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The three dyes with similar fluorescence properties but different lipophility—azacrown- and di-
methylamino-substituted ketocyanines—are proposed as probes for the studies of biomembrane
structure and dynamics. Their attractive feature is an extremely strong solvatofluorochromism,
covering the range from 470 to 650 nm. Two photophysical mechanisms are responsible for these
features, the general polarity effect associated with substantial increase of the probe dipole moment
on electronic excitation and the excited-state stabilization due to hydrogen bonding to the central
carbonyl groups. On the binding of these probes with erythrocyte membranes, three components
in fluorescence spectra are resolved. They are attributed to probe molecules bound in two discrete
types of binding sites inside the membrane: hydrophilic polar sites, in which carbonyl groups of
the probes molecules are hydrogenbonded with hydrogen donor surrounding, and hydrophobic non-
polar sites. The third component present in the emission spectra was attributed to the unbound
probe in the near-membrane aqueous phase. Our results suggest that such a complex response of
the probes is sensitive to the dynamics of hydration of the membrane interior, and this feature can
be easily studied in simple ratiometric measurements. Among three studied compounds containing
two crown-, two dimethylamino-, or both crown- and diethylamino- substituents, the latter proves
to be most prospective in biomembrane research. This probe was tested in monitoring the phase
transition of human erythrocyte membrane.

KEY WORDS: Fluorescent probes; ketocyanines; hydrogen bonding; protolytic interactions; erythrocytes;
biomembranes; lipid bilayer phase transitions.

INTRODUCTION of applying the probes with highly selective binding to
cellular organelles, substructures, and biomembranes.
Widening the arsenal of molecular probes, potentiallyFluorescence techniques are very popular in various
available for investigating the structural, dynamic, andfields of molecular and cellular biology. Their advantages
electrostatic properties of biological membranes, can beare high sensitivity, relative simplicity in methodology,
useful for understanding the complicated mechanisms ofand convenience in forming the image in cytological and
their functioning [1–3]. Promising in this respect arecellular studies. The latter is largely due to the possibility
ketocyanine dyes and their azacrown-substituted deriva-
tives, which possess a number of important features—a
relatively high molar absorption, over 50 000 l/(mole?1 Institute for Chemistry at Kharkov V.N. Karazin National University,

4 Svobody sqr., 61077 Kharkov, Ukraine. cm), reasonably high fluorescence quantum yields; and,
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01033 Kyiv, Ukraine
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kharkov.ua cover nearly the whole range of visible spectrum, from
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blue-green to red [8–14]. Introduction of azacrown sub- practically the same as those for the corresponding non-
complexed compounds [4,6]. Thus, possible interactionstituents can modulate the probe solubility and mem-

brane-binding properties. In addition, these substituted with metal ions and protons must not significantly affect
the fluorescent properties of the probes I–III at theirprobes can chelate alkali and alkali earth cations, which

offers prospects for studying the binding of ions on the binding with cell membranes.
Electronic absorption spectra were measured on asurface of biological membranes [4–7].

The formulas of crown- and dialkylamino-substi- Hitachi U3210 spectrophotometer. Spectrofluorimetric
studies were conducted on Hitachi F4010 spectrofluori-tuted ketocyanines, which are the object of our work, are

presented below. Here I is 1,3-bis-[4-(N-aza-15-crown- meter in the standard 1-cm quartz cells in a thermostati-
cally controlled cell holder at 258C. No absorption of the5)-benzylidene]-cyclopentanone-2; II is 1-[4-(N-aza-15-

crown-5)-benzylidene],3-[4-N,N-diethylamino-ben- studied dyes on the quartz surface was determined at our
experiments with water sucrose solutions both with andzylidene]-cyclopentanone-2 and, III is 1,3-bis-[4-N,N-

diethylamino-benzylidene]-cyclopentanone-2: without cell membranes suspension. Fluorescence spectra
were presented in energy-proportional wavenumber scale
(the intensity was expressed in a number of quanta per
unit wavenumber range). In all our biological experiments
I–III fluorescence was excited at 460 nm. Fluorescence
quantum yields (wf) in homogeneous organic solvents
were calculated in respect to solution of quinine bisulfate
in 0.5 M aqueous sulfuric acid (wf 5 0.546 [19], l* 5
380 nm).

