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Rhodamine 101 as a fluorescent probe for sensing haemoglobin conformational

changes at the lipid-water interface

Olga K. Zakharenko, Valeriya M. Trusova* and Galyna P. Gorbenko
Department of Biological and Medical Physics, V. N. Karazin Kharkov National University, 4 Svobody Sq., 61077 Kharkov, Ukraine

The spectral behaviour of the xanthene dye rhodamine 101 (R101) in model systems
containing haemoglobin (Hb) and liposomes from phosphatidylcholine (PC) and cardiolipin
(CL) was examined. Fluorescence parameters of R101 remained virtually unchanged in the
presence of liposomes, while in Hb—lipid systems the emission maximum of R101 exhibited a
hypsochromic shift coupled with fluorescence intensity changes. These effects were inter-
preted in terms of R101°s ability to form complexes with free and lipid-bound Hb, differing in
their spectral characteristics. It is proposed that R101 senses lipid-induced destabilization of
Hb structure, implicating protein unfolding and splitting of haem-globin bonds.
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1. INTRODUCTION

Fluorescence spectroscopy currently represents one of
the most powerful tools for elucidating structural features
of biological macromolecules and their assemblies [ 1-4].
In particular, this technique is highly informative regarding
the structural characterization of the complexes between
two major membrane constituents—proteins and lipids
[5, 6]. One problem encountered in such studies lies in the
correct differentiation of spectral signals pertaining to
lipid-bound and protein-bound states of the reporter
molecule. Most fluorescent probes exhibit preferential
binding to a lipid bilayer, and thus are inappropriate for
detecting conformational transitions of interfacially
adsorbed proteins. For this reason, there still exists a
strong need to look for new probes selectively sensitive to
lipid-induced changes in protein structure.

The present study has been undertaken to evaluate
the possibility of employing one representative of a large
group of xanthene dyes, rhodamine 101 (R101), as a
specific probe for reporting conformational changes of
membrane-bound proteins. In approaching this problem,
the spectral behaviour of R101 in the model systems
whose protein and lipid components were represented by
haemoglobin (Hb) and phospholipid vesicles (liposomes)
has been examined. Although Hb is not a membrane
protein, it avidly associates with lipids via electrostatic
and hydrophobic interactions [7—10]. To ensure varying
contributions of electrostatic and hydrophobic binding
components to the formation of Hb-lipid complexes,
liposomes were prepared from a mixture of zwitterionic
lipid phosphatidylcholine (PC) with anionic lipid cardiolipin
(CL) in the molar ratio 4:1.
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2. MATERIALS AND METHODS
2.1. Materials

Egg yolk phosphatidylcholine and beef heart cardiolipin
were purchased from Biolek (Kharkov, Ukraine). Both
phospholipids gave single spots by thin layer chroma-
tography in the solvent system chloroform:methanol:acetic
acid:water, 25:15:4:2 V/v. Horse haemoglobin (in the ferric
form) was from Reanal (Hungary), butylated hydroxytoluene
(BHT) was from Merck (Germany), thiourea (TU) was from
Sigma (USA) and rhodamine 101 was from Fluka (Switzer-
land). Toyopearl gel HW-60F was from Toyo Soda (Japan).
All other chemicals employed were of analytical grade.

2.2. Preparation of lipid vesicles

Unilamellar lipid vesicles composed of PC mixed with
20 mol% CL were prepared by the extrusion method [11].
Appropriate amounts of lipid stock solutions were mixed in
ethanol, evaporated under vacuum and then left under
reduced pressure for 1.5 h to remove any residual
solvent. The obtained thin lipid films were hydrated with
1.2 mL of 5 mM sodium phosphate buffer (pH 7.4) at
room temperature to yield a final lipid concentration of
10 mM. Thereafter lipid suspensions were extruded
through a 100 nm pore size polycarbonate filter (Nucleopore,
Pleasanton, Cal.). The phospholipid concentration was
determined according to the procedure of Bartlett [12].

2.3. Spectroscopic measurements

Fluorescence measurements were performed with a CM
2203 spectrofluorimeter equipped with a magnetically
stirred, thermostated cuvette holder (SOLAR, Belarus).
Fluorescence spectra of rhodamine 101 were recorded
at an excitation wavelength of 520 nm with excitation and
emission bandwidths set at 2 nm. The fluorescence
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intensity of the probe measured in the presence of Hb
was corrected for reabsorption and inner filter effects
using the following coefficient [13]:
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where Aexand A4¢m are the probe optical densities at the
excitation and emission wavelengths in the absence of
Hb, Az and A5n are the Hb optical densities at the
excitation and emission wavelengths. Protein concentration
was determined using the extinction coefficient €4y, =
1.4x10° M 'cm ™' per haem. The concentration of R101
was calculated taking the molar absorptivity of the dye as
€576 = 9.5%10° M'em™'. Stock solutions of R101 were
prepared in ethanol.

