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Fluorescence approach to evaluating conformational changes 
upon binding of β-spectrin ankyrin-binding domain mutants 
with the lipid bilayer
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Abstract. The major component of the cell membrane skeleton, spectrin, is anchored in the cell mem-
brane via interactions with membrane proteins. It has been previously shown that both erythroid and 
non-erythroid spectrin interact directly with membrane phospholipids (mainly aminophospholipids). 
One of the binding sites responsible for these interactions is located in the ankyrin-binding domain. 
In the present study, in order to better understand the character of binding, a more detailed investiga-
tion of the interactions between the β-spectrin fragments corresponding to the truncated mutants of 
the ankyrin-binding domain (Frag1 and Frag3) and liposomes of different compositions were carried 
out. The obtained results suggest that the binding of both spectrin fragments with liposomes induces 
conformational changes within the protein. Analysis of the changes in intrinsic tryptophan fluorescence 
spectra upon binding with liposomes, together with quenching studies (from the water and membrane 
hydrocarbon environment), allows for qualitative description of changes in proteins conformation. 
Our results suggest that the largest conformational changes occur for Frag1 bound to PC : PE (2 : 3) 
liposomes what is consistent with previous studies on monolayers. They are also in good agreement 
with those obtained previously for native erythroid and nonerythroid spectrin molecules.
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Introduction

Spectrin, a high molecular weight flexible rod-like protein 
formed by the head-to-head association of two antiparallel 
heterodimers composed of α (280 kD) and β (247 kD) subu-
nits is a major component of the dense, well organised protein 
network called the membrane skeleton (Sahr et al. 1990; Win-
kelmann et al. 1990). The remarkable mechanical properties 
of the red blood cell membrane stem from the presence of this 
structure on the erythrocyte membrane cytoplasmic surface. 
The detailed structure of the spectrin molecule has not yet 
been solved, although many structural details based on the 
structure of the triple-helical segment, the major structural 

motif of the molecule that is 106 amino acid residues long, 
was solved, providing background for studying the mechanical 
properties of this protein (and the membrane skeleton) also 
in pathological membranes (Yan et al. 1993; Djinovic-Carugo 
et al. 1999; Grum et al. 1999; Discher and Carl 2001; Zhang 
et al. 2001). Five to six spectrin heterotetramers interact with 
a short (37 nm) actin protofilament to form a structure known 
as the junctional complex (Byers and Branton 1985). The 
amino terminus of the β-spectrin contains an actin-binding 
domain that is nonhomologous to the spectrin repeat (two 
tandem CH domains) and is conserved among many proteins 
that belong to the spectrin superfamily (Karinch et al. 1990; 
Hartwig 1995; Djinovic-Carugo et al. 1999). Several other 
proteins – protein 4.1, adducin, dematin, p55, tropomyosin, 
and tropomodulin – are also involved in forming the junc-
tion. The formation of spectrin tetramers (i.e., dimer-dimer 
interaction) and the junctional complex is responsible for the 
planar integrity of the membrane skeleton.
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The membrane skeleton of the red blood cell is attached 
to the lipid bilayer with embedded integral membrane 
proteins via two interaction pathways, i.e. spectrin-ankyrin-
AE1(band 3) protein (Bennett and Branton 1977; Bennett and 
Stenbuck 1979; Yu and Goodman 1979; Bennett and Stenbuck 
1980) and protein 4.1-glycophorin C and D (Pinder et al. 1993) 
and the ternary interaction protein 4.1-p55-glycophorin C 
(Hemming et al. 1995), or recently discovered connection 
involving Rh, RhAG, CD47, protein 4.2 and/or ankyrin 
(Mouro-Chanteloup et al. 2003; Nicolas et al. 2003).

There are, however, many indications even predating 
studies on protein-protein interactions in cells, isolated 
membranes, and model systems that direct protein-lipid 
interactions contribute to the attachment of the membrane 
skeleton to the membrane hydrophobic domain (Grzybek et 
al. 2006; Sikorski et al. 2008). The systematic studies of An 
et al. (2004) indicate several phosphatidylserine (PS)-bind-
ing sites along α- and β-spectrin molecules. On the other 
hand, our data (Bialkowska et al. 1994; Diakowski et al. 
1999) on spectrin-lipid interactions indicate the existence 
of an ankyrin-sensitive phosphatidylethanolamine (PE)-
rich mono- and bilayer binding site. The N-terminal region 
of this domain was inferred in this activity (Hryniewicz-
Jankowska et al. 2004). Our fluorescence quenching studies 
carried out on erythrocyte and brain spectrins indicated the 
strongest effect of PE/phosphatidylcholine (PC) liposomes 
(Sikorski et al. 1987; Michalak et al. 1993).