Numerical smoothing of the measured emissionMATERIALS AND METHODS
spectra (which was always made in order to minimize
the experimental noise) was conducted according toErythrocyte membranes free from hemoglobin (the

so called “erythrocyte ghosts”) were isolated according Savitzki and Golay [20]. In some necessary cases numeri-
cal differentiation was made by the same method.to common technique [15]. Protein concentration was

studied by the Lowry method [16]. In our studies of probe Mathematical separation of individual bands in fluo-
rescence spectra was performed by the computer programbinding, the membrane suspensions in 0.29 M aqueous

sucrose solution were prepared with a constant protein specially developed in our research group, which uses
iterational non-linear least squares method based on theconcentration of 0.5 mg/mL (6?10213g of proteins and

5?10213g of lipids in the membrane of a single erythro- Fletcher-Powell algorithm. The shapes of individual
emission bands were approximated by log-normal func-cyte).

The synthesis of mono- and bis-azacrown-substi- tion [21], which in contrast to usually applied Gauss or
Lorentz functions accounts for the natural asymmetry oftuted probes of the ketocyanine class (I and II ) and also

of model dimethylamino derivative (III ) is described spectral band [Eq. (1)]. Below vmax—position of the band
maximum (cm21); Imax—intensity of the band in its maxi-elsewhere [4,6,7]. Protonation of dialkylamino groups of

the studied probes take place at pH 2–3 [4,5]; thus we mum; H—half-width (cm21), the width of the band at
the half of its intensity; r—asymmetry parameter. A,consider our compounds in aqueous sucrose solutions

(pH 5.5–6.5) and at their sorption into cell membranes B, C—internal parameters, introduced to simplify the
presentation of Eq. (1). For fluorescence bands 0 , r ,to be in their unprotonated form. The same conclusion

also could be made concerning their interaction with 1, and usually r values are greater than 0.5. In contrast,
absorption bands are usually characterized by r . 1.metal ions present in the near-membrane layers. Com-

plexation of the dyes I and II by their azacrown moieties Function I(v) does not exist at v . A for fluorescence
spectra and at v , A for absorption spectra. Thewith alkali earth metal cations in acetonitrile takes place

at concentrations of 0.01 M and higher [6]. Effectivity absorption/emission intensity for these spectral regions
was considered as equal to zero.of complexation with alkali metals is much lower. We

expect that the concentration of the residual metal ions
in the cell membrane surrounding is lower in our experi-
ments. Moreover, ejection of metal ions out of the aza-

I(v) 5 Imax ?
B

v 2 A
? exp 12

C2 1 ln2 1v 2 A
B 2

2C 2crown cavity of azacrowned complexes at electronic
excitation [17,18] compensates the effect of complexation
onto their fluorescence properties and makes the latter
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was made for the concentrations of added ethanol below
A 5 vmax 2

r ? H
r2 2 1 1 M, for which interdigitation is still not important; sec-

ond, no characteristic sigmoid inflections, which must
indicate the changes in the erythrocyte membranes struc-B 5

r ? H
r2 2 1

? exp(C ) (1)
ture induced by alcohol, were observed on the concentra-
tional curves of the probes I–III. However, we could not

C 5
ln2 (r)
2 ln 2 exclude to the end the effect of interdigitation of the

erythrocyte lipid bilayer onto the studied ketocyanines
fluorescence response at the highest amounts of the addedParameters of log-normal functions (position of the

maximum, vmax , half-width H, and asymmetry r) were ethanolic solutions.
So far as we assume the binding of our probes to twofitted by iteration procedure of non-linear least-squares

method up to assessment of the maximal correspondence different binding sites on the membrane (see discussion
below), we have to take into account two following equi-between the experimental and simulated spectra. Band

intensities at their maxima, Imax , were determined by libria:
solution of the so-called “over-determined” system of