2.4. Deconvolution of fluorescence spectra

Individual emission spectra of R101 were analysed using
a nonlinear least-squares fitting routine based on the
Levenberg-Marquardt algorithm implemented in “Origin”
(version 7). After subtraction of the linear baseline the
spectra were deconvoluted into Gaussian components:
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where 4, w, and A stand for area, width and
maximum position of the ith component, respectively, and
m is the number of components. All fits give the minimum
number of components required to achieve a correlation
coefficient (R*) not less than 0.99. The reproducibility of
the curve fitting was verified by varying the starting

parameters.

2.5. Size-exclusion chromatography

Hb-liposome complexes and free Hb were separated by
size-exclusion chromatography on Toyopearl HW-60F gel.
Hb (26 uM) was incubated with liposomes (4 mM) at 25 °C
for 1 h and then 0.6 mL of this mixture was applied to the
column (20 x 1 cm) equilibrated with 5 mM sodium
phosphate buffer. Elution was carried out at 25 °C at a rate of
0.2 mL/min. The collected 1 mL samples were analysed for Hb
content by measuring the protein absorbance at 406 nm.

2.6. Dye-protein binding studies

Quantitative characteristics of R101 binding to Hb were
determined by analysing Hb-induced changes of the
probe fluorescence intensity at 596 nm. It was assumed
that the measured fluorescence intensity decrease (A/) is
proportional to the concentration of bound probe (B,):

Al =a.B. (3)
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where a. is a coefficient of proportionality. If one protein
molecule contains 7 binding sites for R101 the association
constant (K ) is given by:
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where P is the total protein concentration and F, is the
concentration of free dye. Eqns (2) and (3) can be
rearranged to give:
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Approximation of the experimental dependencies
AI(P) by eqn (4) allowed us to determine the binding
parameters (K, and n) through minimizing the function:

1 %
- heor _— €Xp)2
f= N 2, (Aljreor = ALPT) (6)
where Al and Altheor are the Al values measured
experimentally and calculated from eqn (5), respectively,
and W, is the number of experimental points.

3. RESULTS AND DISCUSSION

At the first step of the study we made an attempt to reveal
the lipid-associating properties of R101. As illustrated in
Fig. 1, the emission spectrum of this probe remained
virtually invariable upon addition of liposomes, suggesting
that either R101 does not associate with lipid vesicles or
its fluorescence parameters are insensitive to probe transfer
into the lipid phase. The latter assumption seems to be
rather realistic because fluorescence lifetime and quantum
yield of R101 are reported to be nearly independent of
changes in solvent characteristics and temperature [ 14, 15].
Such a property can be rationalized in terms of the early
“loose bolt” concept of Lewis and Calvin [ 16], suggesting
that flexible groups attached to chromophores are
capable of promoting nonradiative deactivation of the
excited state. The flexibility of the amino moieties has
been proposed to play an essential role in nonradiative
deactivation of rhodamine dyes [15, 17]. In contrast to
other xanthene chromophores, the amino groups of R101
are held rigidly by bridging carbon structures, thereby
rendering the dye only slightly sensitive to external influences.
Nevertheless, our further experiments conducted with
Hb-lipid systems proved to be suggestive of R101
sensitivity to changes in Hb conformational state.

As shown in Fig. 2, titration of the pre-incubated
R101-Hb mixture with liposomes resulted in marked
changes in the shape of the emission spectrum, suggesting
the existence of several spectral bands and enhancement
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Figure 1. Fluorescence spectra of rhodamine 101 in suspension

of PC/CL (20 mol% CL) liposomes. Shown in the inset is the

dependency of thodamine 101 fluorescence intensity at 596 nm
on lipid concentration. Probe concentration was 10 nM.