In the present report, we study the effect of phos-
pholipid vesicles on spectrin intrinsic (tryptophan) 
fluorescence in more detail and in quantitative terms. 
In particular, the fragments of the ankyrin-binding 
domain (ankBD) of erythroid β-spectrin are suitable as 
they are of relatively low molecular weight and contain 
few tryptophan residues. Moreover, it has already been 
determined that one of them, Frag1, contains an ankyrin-
sensitive lipid-binding site while in the other this site 
was impaired. Our fluorescence study revealed that upon 
binding to liposomes both investigated spectrin fragments 
may undergo conformational changes. Quantitative cal-
culations were possible due to the fact that the intrinsic 
tryptophan fluorescence of both fragments was altered 
upon the addition of liposomes. The observed decrease 
in fluorescence intensity may result from an interaction 
between the tryptophan and neighbouring residues (Callis 
and Liu 2004). A fluorescence quenching study suggests 
that upon a liposome binding tryptophan residues of both 
proteins are located in a more hydrophilic environment 
compared to that when proteins are in an aqueous phase 
(a higher Stern-Volmer constant for proteins bound to 
liposomes). Bigger changes in fluorescence intensity could 
be observed for the interactions of Frag1 with PC : PE 
(2 : 3) liposomes. Such a result is consistent with previous 
studies on monolayers and with previously performed 

studies on native spectrins (Sikorski et al. 1987; Diakowski 
et al. 1999). These studies were, however, only qualitita-
tive as high molecular weight spectrin molecule contains 
multiple tryptophan residues.

Materials and Methods

Egg PC, brain PS and PE, and 5-doxyl-stearic acid (5-
DOXYL) were purchased from Avanti Polar Lipids, Inc., 
(Alabaster, AL, USA). All other chemicals were of analytical 
or reagent grade. The buffer used in all experiments was 20 
mmol/l Tris, 150 mmol/l NaCl, pH 7.4. Truncated mutants 
of the ankBD of erythrocyte β-spectrin – Frag1 and Frag3 
– were constructed as described elsewhere (Hryniewicz-
Jankowska et al. 2004).

Protein purification

Recombinant proteins were expressed in a bacterial expres-
sion system by using isopropyl β-D-thiogalactoside as an 
inducer for 3 h at 37°C, extracted with 8 mol/l urea and 100 
mmol/l NaCl in 20 mmol/l Tris/HCl, pH 8.0, and purified 
by immobilized Co2+-affinity chromatography (Clontech). 
After purification, proteins were dialyzed for 3 h in 20 
mmol/l Tris/HCl, 150 mmol/l NaCl, pH 7.7 and overnight 
in 20 mmol/l Tris/HCl, 150 mmol/l NaCl, pH 7.4. The pu-
rity of the proteins was analyzed using electrophoresis. The 
concentration of both proteins was measured by absorption 
at 280 nm. Extinction coefficients were calculated for each 
protein using the ProtParam tool from the Expasy web page 
(http://expasy.org/tools/protparam.html).

Preparation of vesicles

The required volumes of chloroform lipid solutions were 
mixed in a glass tube. The solvent was evaporated under 
a stream of nitrogen. The dry lipid film was placed overnight 
in vacuum and then suspended in 20 mmol/l Tris/HCl, 150 
mmol/l NaCl, pH 7.4 buffer. Large unilammelar vesicles 
were prepared by extruding 50 times through 100 nm 
polycarbonate filters (Nucleopore track-etched membranes, 
Whatman).

Calculation of protein-membrane partition coefficients

Fluorescence intensity measurements of tryptophan residues 
in proteins were performed using a CarryEclipse (Varian) 
spectrofluorimeter. The excitation wavelength was 295 nm. 
Fluorescence emission was measured at 350 nm. The excita-
tion and emission slits were set to 5 and 10 nm, respectively. 
Fluorescence intensities of samples were measured in 10 × 
10 mm quartz cuvette placed in a thermo-regulated Pel-
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tier cuvette holder (25°C). In the partitioning experiments 
protein concentrations were kept constant and highly con-
centrated liposomes were injected into the protein solution 
(three independent experiments with different protein con-
centrations; for each 6–10 liposomes injections). Collected 
fluorescence intensities were corrected for the light scattering 
effect (Ladokhin et al. 2000). The mole-fraction partition 
coefficient was calculated according to the following equa-
tion (Ladokhin 1999; Ladokhin et al. 2000):

[L]+[W]K

[L]K
)(F+=F([L])

X

X11 ��     (1)

where Kx is a mole-fraction partition coefficient defined as:

� �
� �][W]+[P]/[P

][L]+[P]/[P
=K

waterwater

bilbil
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where [Pbil] and [Pwater] are the bulk molar concentrations 
of peptides associated with the membrane and remaining in 
the water phases, respectively, and [L] and [W] are the molar 
concentrations of lipid and water, F is the fluorescence inten-
sity after the addition of liposomes, and F∞ is the fluorescence 
increase upon complete binding. The calculated partition 
coefficient was used to evaluate water-to-bilayer mole-fraction 
free energies of protein transfer for Frag1 and Frag3 into lipo-
somes of different compositions according to the equation:

XKT=�G lnR�  (2)

where R is the gas constant and T is the temperature. All data 
were analyzed using OrginPro 7.5 software.