L 1 M1 } (L ? M )1 L 1 M2 } (L ? M )2linear equations by the linear least squares method. For
the account of fluorescence emission of the probe mole- Here L is the equilibrium concentration of the unbound
cules distributed in the aqueous phase, the experimentally probe, M1 and M2 are the concentration of free binding
determined emission spectra in the aqueous sucrose solu- sites on membrane, and L?M1 and L?M2 are the concentra-
tion (of the approximately the same initial concentration tion of the probe molecules bound to membrane at the
of the probe) were introduced additionally into an itera- binding sites M1 and M2. To use the fluorescence data
tion procedure in their numerical representation. Thus, for estimation of binding constants we have to assume
for deconvolution of our experimental spectra we had the concentration of free binding sites to be the difference
to vary in the non-linear least squares scheme only six in concentration of the probe in each binding site at
parameters, which determine the shape of two emission conditions of their saturation by the added probe: M1 5
bands, rather than calculate intensities of three bands by LM1

max 2 LM1 and M2 5 LM2
max 2 LM2 ? LM1

max,
the direct linear method (both these types of calculation LM2

max mean the maximal reachable contents of the
were included into the same computer program). Varia- probes in both binding sites; these values could be approx-
tion of the emission bands shape parameters during all imately evaluated from the saturation points on the con-
our experiments do not exceed a band maxima of 2–3%, centrational plots, presented on Fig. 3. Binding constants
band half-width of 7–9%, and asymmetry of 3–5%. could be estimated by the following equations (further

For estimation of the number of every elucidated assuming the probe concentration to be proportional to
type of binding sites for the probe on the membrane its fluorescence response cprobe , If /(wf εl*):
and of the corresponding binding constants the following
approach was used. If we add sequentially small amounts K1 5

[LM1]

[L] ? [M1]
5

[LM1]

[L] ? [LM1
max 2 LM1] (2)(10 mL each) of relatively concentrated ethanolic solution

of fluorescent probe to the cell suspension (2 mL of
K2 5

[LM2]

[L] ? [M2]
5

[LM2]

[L] ? [LM2
max 2 LM2]

0.29 M aqueous sucrose 1 0.1 mL of initial membrane
suspension, thus total amount of added ethanol at the
highest concentrations did not exceeded 10–12%vol), the To recalculate fluorescence intensities into concen-

trations the quantum yields (wf) and molar extinctions ofprobe would bind to the appropriate sorption zones and
change its emission properties depending on the interac- the probes at the excitation wavelength (εl*) must be

determined. The latter parameters were roughly estimatedtion with its nearest molecular surrounding. Addition of
alcohol might cause the lipid bilayer interdigitation for the model conditions, for solvents possessing the polar

properties close to those of the given binding sites (tolu-[22,23], which could change dramatically the biophysical
properties of cell membrane. For some synthetic phospho- ene and isopropyl alcohol, see discussion below). Thus,

a total amount of the added probe, L0, redistributeslipids, interdigitation happens at addition of 0.8–0.9M
ethyl alcohol [24]; for erythrocyte membranes the etha- between two types of binding sites and the aqueous phase:

L0 5 L 1 L ? M1 1 L ? M2. Taking into account that atnol-induced damages were detected at ethanol concentra-
tions near 2.2 M [25]. In our case this effect seems to low probe concentrations the fluorescence intensity is

proportional to molar concentration, molar extinction athave minor influence because of two considerations: first,
most of our quantitative treatment of experimental data the excitation wavelength, and quantum yield of the fluo-
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rescent compound, I f , cM ? wf ε*, one can write: L0 5 of the polarity and total hydrogen bonding ability of their
surrounding. Having practically the same chromophorica?(Iaq /waq/ε*aq 1 I1 /w1/ε1* 1 I2 /w2 /ε*2). Here a is the

instrumental constant, which is necessary to convert fluo- unit, these molecules are close one to another by their
spectral parameters. Our study of their spectral propertiesrescence intensity into concentration. The latter can be

determined for the concentrational ranges of the probes in pure and mixed solvents [5,28] has shown they could be
rather good models for the probes in biological systems.that were applied in our experiments, in which the a

value remains unchanged within the experimental error Basing on the above-mentioned results, we could expect
the positions of the fluorescence maxima of the probes(roughly 6 10–25%). Finally, the equations for binding

constants (2) can be presented in the following way: at their location in the low-polar zone of the lipidic hydro-
carbon chains not to exceed 500 nm, such as in toluene-
hexane mixtures. At location of the probes in close contactK1 5

