared to that of water. Similar effects  Anionic thiacarbocyanines associate more
were found upon DTC binding to DNA18] and strongly with HSA than cationic onggentatively
upon DTC interaction with the interface of normal with partial formation of dye aggregates on HBA
and reverse micelleg33]. A small CD signal probably, due to their bipolar structukgositive
detected for DTC bound to HSA shows very weak chromophore and negative sulfonate groupad
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Fig. 8. (A) Absorption spectra ofl5 (1.9xX10°7 M) in water during titration with HSA[HSA]=0, 1.95<10 8, 3.86x10 &,
5.75x1078, 7.61x 1078, 1.23x1077, 1.71x1077, 2.18<107 7, 3.11x1077, 4.04x1077, 4.96x10" 7 and 6.7& 10~ M. (B) CD
spectra of dyel5 (2.2x107% M) in water in the presence of HSAHSA]=1.0x10"7 (a); 2.0x10~7 (b); 5.0x1077 (c);
1.0x1076 (d); 2.0x 1078 (e); 4.0x107° (f); and 1.0<10°° M (g).

to the possibility of interaction with both positive electrostatic and hydrophobic interactions appar-
and negative chargd®7,2§ of the protein mole-  ently contribute to the binding of the dyes to HSA.

cule. More hydrophobic dyegsand7 exhibit larger Dimers and other aggregates formed by usual
K thanb; therefore, as for cationic cyanines, both cyanines in water decompose in the presence of



46

HSA, which shows that the forces attaching the
dyes to the protein are stronger than those binding
dye molecules into their self associatémwever,
we found that the aggregates of a long-chain
squarylium indocyanine dye, bid-octadecyl-3,3-
dimethylindol-2-ylidengmethylsquaraine, in
water were not split by addition of H9AWe did
not find for 7 (which produces J aggregates by
itself) any essential stimulation of J aggregate
formation by HSA, which was observed faeso-
tetrakigp-sulfonatophenybporphyrin(TSPP [29].

A.S. Tatikolov, S.M. Costa / Biophysical Chemistry 107 (2004) 33—49

Asymmetric distortion of thiacarbocyanines
(both cationic and anionjcbound to HSA gives
rise to appearance of negative CD signals. A
negative CD spectrum was also observed for
monomeric TSPP complexed with H29]. Larg-
er intensity of CD bands for more hydrophobic
dyes6 and7 compared to that 05 shows greater
distortion of their molecules and is apparently due
to stronger interaction with the chiral protein
(higher K) and their bulkier structure. Biphasic
(coupled CD spectra were not detected f6+7,

However, J aggregates appear in the presence ofin spite of tentative aggregate formation on HSA,

HSA for other anionic thiacarbocyanine, dy:
which does not form J aggregates without HSA
(Fig. 4).

While dye 5, unsubstituted in the polymethine
chain, is present in solution&s well as in the
complex with HSA in the form of the alltrans
isomer,6 and 7, having ameso-substituent in the
polymethine chain, exist in water as the non-
fluorescent moneis isomers[27,28,34. Binding
of 6 and 7 to HSA results in large red shifts of
the monomer absorption maximé3 nm and
approx. 40 nm, respectivelymuch larger than for
5 (10 nm and appearance of intense fluorescence.
Such effects are indicative afis — trans conver-
sion and are also observed upon incorporation of
6 and 7 into AOT (sodium bi¢2-ethylhex-
yDsulfosuccinatg reverse micelles due to strong
electrostatic interaction with the interface in the
confined micellar environment, giving rise to
alignment of charged fragments in the dye mole-
cule along the field[27,28. The frans isomers
formed, red-shifted with respect to the correspond-
ing cis isomers, are fluorescent; their rigidization
in the external electric field raiseB, [27,29. The
®, values for5-7 bound to HSA(approx. 0.7 for
5 and 6 and 0.56 for7) are similar to those for
the dyes incorporated into the relatively small
reverse micelles withwy=0-1 (wy,=[H, O]/
[AOT]) and much higher than for the dyes in
normal micelles(in the latter case theis — trans
conversion is not completd27,2§. Therefore, we
may infer that the strength of the electric field
created by the charges of the HSA binding sites is
similar to that in the reverse micelles, being much
larger than in normal micelles.

apparently due to low extinction coefficients of
the aggregates.