Fluorescence quenching measurements

Fluorescence quenching measurements with a membrane 
quencher (5-DOXYL) and an aqueous phase quencher (KI 
and CsF) were performed using a Hitachi spectrofluorimeter. 
Both hydrophobic and hydrophilic quencher concentrations 
were within the limits which ensure membrane stability 
(Lakowicz 1999). Emission scans were performed starting 
from 310 nm up to 450 nm with 295 nm excitation wave-
length. Both emission and excitation slits were 5 nm and 
the temperature was 25°C. Spectra were measured using 
a 10 × 10 mm cuvete, corrected for light scattering and fitted 
with a log-normal distribution function (Ladokhin 1999; 
Ladokhin et al. 2000):
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Three parameters were used for a subsequent data analy-
sis: the position of the fluorescence maximum (λmax), the 
fluorescence intensity in λmax (Fmax), and the full width of the 
spectrum at half-maximum intensity Fmax/2 (Γ). Parameter 
ρ describes skewness of the distribution and was not used in 
any further analysis. Quenching was assumed to be dynamic 
and experimental data were analyzed using the Stern-Volmer 
equation (Lakowicz 1999):

[Q]K+1= SV
0

F
F

 (4)

where F0 and F are fluorescence intensities in the absence and 
in presence of the quencher, respectively, KSV is the Stern-
Volmer quenching constant, and [Q] is the concentration 
of the quencher in the sample. Each quenching experiment 
was performed 3 times.

Results

The protein-membrane partition coefficient

The addition of liposomes to solutions containing each of in-
vestigated proteins result with a decrease in the fluorescence 
intensity without a shift in the position of tryptophan fluores-
cence maximum. Such an effect may result from a decreased 
tryptophan quantum yield or from a quenching by nearby 
amino-acid residues upon conformational changes in the 
proteins (Callis and Liu 2004). We assume that the decrease 
in fluorescence intensity at a constant wavelength can be used 
as a measure of the protein binding (Ladokhin et al. 2000). 
In these studies, the following liposomes compositions were 
used: PC, PC : PE (2 : 3), PC : PS (2 : 3) and PE : PS (1 : 1). All 
lipid mixtures formed stable liposomes (Langner and Kubica 
1999). Obtained results are presented in Fig. 1.

The calculated protein-membrane Kx enables the calcula-
tion of water-to-bilayer mole-fraction free energies of protein 
transfer for Frag1 and Frag3 into liposomes (Table 1). It is 
worth noting that the data obtained for Frag1, unlike these 
for Frag3, are in good agreement with those obtained for na-
tive red blood cell or neuronal spectrin molecules (Sikorski 
et al. 1987; Diakowski et al. 1999) with respect to the effect 
exerted by PC/PE liposomes.

The effect of liposomes of different compositions on the 
intrinsic tryptophan fluorescence for Frag1 and Frag3

The λmax (position of the tryptophan fluorescence maxi-
mum) in proteins varies over a 40-nm range, depending 
on the polarity and rigidity of the local environment. Ac-
cording to the model of discrete states (Burstein et al. 1973; 
Lakowicz 1999), there are five probable spectral forms of 
tryptophan residues: two with structured spectra (classes 
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A and S) and three with unstructured spectra (classes I, II 
and III) related to the degree of water exposure (Lakowicz 
1999). The fluorescence wavelength maximum and spectral 
width can be used to estimate conformational heterogeneity 
in a variety of systems, including membrane-bound proteins. 
The estimation takes advantage of the fact that the spectral 
width of tryptophan fluorescence in a homogeneous envi-
ronment depends linearly on the fluorescence wavelength 
maximum. Any deviation from linearity can be interpreted 
as heterogeneity of a tryptophan population. In order to 
be able to extract information from tryptophan spectra, 
they have to be corrected by using the following equation 
(Ladokhin et al. 2000):

� � � � � �
� ��F

�F
�F=�F duncorrecte

ref

SLM
refduncorrecte

protein
corrected
protein

   
(5)

where � ��F duncorrecte
protein  is the measured protein spectrum, 

� ��F SLM
ref  is the tryptophan reference spectrum, and � ��F duncorrecte

ref  
is the measured tryptophan spectrum.

After the correction, the spectra were fitted according to 
Eq. (3). For each spectrum, two parameters were evaluated: 
λmax and Γ(λmax) and plotted in Fig. 2. As a baseline, the 
following equation was used:

Γ(λmax) = –156.7 + 0.624 λmax
The presented results show that tryptophan residues 

in both proteins are located in a heterogeneous environ-
ment. The positions of the spectral parameters of Frag1 
and Frag3 (without liposomes) do not depend on protein 
concentration (data not shown), whereas the addition of 
liposomes changes the position of spectral parameters, 
which suggest conformational changes in proteins upon 
binding.