I1

a ? Iaq /waq /εaq ? (I max
1 2 I1) (3) with the esteric glycerol or phosphoric acid residues, their

emission must be shifted toward 530–560 nm, such as in
K2 5

I2

a ? Iaq /waq /εaq ? (I max
2 2 I2)

the toluene-triacetin mixed-solvent system. When water
molecules appear in such a zone, no considerable change
in the fluorescence spectra is expected, rather, only aThe number of binding sites could be estimated
slight increase in the emission intensity and furtherroughly from the maximal values of fluorescence intensit-
batofluoric shift to 580 nm (model solvent system ofies of the probe, that are reached at saturation of the
toluene-alcohol mixtures with alcohol contents below 10correspondent binding sites:
mole/L; pure isopropyl alcohol solution displays nearly

N1 5 a ? I1
max /w1 /ε1* N2 5 a ? I max

2 /w2 /ε*2 (4) the same emission characteristics). At increasing of protic
component contents from 10 to 55 mole/L (such as in

Concentration-dependent quenching of the probe
toluene-methanol and acetone-water mixtures), we regis-

fluorescence, inner-filter and reabsorption effects [26],
tered considerable decrease in our probes emission inten-

and the effect of ethanol at its highest contents onto the
sity. The possible reasons for such behavior have been

erythrocyte membrane structure [22–25] could result in
the subject of intensive study during recent years

distortion of the results, obtained by the above presented
[9,12,13,29]. However, no widely accepted clarification

scheme. Therefore here we would like to emphasize once
of this behavior has been elaborated. The noticeable red

more that the determination of binding constants was
shift in emission (to 660 nm in water sucrose) is observed

conducted at the lowest available concentrations of the
for probes in highly proton donating surroundings.

added probes (1 4 2 ? 1026 M for I, 3 4 7 ? 1026 M for
So, the dramatic dependence of the studied ketocya-

II, 6?1027 M for III).
nine probes’ spectral properties allows us, from one side,
to elucidate the predominant location of the probe mole-
cules inside the membrane, and, from another side, to

RESULTS AND DISCUSSION monitor the changes in the nature of the closest sur-
rounding of our probes at definite changes in the structure
of the membrane caused by several “external” factors.Biological cell membranes are rather complex and

inhomogeneous by their internal construction. The eryth- Moreover, usage of the probes with close spectral parame-
ters but different lipophility allows us to collect additionalrocyte (red blood cells, RBC) membrane, which was

selected for study in this paper, could be approximately information concerning the properties of the membrane
zones, which differ by their polarity and hydration extent.classified as consisting of several zones different by their

polarity and hydration extent: the zone of lipidic long- For the application of our probes in biomembrane
studies we need primarily to establish the number andchain fatty acid tails, esteric residues zone (both acyl-

glycerol and phosphate), and the zone of glycoproteins, affinity of binding sites and thus to respond to the question
of how the probes interact with the membranes. Oura highly hydrated layer at the surface of the biomembrane

[27]. The first two zones belong to the inner lipid layers preliminary study has shown the very weak interaction
of our probes with proteins: practically no differenceof the bulk of the membrane and are of nearly 30 Å in

width. The other is the marginal zone between the lipid in fluorescence intensity, position, and shape of I–III
emission spectra was found for water solutions containingmembrane and surrounding water phase, and its width

might be roughly estimated as ,100 Å [27]. human serum albumin in respect to corresponding water
sucrose solutions. Contrary to the above observations,Fluorescent probes of the ketocyanine series (I–III )

possess spectral properties that allow reliable evaluation significant improvement of fluorescence ability in lipo-
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somic surroundings was detected for I–III, where their
emission intensity increased 1–2 orders of magnitude.
Thus, we consider our fluorescent dyes as predominantly
lipid probes and practically insensitive to proteins.

From the analysis of structural formula of com-
pounds I–III, these probes should differ substantially
in their lipophility. The empirical estimate of a widely
employed lipophility parameter, the logarithm of the dis-
tribution constant in the system octanol-1—water (logP),
determined by the additive scheme [30,31] resulted in
the following data: logP 5 2.99 for I, 5.43 for II, and
5.74 for III. Thus, based on the obtained logP values,
we expect all our probes will readily penetrate into lipid
membrane; however, their location will be different sites
of membrane.