The peculiarities of the interaction of anionic
oxonols with HSA differ substantially from those
of thiacarbocyanines. Firstb, of 9-13 bound to
HSA are small in spite of strong complexation
with the protein(high K): extremely small fol9—

11 and 13 and slightly larger for dyel2 with
longer polymethine chain. Second, the monomeric
CD bands, which appeared upon the complexation,
are positive, not negative. The absence of remark-
able fluorescence of the bound oxonols might be
explained by large free volume within the binding
sites of HSA sufficient for free intramolecular
motions of dye molecules leading to fast non-
radiative deactivation. However, this explanation
seems to be unlikely, because the relatively intense
CD bands of complexed oxonols indicate rather
strong distortion of their molecules in the binding
sites, which points to the restricted free volume
around the complexed dyes. Furthermore, even
much bulkier oxonol12, which has to suffer
stronger motion restrictions in the binding sites,
does not exhibit highb, with HSA. A more likely
reason for lowd, is the quenching of the excited
oxonols by water contained in the protein interior.
This could occur by means of hydrogen bonding
between excited dyes and water molecules involv-
ing negatively charged oxygen atoms of the dyes
and can be deduced from a comparisordoffor
oxonols in water and in other polar solvents:
whereas®, in MeCN, while very small, is meas-
urable(for 9 and 10 @, approx. 102 [35]), those

in water fall down to zero(<10 %). Similar
fluorescence quenching by water was observed
earlier for big4-(dimethylamingphenylsquaraine,
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whose molecule also contains negatively charged (especially more hydrophobié and 7) exhibit

oxygen atomg36]. High association constanfs

of oxonols could be explained, apart from electro-
static and hydrophobic interactions, by the contri-
bution of hydrogen bonding between dye oxygen
atoms and NH groups of the protein. Such bonding
has been also found for hypericin—HSA complex,
which occurs between the carbonyl oxygen of
hypericin and the NH group of the HSA tryptophan
residue[37].

Anionic tetracyanopolymethines exhibit lowgr
than oxonols possibly because they cannot form
strong hydrogen bonds with HSA. The quenching
of their fluorescence by water is essentially absent
(®, for 15 in water and acetonitrile is 0.029 and
0.019 [35], respectively and an appreciable rise
of @, upon complexation with HSA is observed.
Even at neutral pH tetracyanopolymethines exhibit
partial aggregation on HSA reflected in the char-
acteristic CD spectra. The monomeric tetracyano-
polymethines bound to HSA show no CD signal
(no chiral deformations probably due to the
relatively small size of their molecules. Growing
total positive charge of HSAby decreasing pH
leads to strengthening electrostatic interactions
between HSA surface and oxonols or tetracyano-
polymethines, which stimulates strong aggregation
of the dyes on HSA. Strengthening hydrophobic
interactions(due to an increase in hydrophobicity
of the dyes also stimulates their aggregation on
HSA surface. The extensive aggregation is often
reflected in the loss of an isosbestic point in the
dye absorption spectr@f it was initially presen}
and appearance of the biphasic CD signal.

In contrast, CD signals were not observed for
the dyes incorporated in normal and reverse
micelles, which is consistent with achiral frame-
work of the dye molecules in the micelles.

The data obtained do not present enough infor-
mation on the HSA sites binding polymethine
dyes. SmallK values found for cationic thiacar-

bocyanines show that these dyes do not incorporate

into high affinity sites of HSA. Weakness of the
CD bands observed upon their complexation sug-
gests that the bound dyes are located far from
protein chiral centers. Hence, the binding for cat-
ionic thiacarbocyanines could occur on the super-
ficial regions of HSA. Anionic thiacarbocyanines

higher K and more intense CD signals, which are
consistent with penetratiofat least partial of
these dyes into the HSA sites with stronger bind-
ing. Anionic oxonols having the highektand CD
bands apparently penetrate into the interior of HSA
molecule, namely into the sites of high affinity
(probably into two binding sites in the subdomains
[IA and llIA available for complexation of rela-
tively small aromatic or heterocyclic compounds
[38]). This could explain the presence of two
complexation modes found for dy@&(see above
The analogous dydO interacts only with one
binding site of HSA, possibly, due to its larger
size.

5. Conclusions

Polymethine dyes bind non-covalently to HSA
with various affinity and the association constants
ranging from 16 to(5-6)x10” M~*. Cationic
thiacarbocyanines exhibit the lowekt and very
weak CD signals, which points to a location of
the dyes far from chirality centers and high affinity
binding sited(possibly in superficial area of HSA
Anionic thiacarbocyanines with sulfonate groups
show much stronger association with H3And
more intense CD signal probably, due to their
bipolar structure and interaction with both positive
and negative charges of HSA. Binding aso-
substituted anionic thiacarbocyanines to HSA
results incis — trans isomerization and, as a con-
sequence, appearance of dye fluorescence. The
completecis — trans conversion and intense fluo-
rescence of therrans isomers formed indicate
strong electrostatic field in the corresponding bind-
ing sites. Anionic oxonols strongly bind to HSA
(due to tentative contribution of hydrogen bond-
ing), showing the highesk and CD bands. The
aggregates formed by the dyes alone in agueous
solutions are decomposed in the presence of HSA;
the binding to HSA is often accompanied by dye
aggregation on HSA, which can exhibit the char-
acteristic excitonic CD spectra.
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