Figure 1. Small portions (usually 10 μl) 1 mg/ml liposomes of different compositions were injected into a buffer solution of 300 × 10–9 
mol/l Frag1 (A), 330 × 10–9 mol/l Frag3 (B). After 10 min the fluorescence was measured – as described in Materials and Methods. The 
relative fluorescence was calculated using F0 as the fluorescence without liposomes. Solid lines represent the best fit according to Eq. (1), 
with Kx and I∞ as parameters.

A B

Table 1. Calculated mole-fraction partition coefficients of Frag1 and Frag3 as a function of membrane composition

PC PC : PE (2 : 3)

Kx (103) I∞ (a.u.) ΔG (kcal/mol) Kx (103) I∞ (a.u.) ΔG (kcal/mol)
Frag1 85 ± 17 0.69 ± 0.1 –6.72 ± 0.1 41 ± 2 0.11 ± 0.2 –6.28 ± 0.05
Frag3 67 ± 9 0.66 ± 0.1 –6.58 ± 0.1 109 ± 21 0.75 ± 0.2 –6.86 ± 0.1

PC : PS (2 : 3) PS : PE (1 : 1)
Kx (103) I∞ (a.u.) ΔG (kcal/mol) Kx (103) I∞ (a.u.) ΔG (kcal/mol)

Frag1 8 ± 1 0.91 ± 0.2 –5.32 ± 0.2 6 ± 0.8 0.70 ± 0.2 –5.15 ± 0.1
Frag3 24 ± 5 0.96 ± 0.2 –5.97 ± 0.15 n/d n/d n/d

Kx, the obtained mole-fraction partition coefficient of both proteins (when titrated with liposomes); I∞, the relative fluorescence decrease 
upon complete binding; ΔG, the water-to-bilayer mole-fraction free energy of protein transfer into liposomes, calculated as described 
in Materials and Methods.
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Tryptophan quenching from the aqueous phase

Intrinsic tryptophan fluorescence was quenched from the 
aqueous phase by I– and Cs+ ions. Small volumes of 2 mol/l KI 
and 2 mol/l CsF (usually 10 μl) were added into a buffer solu-
tion containing a mixture of Frag1 or Frag3 with liposomes of 
different compositions. Ten minutes after each addition of the 
quencher, the spectrum of intrinsic tryptophan fluorescence 
was measured as described in the Materials and Methods 
section. To avoid osmotic imbalance, only a small salt concen-
tration range was investigated (0 – 0.2 mol/l). No significant 
deviation from the linear dependence of F0/F vs. [KI] or [CsF] 
was observed (data not shown), and therefore only the stand-
ard Stern-Volmer equation (Eq. (4)) was applied for fitting 
the data. As shown in Fig. 1, the presence of liposomes causes 
a decrease in the protein intrinsic fluorescence. Therefore, F0 
is the fluorescence intensity in the presence of liposomes and 
the calculated KSV corresponds only to quenching by I– and 
Cs+ ions. Results are presented in Fig. 3.

When I– ions are present in solution containing proteins 
associated with liposomes, significantly higher KSV could 
be observed compared to the proteins in the buffer. On the 
other hand, when Cs+ ions are present, calculated KSV is 
slightly smaller for proteins bound to liposomes compared 
to proteins in the buffer. Also KSV constant for both proteins 
in the buffer calculated for I– ions is higher than for Cs+.

Such results may suggest that binding of both proteins to 
the liposomes causes some conformational changes in the 
proteins. Opposite effect of Cs+ and I– ions quenching as ex-
press by values of KSV may indicate that tryptophan residues 
are not shielded from the aqueous phase when associated 
with the membrane surface and that there are electrostatic 
charges in the vicinity of the tryptophan residue. Elevated 
values of KSV for I– ions may indicate that residues with 
positive charges are located in the vicinity of tryptophan 
after a protein binding to liposome. Such an explanation is 
consistent with a decrease in KSV in the presence of Cs+ ions 
(McLaughlin 1989; Lakowicz 1999).