The fluorescence spectra obtained on sequential
addition of the small amounts of the probes dissolved in
ethanol to a suspension of erythrocyte membranes in 0.29
M aqueous sucrose solution are presented in Fig. 1. All
the emission spectra are significantly broadened in com-
parison with that measured in pure organic solvents or
in their mixtures, and occupy nearly the whole visible
region. They present a complex emission of the probe
located in multiple binding sites of different polarity
inside the membrane, and include emission from the near-
membrane water phase, as well. The shape of the spectral
curves and positions of the maxima differ for every stud-
ied probe. However, the obtained data show that over-
whelming quantities of the probes penetrate into the
membrane. This follows from the near 10 times higher
emission intensity of the probes in the presence of mem-
branes than in their absence. A definite exception is the

Fig. 1. Fluorescence spectra of the probes I–III at their binding withless lipophilic probe I, which at higher concentrations
erythrocyte membranes. Concentrations of the probes added to suspen-than 2.5 ? 1026 M (spectrum 11 at Fig. 1a) distributes
sion of membranes: I: 1 5 2.38 ? 1027, 2 5 4.73 ? 1027, 3 5 7.06 ?preferably into the water phase. Emission intensity of the
1027, 4 5 9.37 ? 1027, 5 5 1.16 ? 1026, 6 5 1.39 ? 1026, 7 5 1.61 ?

probe I in membrane reaches saturation at these concen- 1026, 8 5 1.84 ? 1026, 9 5 2.06 ? 1026, 10 5 2.27 ? 1026, 11 5 2.49 ?
trations, as can be seen from the data of Fig. 1 (and more 1026, 12 5 2.7 ? 1026, 13 5 2.91 ? 1026, 14 5 3.12 ? 1026, 15 5

3.53 ? 1026, 16 5 3.74 ? 1026, 17 5 3.94 ? 1026, 18 5 4.34 ? 1026,clearly in Fig. 3).
19 5 4.53 ? 1026, 20 5 4.92 ? 1026, 21 5 5.48 ? 1026, 22 5 6.03 ?Let us start our consideration of the interaction of
1026 Mole/L; II: 1 5 4.9 ? 1027, 2 5 9.73 ? 1027, 3 5 1.45 ? 1026,

I–III dyes with biomembranes from the most lipophilic 4 5 1.92 ? 1026, 5 5 2.4 ? 1026, 6 5 2.96 ? 1026, 7 5 3.32 ? 1026,
among them, probe III. For this compound, two satisfac- 8 5 3.78 ? 1026, 9 5 4.23 ? 1026, 10 5 4.67 ? 1026, 11 5 5.12 ? 1026,

12 5 6.0 ? 1026, 13 5 6.42 ? 1026, 14 5 6.85 ? 1026, 15 5 7.7 ? 1026,tory resolved bands seem to be present in its fluorescence
16 5 8.1 ? 1026 Mole/L; III: 1 5 4.42 ? 1028, 2 5 2.83 ? 1027, 3 5spectra. An example of deconvolution of the total fluores-
4.22 ? 1027, 4 5 5.6 ? 1027, 5 5 6.97 ? 1027, 6 5 8.52 ? 1027, 7 5cence spectrum of probe III into individual emission
9.66 ? 1027, 8 5 1.1 ? 1026, 9 5 1.23 ? 1026, 10 5 1.36 ? 1026,

components is presented in Fig. 2c (together with the 11 5 1.49 ? 1026, 12 5 1.62 ? 1026, 13 5 1.74 ? 1026, 14 5 1.87 ?

analogous deconvolution examples for the other probes). 1026, 15 5 1.99 ? 1026 Mole/L. Spectra for this compound, in which
intensity decreases with the increase of the probe concentration, pre-Positions of two main emission bands are close to the
sented in broken lines.corresponding fluorescence spectra in toluene and isopro-

pyl alcohol (Table 1). The intensity of emission of III
from the aqueous phase is very low and increases only
at higher contents of the added probe.
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Table I. Fluorescence Parameters of the Probes I-III Bound to Erythrocyte Membranes and Correspondent Data for the Prototype Model Solvents
(Positions of Emission Bands Maxima, Quantum Yields, and Extinctions on the Excitation Wavelength, 460 nm), Which Were Used for Estimation

of Their Binding Ability With the RBC Membrane

Emission of the probes absorbed
on erythrocyte membranes Prototype solvent

Compound vmax , cm21 (lmax , nm) v f
max, cm21 (lmax, nm) wf ε*460 1 ? mole21 ? cm21

