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Abstract 

Apolipoprotein A-I (apoA-I) is an amyloid-forming protein whose amyloidogenic properties 

are attributed mainly to its N-terminal fragment. Cell membranes are thought to be the primary 

target for the toxic amyloid aggregates. In the present study Förster resonance energy transfer 

(FRET) between the membrane fluorescent probe Laurdan as a donor and amyloid-specific dye 

Thioflavin T (ThT) as an acceptor was employed to explore the interactions of amyloid fibrils 

from apoA-I variants 1-83/G26R and 1-83/G26R/W@8 with the model membranes composed of 

phosphatidylcholine and its mixture with cholesterol. The changes in FRET efficiency upon 

fibril-lipid binding were found to correlate with the extent of protein fibrillization. AFM imaging 

revealed the presence of two polymorphic states of fibrillar 1-83/G26R/W@8 with the helical 

and twisted ribbon morphologies. The simulation-based analysis of the experimental FRET 

profiles provided the arguments in favor of the untwisting of fibrillar assemblies upon their 

interaction with the model membranes. Evidence for the face-on orientation and superficial 

bilayer location of the membrane-bound fragments of 1-83/G26R/W@8 fibrils was obtained.  

 

Keywords: amyloid fibrils, apoA-I N-terminal fragment, model membranes, Laurdan, 

Thioflavin T, Förster resonance energy transfer, fibril untwisting 
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Introduction 

Amyloid fibrils are self-assembled protein nanostructures distinguished by the core 

supramolecular β-sheets propagating along the main axis of the fibril with β-strands running 

perpendicularly to this axis.
1
 During the past decade this unique type of protein aggregates has 

been in the focus of extensive studies in a broad range of research fields covering molecular 

biology, biomedicine, design of functional nanomaterials, food science and drug delivery.
2,3 

Particular attention has been devoted to identifying the molecular determinants responsible for 

the involvement of amyloid fibrils and their precursors in a variety of pathological conditions, 

including neurological diseases, type II diabetes, spongiform encephalopathies, systemic 

amyloidosis, etc.
4,5

  Toxic action of amyloid assemblies, that are prone to accumulation both in 

intracellular and extracellular space, is thought to be primarily targeted at cell membranes.
6,7

 

Prevailing concepts of amyloid pathogenicity consider the early oligomeric intermediates as the 

most toxic species whose high membrane-damaging potential arises from the presence of 

extensive hydrophobic surfaces and high structural flexibility.
8-10

 Prefibrillar oligomers have 

been reported to produce membrane disintegration,
11,12

 formation of non-specific ionic 

channels,
13

 uptake of membrane lipids,
14,15

 etc. However, growing evidence indicates that 

cytotoxicity is a property characteristic of a continuum of cross-β-sheet-rich structures including 

mature fibrils. To exemplify, mature lysozyme fibrils displayed the ability to induce 

mitochondrial failure, increase of plasma membrane permeability,
16 

erythrocyte hemolysis and 

aggregation,
12 

etc. Furthermore, toxic potential of amyloid assemblies has been hypothesized to 

correlate with their morphology.
17

 Polymorphic behavior seems to be a fundamental feature of 

fibrillar state, since morphological variations have been revealed for amyloid fibrils from a range 

of proteins, including Aβ-peptide,
18

 prion protein,
19

 α-synuclein,
20

 bovine serum albumin,
21

 

insulin,
22

 β-lactoglobulin,
23

 etc. Amyloid polymorphism can manifest itself at the levels of both 

protofilament substructure and assembly pattern.
24

 

Unique molecular architecture of fibrillar aggregates is maintained by the main-chain 

hydrogen bonding, ionic pairing, van der Waals, aromatic π-π interactions and hydrogen bonds 

between amino-acid side chains.
25-27

 Amyloid growth is currently regarded as a sequence-

specific process, in which certain segments with alternating hydrophobic-hydrophilic amino acid 

residues, so called ‘‘hot spots’’, ensure steric zippering of two β-sheets through van der Waals 

interactions and entropic free energy gain arising from the release of structured water molecules 

in the tightly packed fibril core.
28,29

 