Intrinsic tryptophan fluorescence quenching by the membrane 
quencher 5-DOXYL-stearic acid

Additional information about conformational changes can 
be obtained when not only an aqueous quencher, but also 
a membrane-located quencher is used. For this purpose, 10 
mol% of 5-DOXYL was incorporated into liposomes of vari-
ous composition. The amount of the membrane quencher 
ensures the high quenching efficiency without the extensive 
bilayer perturbation (Lakowicz 1999). It is assumed that for 
such a concentration quenching is mostly static (Chattopad-
hyay and London 1987). For simplicity, the data in Fig. 4 rep-
resents only the calculated relative tryptophan fluorescence 
F/F0, where F is the fluorescence in the presence of liposomes 
containing 5-DOXYL and F0 is the fluorescence in the refer-

Figure 2. Analysis of the spectral parameters of Frag1 and Frag3 
for free proteins in a buffer and proteins bound to liposomes of 
different composition. Large circles, labeled Trp I and Trp II, 
show the classes of tryptophan residues that correlate roughly with 
the extent of exposure to water. Tryptophan residues, which are 
partially shielded from the aqueous phase, belong to class Trp II, 
whereas residues that are completely buried belong to class Trp I. 
Solid symbols represent Frag1, open symbols represent Frag3. F1, 
Frag1; F3, Frag3; Γ, spectral width; λmax, position of the tryptophan 
fluorescence maximum.

Figure 3. Stern-Volmer constants (KSV) for quenching with I– cal-
culated for Frag1 (bars with vertical lines) and Frag3 (bars with 
horizontal lines) and for Cs+ calculated for Frag1 (bars with nega-
tive skewness) and Frag3 (bars with positive skeness) in different 
media: buffer only and in the presence of liposomes of the following 
compositions: PC, PC : PE (2 : 3), PC : PS (2 : 3), and PE : PS (1 : 1). 
For each liposome composition, experiments were performed three 
times (the standard deviation is indicated).
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ence sample containing the same liposome concentration 
and composition but without 5-DOXYL. The data presented 
in Fig. 4 indicate that the intrinsic fluorescence of Frag1 is 
quenched by the 5-DOXYL in PC membrane only slightly, 
whereas its fluorescence was quenched by 30–40% when as-
sociated with aminophospholipid-containing liposomes.

When PC : PE (2 : 3) liposomes containing 10 mol% 
5-DOXYL were used, we have observed a blue shift by 2 nm 
(λmax = 333.7 nm) in the fluorescence spectra maximum 
and a narrowing of the full width of the spectrum at a half-
maximum intensity by 5 nm (Imax/2 = 52 nm) for Frag3 – as 
shown in Fig. 5. Such an effect was not observed for any other 
liposome composition containing 5-DOXYL and for Frag1. 
When one analyzes parameters extracted from spectra (as 
shown in Fig. 2), it can be found that tryptophan spectra 
belong to the class TrpI (tryptophan residues that are com-
pletely buried), indicating the selective quenching of other 
tryptophan populations.

Discussion

Both investigated protein fragments, Frag1 and Frag3, are 
parts of the membrane skeleton protein – spectrin. Frag1 
covers repeats 13 (partially), 14 and 15 (partially), and con-
tains three tryptophan residues (all in repeat 14), whereas 
Frag3 consists of repeats 14 (partially), 15 and 16 (partially) 
and contains four tryptophan residues (Fig. 6). Those two 
proteins have been chosen from a bigger family of spectrin 
fragments; one of them (Frag1) was previously shown to 
contain fully active ankyrin-sensitive lipid-binding site while 

in the other (Frag3) the lipid-binding site was impaired by 8 
residue sequence deletion from original ankyrin-binding do-
main as was shown in model studies (Hryniewicz-Jankowska 
et al. 2004) and in studies on cells (Bok et al. 2007).

The measured difference in the overall fluorescence 
has to be considered as the superposition of changes of all 
tryptophan fluorescence. It has been previously shown that 
repeats 15+ do not bind the membrane (An et al. 2004). 
Therefore, we assume that the measured differences are 
mainly due to changes in repeat 14.

Any change in the tryptophan environment alters its 
fluorescence spectrum properties. Change in the hydration/
polarity of environment causes not only a shift in position 
of the tryptophan fluorescence intensity maximum, but also 
a change in the spectrum width at half-maximum intensity 
(Lakowicz 1999). Whereas, interactions with neighbouring 
amino acid residues can alter the tryptophan quantum yield 
(Callis and Liu 2004). Therefore, investigating changes in 
the tryptophan spectrum is considered as easy and efficient 
way to evaluate binding or/and conformational changes in 
proteins.

It is usual way in biochemistry and enzymology to think 
about associations among molecules in terms of chemical 
equilibria, as in the stoichiometric binding of small mol-
ecules to specific sites on macromolecules. The preferential 
association of proteins (P) with lipid (L) vesicles is frequently 
treated as a simple chemical equilibrium between peptide 
and lipid molecules: P + L ⇔ LP or P + mL ⇔ PmL (the 

Figure 4. Relative fluorescence (F/F0) of intrinsic tryptophan in 
Frag1 (bars with vertical lines) and Frag3 (bars with horizontal lines) 
when incubated with liposomes containing 10 mol% of 5-DOXYL 
relative to the same liposome concentration but without 5-DOXYL. 
For each liposome composition, three independent experiments were 
performed. On the figure, standard deviation is shown.