I Non-polar zone (1) 19760 (506) Toluene 19260 (519) 0.18 77000
Polar zone (2) 16540 (605) Isopropyl alcohol 16540 (605) 0.45 64000
Water Phase 15320 (652) Aqueous sucrose 15320 (652) 0.015 62000

II Non-polar zone (1) 19080 (524) Toluene 19240 (520) 0.18 68200
Polar zone (2) 16700 (599) Isopropyl alcohol 16900 (592) 0.38 55300
Water Phase 15640 (639) Aqueous sucrose 15640 (639) 0.010 47500

III Non-polar zone (1) 19340 (517) Toluene 19340 (517) 0.11 58900
Polar zone (2) 17040 (587) Isopropyl alcohol 16980 (589) 0.26 59000
Water Phase 15820 (632) Aqueous sucrose 15820 (632) 0.011 53400

In our opinion, this suggests the presence of two binding of III with erythrocyte membranes (,11 kcal/
mole) in the studied series of ketocyanine probes alsotypes of binding sites, which are distinguished by interac-

tion of probe molecules with the environment. These sites evidences about the mostly hydrophobic type of interac-
tion of these probe and erythrocyte membrane in themay differ in polarity and ability to form hydrogen bonds

with probe carbonyl groups [28]. Thus, the short-wave- discussed case [32]. Two other probes binding with RBC
ghost membranes was characterized by DG ,7–9 kcal/length band (517 nm) probably corresponds to the probe

buried more deeply into the hydrophobic inner-layers of mole.
The lipophility parameter of probe II is lower thanthe membrane, while the long-wavelength band (587 nm)

may correspond to the probe molecules localized in more that of probe III, because of highly hydrophilic azacrown
moiety present in this molecule. The change in the charac-polar membrane areas. Besides higher polarity, higher

hydration and/or the presence of other donors of hydrogen ter of the probe II binding is easily revealed by the
difference in its fluorescence spectrum in the membranebond probably characterizes the last type of binding sites.

The dependence of relative fluorescence intensity of suspension (see Fig. 1b) compared to that of probe III.
In the case of II the necessity to account the emissionprobe III on concentration reaches saturation at concen-

trations near 1 ? 1026 M and then decreases noticeably, of the unbound probe in the solution arises dramatically
(Figs. 1b and 2b). As expected, the magnitude of thisprobably as a result of an efficient concentrational fluores-

cence quenching in the binding sites at the conditions of third component in the emission spectra of II on cell
membrane linearly increases its intensity at the increasetheir saturation (Fig. 3c). This must not be due to the

added alcohol effect on the membrane structure because of total probe concentration. It becomes especially
important, when the binding sites in the membranetotal alcohol contents in the membrane suspension is

relatively low in the discussed case. Because compound become occupied, and the probe molecules are accumu-
lated mainly in near-membrane aqueous sucrose solution.III has the highest lipophility parameter of the probes

studied, this suggests that the probe surrounding is mostly The results of deconvolution of spectra II evidences
also that there are two distinct types of binding sites inhydrophobic. Also the binding constants (estimated with

the help of data for model solvents; see Table 1) in this the membrane as well. The short-wavelength band (524
nm) corresponds by its position to fluorescence spectrumcase are much higher then for the other studied com-

pounds. Application of the procedure, described in the in low-polar medium, which is probably close by its
polarity to toluene. The long-wavelength band (599 nm)Materials and Methods section to the emission data of

III on erythrocyte membranes results in the following corresponds to emission spectrum in relatively polar pro-
ton-donor medium because it is close to position of thebinding constant values for non-polar and polar hydrated

sites: K 2
III 5 (2.8 6 1.1) ? 108 and K2

III 5 (1.6 6 0.5) ? spectrum in isopropyl alcohol. The intensity of the second
band is higher, which might witness for preferential bind-108 mole28. Also the number of these two types of binding

sites could be roughly estimated for III as N1
III 5 ing of probe II in more polar and hydrated areas of the

RBC membrane. The estimated binding constant for the600 and N2
III 5 230 nanomole/mg of lipids correspond-

ingly. Highest DG values (DG 5 2RT ? lnK ) for the polar binding site, K2
II 5 (2.1 6 0.6) ? 105 mole21 is
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probe II with the polar part of the membrane is character-
ized by lowest K2