of the shorter-wavelength components with increasing
amounts of membrane-bound Hb. To explain this effect,
two hypotheses have been tested. The former relates to
the ability of Hb to induce lipid peroxidation [18, 19]
followed by the formation of highly reactive species
capable of influencing the spectral properties of R101,
while the latter implicates direct interactions between
R101 and Hb. To test the first hypothesis, fluorescence
measurements have been performed in the presence of the
antioxidants BHT and TU. The changes in R101 fluores-
cence in Hb-lipid systems were not suppressed by
antioxidants (Fig. 3). Hence, the first of the above proposals
can apparently be ruled out. Next, we evaluated the
direct interactions between R101 and Hb. As shown in
Fig. 4, titration of R101 with Hb was indeed accompanied
by progressive decrease of the probe fluorescence.
Approximation of the experimental Al,(P) dependencies
(Fig. 5) by eqn (5) yielded the following parameters of
R101 complexation with Hb: K, = (2.6 +0.3) x 10° M,
n=1.5+0.4. Taking into account the fact that R101 is a
zwitterion with rather high hydrophobicity, and the fact
that under the experimental conditions employed (pH 7.4,
ionic strength 5 mM) Hb bears a slight negative charge
(the protein isoelectric point is about 6.8 [19]), it can be
assumed that both ionic and hydrophobic forces are
involved in the formation of dye-protein complexes.

Inthe following, to allow more unambiguous conclusions
to be reached, Hb-liposome complexes and free Hb were
separated using gel filtration technique. Shown in Fig. 6 isa
typical elution profile consisting of two peaks corresponding
to lipid-bound and free Hb. Subsequent addition of isolated
Hb-liposome complexes to R101 in buffer was accompanied
by changes in the shape of the emission spectrum similar to
those recovered from the titration of the R101-Hb mixture
with liposomes (cf. Figs 2 and 7).
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Figure 2. Fluorescence spectra of rhodamine 101 in
haemoglobin-liposome mixtures. Haemoglobin concentration
was 1.2 uM. Probe concentration was 5 nM.
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Figure 3. Effect of antioxidants on the changes of rhodamine
101 fluorescence intensity at 596 nm. Concentrations of
butylated hydroxytoluene and thiourea were 0.04 mM and
67 mM, respectively.
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Figure 4. Fluorescence spectra of rhodamine 101 at varying
haemoglobin concentrations. Probe concentration was 10.6 nM.
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Figure 5. Decrease of thodamine 101 fluorescence intensity at
596 nm as a function of haemoglobin concentration. Dye
concentration was 10 nM. The solid line represents a theoretical
curve calculated from eqn (5) with the binding parameters
K,=2.6x10°M",n=1.5.
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Figure 6. Elution profile of Hb-liposome mixture obtained by
size-exclusion chromatography on Toyopearl HW-60F gel.
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Figure 7. Fluorimetric titration of rhodamine 101 with isolated
Hb-liposome complexes. Dye concentration was 3.2 nM.
Lipid-to-Hb molar ratio was 440.
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In the last step of the study it seemed of importance
to analyse the spectral behaviour of R101 in more detail.
To this end, we made an attempt to decompose the
emission spectra of the probe in buffer, Hb solution or a
suspension of isolated Hb-liposome complexes into several
components. After baseline subtraction a sufficient
accuracy of deconvolution (correlation coefficient ca 0.99)
was achieved with two Gaussians (Fig. 8), characterized
by their position (A, ), width (w) and area (4). Analysis
of these parameters shows that peculiarities of the R101
emission spectra in Hb-liposome mixtures could be
attributed rather to the altered relative contributions of
the short- and long-wavelength components in the overall
spectrum than to changes in their positions, because the
differences in AL2  between R101 in buffer (or Hb
solution) and the Hb-lipid systems do not exceed 2 nm
(Table 1). More specifically, Hb complexation with
liposomes resulted in an increase of the relative area
(ratio of the peak area to total area under the spectrum)
of the short-wavelength component to 0.37, compared
to 0.11 in Hb solution or 0.18 in buffer. This may account
for the observed changes in spectral countour and
the shift of the spectral maximum to ca 590 nm in
Hb-liposome mixtures.

The demonstrated ability of R101 to interact with Hb
lends support to the hypothesis that spectral effects
revealed for Hb-lipid systems reflect the behaviour of
the probe associated with lipid-bound protein. To date,
lipid-associating properties of different forms of haemoglo-
bin are rather well characterized. A good deal of evidence
suggests that Hb-bilayer interactions implicate a number
of closely interrelated processes, viz.: (i) formation of
electrostatic and hydrogen-bonding protein-lipid contacts
[10, 19]; (i1) conformational changes of the Hb molecule,
which may involve protein unfolding [19, 20], haem
displacement and reorientation [19], dissociation of the
haem—globin complex [8, 20], and iron release from the
porphyrin ring [21]; (iii) modification of the lipid bilayer
structure [7, 9]; and (iv) protein penetration into the
membrane interior [19, 22]. The nature and relative
significance of these processes largely depend on bilayer
composition and experimental conditions.