Figure 5. Spectra of the tryptophan fluorescence of Frag1 in 
0.1 mg/ml PC : PE (2 : 3) 10 mol% 5-DOXYL (dotted-line), Frag3 
in buffer (solid-line), Frag3 in 0.1 mg/ml PC : PE (2 : 3) 10 mol% 
5-DOXYL (dash-line). Spectra of tryptophans in Frag3 in buffer 
and Frag1 in 0.1 mg/ml PC : PE (2 : 3) 10 mol% 5-DOXYL overlap 
and therefore cannot be distinguished. For presentation purposes, 
the presented spectra were meaningly smoothed.
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protein is treated as a macromolecule with m binding sites 
for lipid molecules). Such an approach is quite appropriate 
for membrane systems when considering the association 
of ligands with membrane receptors. When applied to the 
associations of proteins or peptides with the lipid bilayer, 
however, conceptual difficulties arise (the stoichiometry of 
interactions does not have to be fixed and hydrophobic and 
electrostatic interactions that drive most protein-bilayer 
interactions arise from collective properties and the behavior 
of lipids in the bilayer). Somewhat similar approach is pro-
posed in the Langmuir isotherm model: instead of binding 
sites for lipid molecules on a protein, active binding sites on 
the surface for proteins are proposed: A + B ⇔ AB, where 
A is a molecule adsorbed on a surface where the active site 
B is located. Assumptions of this model are not necessarily 
correct. Namely, a) adsorption is reversible; b) properties 
of the protein are constant, even after adsorption; c) there 
are no lateral interactions between absorbed molecules; d) 
each binding site, B, adsorbs only one A molecule; e) all ad-
sorption sites have the same affinity. Such an approach has 
been used in previous studies to calculate the dissociation 
constant of spectrin truncated mutants to model membranes 
(Hryniewicz-Jankowska et al. 2004). Due to the fluid nature 
of the membrane and the character of interactions that 
drive most protein-bilayer binding, the interactions of pep-
tides or proteins should be considered as interactions with 
a lipid assembly, the bilayer, rather than with the individual 
molecules it comprises. Reviews can be found in Sikorski 
et al. (2008). In the present work, Kx together with the free 
energy of protein transfer from water to the bilayer have 
been calculated (Table 1). Differences between the partition 
coefficients obtained here and those found in literature can 
arise from different approaches and different model systems 
(small unilamelar vesicles were previously used) (An et al. 
2004; Hryniewicz-Jankowska et al. 2004). The highest affinity 
of protein to membrane was observed for Frag3 with PC : PE 
(2 : 3) liposomes: ΔG = –6.86 kcal/mol. It was not possible 
to calculate Kx for Frag3 with PS : PE (1 : 1) liposomes due 
to the small decrease in fluorescence. This can be a result of 
the small partitioning of Frag3 into liposomes or complex 

conformational changes (although the quantum yield of 
each tryptophan changes, the overall fluorescence remains 
constant). Also results obtained for PC : PS (2 : 3) have to 
be consider as approximated (decrease in fluorescence was 
not statistically relevant). Having in mind, that F∞ (relative 
decrease in fluorescence upon complete binding) can be 
interpreted as a measure of conformational changes, it is 
clearly visible that for PC : PS (2 : 3) both proteins remain 
essentially unchanged (F∞ close to 1). For PC : PE (2 : 3), 
Frag1 demonstrates large conformational change – also 
when compared to PC liposomes. Therefore, it seems that 
presence of PE triggers large conformational changes, but 
only in Frag1, which affects repeat 14 (Fig. 6). This result 
seems in line with the results of structural studies (Czo-
galla et al. 2007, 2008) who although have not observed any 
changes in the helix content in the N-terminal part of the 
ankyrin/lipid-binding region but have noticed large change 
in the inter-helical distance in the region of 14th repeat of 
Frag1 upon the addition of PC/PE liposomes. This part of 
the sequence is absent in the Frag3 peptide (compare the 
scheme presented in Fig. 7).

Besides the decrease in fluorescence intensity, small 
change in the position of fluorescence maxima and changes 
in the tryptophan spectra width were observed. This makes 
possible to analyze the tryptophan residue environment in 
proteins when they are free in buffer or bound to liposomes 
(Lakowicz 1999). For proteins in buffer, both fragments 
reveal a heterogeneous tryptophan environment (spectra 
are overlapping): some tryptophan residues are fully buried 
(class I) and some are partially exposed to water (class II) 
– Fig. 2. Such heterogeneity is caused rather by the presence 
of different tryptophan residues in proteins than protein 
aggregation. The addition of liposomes (sufficient for satu-
ration) causes a spectrum shift. For Frag1, the tryptophan 
residue environment changes in the direction of “burried” 
residues (closer to class I), whereas for Frag3 it seems 
that conformational changes rather cause the exposure of 
tryptophan residues towards solvent. In order to evaluate 
these changes quantitatively, quenching from an aqueous 
environment (by I– and Cs+ ions) and from the hydrophobic 

Figure 6. Ribbon structures of Frag1 (residue 1638–1845) and Frag3 (residue 1776–1952) as predicted by the Robetta meta-server 
(http://robetta.bakterlab.org) and visualized via YASARA (http://www.yasara.org). Tryptophans are visualized as bold atomic struc-
tures.
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membrane core (by 5-DOXYL) was performed. KSV for static 
quenching (Fig. 3) (higher in the presence of liposomes for 
I– and lower for Cs+ ions) suggest that binding to the lipo-
somes causes conformational changes in the proteins that 
lead to increase in local concentration of positive residues 
in the vicinity of tryptophans.