II and highest N2
II values within the

studied series. A significant number of binding sites allow
suggesting that the probe is located at the polar interface
between the lipid bilayer and water. In view of strong
asymmetry of this molecule and the presence in it of the
well-distinguished hydrophilic and lipophilic parts, we
can assume its orthogonal orientation toward the mem-
brane surface with hydrophobic part immersed into mem-
brane bilayer and the azacrown group exposed to aqueous
medium. In this orientation the association with mem-
brane is easier and the number of binding sites is greater.
Relative contribution of these two types of binding sites
may change as a result of action of different factors
changing the membrane structure and internal dynamics.
Thus, taking into account relatively higher emission
intensity among the studied compounds, compound II
appears to be a very promising membrane probe sensitive
to the processes occurring on the membrane surface.

Probe I is the most hydrophilic of the studied com-
pounds. Its fluorescence spectra witness that this probe
binds preferentially with the biomembrane surface: the
intensity of a low-wavelength emission band is much
lower in comparison to the long-wavelength one (Fig.
1a–3a). However, because of its higher solubility in water,
a significant amount of the probe added to the erythrocyte
membrane suspension remains unbound (Fig. 3a). For
probe I, similarly to the other probes, the short-wave-
length component in the fluorescence spectrum (506 nm)
is observed due to emission of probe molecules bound
at hydrophobic binding sites, but at low intensity and
only at low probe concentrations. On increase of the

Fig. 2. Examples of mathematical deconvolution of fluorescence spec-
probe content, this component hides under the more inten-tra of probes I (1.39 ? 1026 Mole/L, spectrum 6 in figure 3a), II (3.32 ?
sive bond belonging to the probe bound to membrane1026 Mole/L, spectrum 7 in figure 3b), and III (1.36 ? 1026 Mole/L,

spectrum 10 in figure 3c) at their binding with erythrocyte membrane surface, and, to a larger extent, to the probe distributed
(1 5 experimental spectrum, 2 5 emission of probe, bonded to the in aqueous phase as well. Numerical data, which charac-
non-polar binding site, 3 5 emission of probe, bonded to the polar terizes this probe binding to membrane, are the following:
hydrated binding site, 4 5 emission from aqueous phase, 5 5 sum of

K1
I 5 (4.0 6 1.5) ? 106 mole21, N1

I 5 80 nm/mg ofthe spectral curves 2, 3 and 4; normally they differ very little from the
lipids; K2

I 5 (2.2 6 1.1) ? 106 mole21, N2
I 5 100 nm/initial experimental spectra).

mg of lipids. Owing to the fact that compound I does
not penetrate substantially inside membrane layers, it
provides less promising prospects for use in the investiga-nearly 10 times lower in comparison to that of non-polar

site, K1
II 5 (2.2 6 0.6) ? 106 mole21. Thus the mentioned tion of membrane properties and dynamics of intermem-

brane processes; however its use for investigation ofdifference in the intensities of two emission bonds of
II absorbed on membrane could be connected with the membrane surface seems to have definite prospects.

To demonstrate the principle applicability of ourdifference in the number of binding sites (N1
II 5 620

nanomole/mg of lipids for non-polar and N2
II 5 850 probes to study the biomembrane structure and dynamics,

we have attempted to monitor the phase transition insidenanomole/mg of lipids for hydrated sites) and also in the
significant increase of the unbounded probe content in the lipid bilayer of RBC membranes with the help of

probe II. It is commonly accepted that biological mem-the aqueous phase.
Analysis of the number of binding sites and associa- brane phospholipids, which form its lipid bilayer, could

exist in two alternative conditions [33,34]: in solid geltion constants demonstrates that the interaction of the
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Fig. 4. Fluorescence of the probe II (,1 ? 1026 Mole/L) absorbed into
erythrocyte membrane in the temperature range 12–258C (above) and
the example of the spectrum deconvolution into its components for the

Fig. 3. Fluorescence of probes I–III, absorbed on erythrocyte mem- temperature of 258C (1 5 non-polar zone, lmax 525 nm, 2 5 polar
branes in respect to the total concentration of the added probe: 1 5 hydrated zone, lmax 600 nm; emission from the water phase was low,
emission from the non-polar binding site (solid circles), 2 5 from the it is not shown). Plot of this probe integrated fluorescence intensity
polar hydrated site (crosses), 3 5 from the water sucrose phase (open from the hydrophobic zone (3) and from the hydrated zone (4) together
circles). Curved lines were drawn through the experimental data points with their ratio (5, doubled) as a function of temperature (below). Sharp
with the help of “smoothing spline” procedure. intensity ratio jump at the temperature of lipid bilayer phase transition

is clearly seen at ,188C.