Within the range of relatively low protein concentra-
tions employed in our experiments (0.3—1.2 uM), tetrameric
Hb molecule tends to dissociate into o3 dimers [7]. Such
a change in Hb quaternary structure, accompanied by
exposure of the nonpolar face, is thought to be
responsible for the substantially greater Hb propensity for
hydrophobic interactions with lipids as compared to other
water soluble proteins [23]. Another factor that may
enhance the hydrophobic component of Hb-lipid binding
involves lowering the activation energy barrier for protein
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Figure 8. Deconvolution of rhodamine 101 emission spectra
in buffer (A), Hb solution (B) and suspension of isolated
Hb-liposome complexes (C) into two Gaussian components.
Probe concentration was 3.2 nM (A, C), 10.6 nM (B). Hb
concentration was 2.34 uM (B), 0.58 uM (C).
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Table 1. Parameters of deconvolution of rhodamine 101 emission.

Parameter R101 in R101 + Hb R101 +
buffer Hb-liposome
complexes
A /nm  589.6+02 5892+02  587.4+0.6
w; / nm 17.3+0.7 15.1+£0.5 21.6+0.9
A, 1.7+£0.2 22+0.2 3.6+0.6
anax /nm 607.3+0.5 6055+0.2 608.4+£1.7
wy / nm 323+0.4 33.7+£0.2 322+1.6
A, 7.9+0.2 172+0.2 6.2+0.6
fi (41/(4,+4y)) 0.18 0.11 0.37
> (A2 (A1+A42)) 0.82 0.89 0.63

unfolding at the lipid-water interface. It is supposed that
unfolding of proteins adsorbing onto negatively charged
membranes is promoted by the low interfacial pH created
by proton accumulation in the vicinity of anionic lipid
headgroups. The more highly charged state of the protein
at low pH may enhance side chain charge repulsion on the
protein surface, thereby giving rise to a more open
structure with exposed hydrophobic patches. However,
pH lowering is not the only way by which a lipid bilayer
may act as a structure-forming environment. Factors
such as formation of ionic protein-lipid contacts and
hydrophobic mismatch may also considerably modify
protein conformation. Specifically, it has been hypothesized
that interfacial destabilization of Hb structure is largely
determined by electrostatic attraction between positively
charged iron in the haem and the negative charges of the
lipid headgroups [19, 20]. Possible consequences of ionic
haem-membrane interactions involve displacement and
reorientation of the haem group, detachment of haem
from the globin and deconjugation of the porphyrin ring.

All these considerations provide a basis for the
assumption that lipid-induced modification of Hb structure
is coupled with the appearance of new protein-binding
sites for R101. There exist at least two processes that
may account for the altered reactivity of membrane-
bound Hb: (i) protein unfolding at the lipid-water interface;
and (ii) loosening and splitting of the bonds between
haem and globin. These processes are closely interrelated
and strongly depend on the membrane surface charge.
On the other hand, it seems highly probable that
membrane-mediated detachment of the prosthetic group
from the globin favours specific association of R101 with
the haem cavity. The validity of this idea comes from the
facts that aromatic dyes, particularly Rose Bengal and
1-anilino-8-naphthalene sulfonate, can specifically bind to
apohaemoglobin and compete with haem for globin
binding sites [24, 25].
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To summarize, the present study demonstrates that
xanthene dye R101, which is commonly regarded as
environmentally insensitive, exhibits spectral features
pointing to the possibility of its use for detecting
conformational transitions of Hb. Significant changes in
the shape of R101 fluorescence spectra and the
appearance of an emission maximum around 590 seem to
be the major hallmarks of Hb structural alterations at the
lipid-water interface. Although the ability of R101 to
sense conformational changes of other proteins remains
to be clarified, this probe may prove useful in elucidating
both general and specific mechanisms by which lipids
tend to modify Hb structure. Such studies are of interest
in view of lipid involvement in the low affinity Hb binding
to the inner surface of red blood cell membranes [26].
Finally, better understanding of conformational behaviour
of interfacially adsorbed Hb is of great significance in
practical aspects related to a more rational design of
haemosome-based blood substitutes [27].
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