A similar pattern to that for the molar partition coef-
ficient can be found: when PC liposomes were used, the 
fluorescence from Frag3 is quenched more efficiently than 
the fluorescence from Frag1, whereas when aminophos-
pholipids were incorporated into liposomes, KSV for Frag1 is 
higher than for Frag3. Interesting results are obtained when 
electrostatic interactions are taken into account and Gouy-
Chapman theory is applied (for a review, see McLaughlin 
1989; Langner and Kubica 1999) due to the electrostatic 
interactions between the quencher ion and negative charge 
of PC : PS and PE : PS liposomes. In brief, the electric surface 
charge density σ at the outer leaflet of vesicles is given by:

addPSPSPS

PS

)AX+(AX

X
=�

�
�

1
e0  (6)

where e0 = 1.602·10–19 C is the elementary charge, XPS de-
notes the mole fraction of PS in liposomes; APS and Aadd are 
the surface area of lipids, respectively, PE and PS for PE : PS 
liposomes or PC and PE for PC : PS liposomes. For calcula-
tions, it was assumed that APS = 64.1Å2 (value for DOPS 
(dioleylphosphatidylserine) in fluid phase (McLaughlin 
1989)), APC = 69.4 Å2 (value for Egg PC (Nagle and Tris-
tram-Nagle 2000)) and APE = 51.2 Å2 (value for DLPE 

(dilaurylphosphatidylethanolamine) in fluid phase (Nagle 
and Tristram-Nagle 2000)). Calculated surface charge den-
sities are respectively: σPC:PS = –145.1 mC/m2 and σPE:
PS = –138.9 mC/m2 for liposomes composed of PC : PS 
(2 : 3 mol/mol) and PE : PS (1 : 1 mol/mol). Knowledge 
of the membrane surface charge densities allows the 
calculation of the surface membrane potential Ψ0 using 
Gouy-Chapman theory:
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where εR = 78 is the dielectric constant of water (at 25°C ), ε0 
is the permittivity of free space, F0 is the Faraday constant, 
Ci,eq is the concentration of the i-th electrolyte in the bulk 
aqueous phase (in moles per liter), and zi the signed valence 
of the i-th species. A computer program (Mathematica 5.1) 
was employed to numerically solve Eq. (7) in respect to 
surface potential Ψo from known surface charge density σ. 
The effect of a negative membrane surface charge is to repel 
also negative iodine ion from the membrane surface and to 
attract positive caesium ions. Assuming, that quenching of 
Frag1 and Frag3 tryptophans for protein incorporated into 
liposomes occurs near the membrane surface it is necessary 
to calculate I– and Cs+ concentration (CM) above the plane 
of binding according to:
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Numerical data for both, PC : PS (2 : 3 mol/mol) and PE : 
PS (1 : 1 mol/mol) liposomes are presented in Table 2.

Table 2. Calculated ion concentration directly above the membrane plane, surface membrane potential and surface charge density de-
pending on liposome composition

Ceq,KI
(10–3 mol/l)

PC : PS (2 : 3 mol/mol) PE : PS (1 : 1 mol/mol)

σPC:PS
(mC/m2)

Ψ0,PC:PS
(mV)

CM,KI
(10–3 mol/l)

σPE:PS
(mC/m2)

Ψ0,PE:PS
(mV)

CM,KI
(10–3 mol/l)

0.0 –145.1 –96.6 0.0 –138.9 –94.5 0.0
18.5 –145.1 –91.1 0.5 –138.9 –89.9 0.6
36.7 –145.1 –86.7 1.3 –138.9 –84.5 1.4
54.5 –145.1 –83.0 2.2 –138.9 –80.9 2.3
72.1 –145.1 –79.9 3.2 –138.9 –77.7 3.5
89.3 –145.1 –77.2 4.4 –138.9 –75.1 4.8

106.2 –145.1 –74.8 5.8 –138.9 –72.7 6.3
122.8 –145.1 –72.6 7.3 –138.9 –70.6 7.9
139.1 –145.1 –70.7 8.9 –138.9 –68.7 9.6
155.2 –145.1 –69.0 10.5 –138.9 –66.9 11.4
170.1 –145.1 –67.5 12.3 –138.9 –65.5 13.3