phase and in liquid crystalline phase: The first is charac-
terized by more rigid alignment of lipid hydrocarbon cence with nearly the same efficiency was found for this

probe absorbed both into the inner non-polar bindingchains, whereas increased internal flexibility is typical to
the other phase. Correspondingly, the solid gel phase zone and into the closer to surface polar hydrated zone.

However, in the last case the quenching efficiency hadexists at lower temperatures and the liquid crystalline
phase at higher ones. Phase transition takes place in a being somewhat accelerated at the temperature close to

the expected phase transition. The latter circumstancesmall temperature range, which has been elucidated for
human erythrocytes by several authors with various phys- was more clearly displayed, when intensity ratio Inon-polar /

Ihydrated is plotted against temperature. The jump in thisical methods, between 16 and 208C. Thus, the Raman
spectroscopy data gave a value of 178C [35]; the viscosity ratio at 188C was rather sharp; however, to our under-

standing, it exceeds the usual noise level. This is analo-changes study, 18–198C [36]; 31P NMR data, 208C [37];
positron annihilation, 16–188C [38]; spin label study gous to the “sharp jump” of fluorescence response and

restoration of the initial signal level after passing the188C [39]; fluorescence probing utilizing the photodisso-
ciation of 1-naphthol 198C [40]. transition temperature in nearly the same narrow tempera-

ture range as was reported for studying the erythrocyticThe results of our temperature measurements are
presented in Fig. 4. Temperature quenching of fluores- lipids phase transition with the use of 1-naphthol as fluo-
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rescent probe [40]. Our results are also in rather good nents are very similar, and the most marked difference
is observed in their relative contribution to the total fluo-agreement with those reported by another authors cited

above [35–39]. rescence response.
In the present study we were not able to give detailedProbably, at phase rebuilding of the erythrocyte lipid

bilayer, the penetration of water molecules into the near- characteristics to the discrete probe binding sites in eryth-
rocyte membrane. It is highly probable that these sitessurface esteric zone of the latter became more pro-

nounced. This might result in the temporary acceleration differ by their access to the probes molecules by intercel-
lular water. Depending upon the site they can penetrateof fluorescence quenching of the definite fraction of probe

II, localized in this area of the membrane. No sharp or not penetrate, and whether they can bind or not bind
with the carbonyl group of the probe, this probably thedisturbance in the smooth temperature-quenching plot for

the probe in deeper non-polar zone was detected. After origin of discrete spectroscopically resolved forms of the
ketocyanine probes bound to cell membrane. It is knownphase rebuilding is finished, the initial value for the dis-

cussed intensity ratio is restored. that water is not an integral component of biological
membranes; its penetration into membrane is dynamic,Our observations allow us to conclude that the fluo-

rescence intensity ratio measured for the ketocyanine so our probes should be primarily tested for their sensitiv-
ity to dynamic properties of cell membranes and corre-probes absorbed into the cell membranes could be used

as a sensitive indicator for the changes in biomembrane lated with other parameters characterizing these
properties, in particular, with membrane fluidity. It isstructure. This opens the possibility for creating analytical

methods not only for monitoring the above described essential that the studied probes offer a sensitive and
convenient feature of their fluorescence response—phase transitions, but also for the studying of any changes

in membrane internal construction by the influence of ratiometric measurement at two separated wavelengths.
Out of three studied probes, a mono-crown dibenzyli-various external damaging factors, such as X rays, laser

irradiation, hazardous chemicals, etc. dene-cyclopentanone derivative II is most promising
because of its amphiphilic properties and the highest num-
ber of the binding sites on the cell membrane. The suc-
cessful monitoring of the temperature-dependent phaseCONCLUSIONS
transitions in the lipid bilayer of human erythrocyte mem-
branes was conducted with the help of this probe.Azacrown- and dimethylamino-substituted ketocya-

nines display themselves as prospective probes for bio-
membrane studies, because their fluorescence spectra are
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