Ceq,KI, KI concentration in bulk aqueous phase; σPC:PS, surface charge density of PC : PS (2 : 3 mol/mol) liposomes; Ψ0,PC:PS, surface 
membrane potential of PC : PS (2 : 3 mol/mol) liposomes; CM,KI, KI concentration above the plane of binding; σPE:PS, surface charge 
density of PE : PS (1 : 1 mol/mol) liposomes; Ψ0,PE:PS, surface membrane potential of PE : PS (1 : 1 mol/mol) liposomes.
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For the obtained concentration of I– ions near the mem-
brane, KSV was calculated. The obtained values, which are 
approximately 85 mol–1, are impossible due to the fact 
that for completely denaturated proteins KSV is not higher 
than 20 mol–1. In order to obtain reasonable KSV values 
(<20 mol–1), quencher concentration in the vicinity of 
the tryptophan residues has to be higher than calculated. 
Such results mean that either quenching of tryptophan 
residues in both proteins takes place at some distance from 
membrane containing PS (where concentration of I– ions 
is higher) or the complex conformation of the protein and 
neighbouring residues attracts negatively charged ions of 
the quencher.

Except for quenching using a water soluble quencher, 
tryptophans were quenched from the membrane site using 10 
mol% of 5-DOXYL incorporated into liposomes. Results are 
presented as relative fluorescence (decrease) when proteins 
were incubated with liposomes (Fig. 4). It can be observed 
that for Frag1 there is no significant quenching when the 
protein is incubated with liposomes, regardless of liposome 
composition. For Frag3, on the other hand, when amino-
phospholipids are incorporated into liposomes, tryptophan 
quenching by 5-DOXYL is significantly higher. This pattern 
is consistent with previously obtained results: the incorpora-
tion of aminophospholipids seems to influence the character 
of changes in protein conformation.

It has been previously shown that a part of repeat 14 is 
responsible for the specific binding of spectrin with lipids 
(namely aminophospholipids) (Hryniewicz-Jankowska et al. 
2004). As shown in the present work, the presence of PE or 
PS in liposomes causes the exposure of Frag1 tryptophans 
to water, whereas quenching from membrane sites is not 
affected. The opposite effects of PE and PS on Frag3 can 
be observed: lower quenching from the aqueous phase and 
significantly higher from membrane sites. It is clear that the 
presence of aminophospholipids causes possibly different 
conformational changes in Frag1 and Frag3. In addition, 

one should keep in mind that the binding of PE-containing 
(and to a lesser extend PS-containing) liposomes by Frag1 is 
ankyrin-sensitive, i.e. purified ankyrin competitively inhibits 
this binding.

Higher KSV for both proteins when tryptophan was 
quenched by the negative I– ions compared to positive 
Cs+ ions can suggest that tryptophan was localized in the 
vicinity of positively charged aminoacids (I– ions were 
attracted whereas Cs+ ions were repelled). When proteins 
were bounded to the liposomes, significant increase in 
the KSV for I– ions and small decrease in the KSV for Cs+ 
ions was observed. It can suggest that upon binding to li-
posomes, the conformation changes of the protein caused 
displacement of the charged residues rather than burring 
of the tryptophans into the phospholipids bilayer. The 
schematic illustration of postulated alterations of Frag1 
and Frag3 conformations when exposed to the PE-reach 
lipid bilayer are presented in Fig. 7. The postulated confor-
mational changes are strongly supported by our studies at 
near atomic resolution by using site-directed spin label-
ling method (Czogalla et al. 2007, 2008) and should be 
confirmed quantitatively by FRET studies on site-directed 
mutants of these proteins.

It is widely accepted that interactions between spectrin 
and lipids provide the fluid bilayer with a solid support 
which significantly increases the mechanical resistance of 
the cell membrane and thus allowing elastic responses to 
membrane extension. Moreover, as we proposed previously 
(Sikorski et al. 1996; Grzybek et al. 2006) ankyrin-sensitive 
spectrin-lipid interactions would serve as an anchor for 
spectrin in situations in which ankyrin is either deficient or 
its affinity for spectrin is reduced. Data from mutant mice 
(Peters et al. 1992; Southgate et al. 1996; Yi et al. 1997) sup-
port this hypothesis.

Acknowledgment. This work was supported by grant 2P04A 02127 
from the Polish Ministry of Science and Higher Education.

Figure 7. Scheme of the proposed interaction of Frag1 and Frag3 with lipid bilayer of different lipid composition. Frag1 (left) containing 
full-length PE-rich ankyrin-sensitive lipid-binding domain contains N-terminal amphipathic 310 helix and by the other 2 α-helices of 
the14th segment (compare Fig. 6) which upon binding of PE/PC vesicles undergoes substantial changes of the triple-helical conforma-
tion (Czogalla et al. 2008). Frag3 which lacks this entire region also undergoes conformational changes but they are much smaller and 
the lipid specificity is much lower.
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