Protofilament substructural polymorphism arises from the differences in registration of 

the β-strands within one β-sheet; inter-sheet packing and sequence fragments involved in the 

formation of fibril core, while assembly polymorphism is determined by the variations in the 
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number of protofilament strands, the character of their packing, degree of twisting, handedness, 

etc.
30

 At the mature fibril level, the polymorphic states may be represented by the topologically 

different structures, such as twisted ribbons, helical ribbons and nanotubes, as has been 

demonstrated, in particular, for lysozyme,
31

 β-lactoglobulin,
23

 Aβ-peptide,
32

 and bovine serum 

albumin.
21

 The factors underlying the propensity of amyloid fibrils to twist have been supposed 

to include chirality,
33,34

 electrostatic interactions,
35,36

 entropic contributions resulting from side 

chain arrangement solvent reorganization and backbone dynamics.
35

 

The aforesaid existence of correlation between toxicity of amyloid fibrils and their 

morphology implies that interactions of fibrillar assemblies with cellular components, especially 

plasma membranes, are essentially controlled by supramolecular structure of these aggregates. 

Furthermore, it might be expected that membrane binding alters the morphological features of 

fibrillar states, thereby modulating their cytotoxicity. To address this issue, in the present work 

we explored the lipid bilayer interactions of amyloid fibrils from N-terminal fragment (1-83) of 

apolipoprotein A-I (apoA-I). ApoA-I is the principal protein component of high-density 

lipoproteins evoking the efflux of phospholipid and cholesterol from plasma membrane.
37

 

Specific variants of human apoA-I, particularly those possessing G26R substitution mutation, 

have been reported to form amyloid fibrils implicated in renal and liver failure,
38

 with N-terminal 

fragment being the predominant form of apoA-I in fibrillar deposits.
39,40

 Our previous study 

revealed that fibrillization of 1-83/G26R/W@8 yields the structures with helical and twisted 

ribbon morphologies.
41

 Analysis of the Förster resonance energy transfer between tryptophan as 

a donor and amyloid specific dye Thioflavin T as an acceptor allowed us to identify the most 

probable locations of ThT binding sites within the fibril structure. This provides a basis for the 

use of 1-83/G26R/W@8 apoA-I mutant as a model protein for ascertaining the effect of fibril-

lipid interactions on the morphological characteristics of fibrillar aggregates. For this purpose, in 

the present study we measured the FRET efficiency between the membrane fluorescent probe 

Laurdan as a donor and ThT as an acceptor. 

 

Experimental section 

Preparation of amyloid fibrils 

The N-terminal 1-83 fragment of human apoA-I 1-83, 1-83/G26R and its single tryptophan 

variant 1-83/G26R/W@8 were expressed and purified as described elsewhere.
42

 The apoA-I 

preparations were at least 95% pure as assessed by SDS-PAGE. 

In all experiments, apoA-I variants were freshly dialyzed from 6 M guanidine hydrochloride 

solution into 10 mM Tris buffer (150 mM NaCl, 0.01 % NaN3, pH 7.4) before use. The reaction 

of apoA-I fibrillization was carried out at 37 °C in the above buffer. The amyloid nature of 
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fibrillar aggregates was confirmed with the ThT assay.
43 

While monitoring the kinetics of fibril 

growth the protein aliquots (20 µl) were withdrawn at different moments of time from the stock 

solution (100 µM) undergoing continuous shaking on an orbital rotator. These aliquots were 

added to 2.2 ml of ThT solution (6.9 µM) before fluorescence measurements. 

Preparation of lipid vesicles 

Egg yolk phosphatidylcholine (PC) and cholesterol (Chol) were purchased from Avanti 

Polar Lipids (Alabaster, AL). Laurdan (6-Lauroyl- 2-dimethylaminonaphthalene) was from 

Invitrogen Molecular Probes (Eugene, OR, USA). 

Large unilamellar vesicles were prepared from PC and PC/Chol (30 mol% Chol) mixtures 

using extrusion technique. The thin lipid film was obtained by evaporation of lipid ethanol 

solutions and then hydrated with 1.2 ml of 10 mM Tris buffer, 150 mM NaCl, 0.01 % NaN3 to 

yield final lipid concentration 5 mM. Subsequently, lipid suspension was extruded through a 50 

nm pore size polycarbonate filter. 

 

Fluorescence measurements 

Fluorescence measurements were performed at 25 
o
C with a LS-55 spectrofluorimeter 

equipped with a magnetically stirred cuvette holder (Perkin-Elmer Ltd., Beaconsfield, UK) using 

10 mm path-length quartz cuvettes. Emission spectra of Laurdan were recorded with 364 nm 

excitation wavelength. Excitation and emission slit widths were set at 5 nm. 

10 µl of Laurdan solution in ethanol (700 µM) was added to 200 µl of PC or PC/Chol 

liposomes (1 mM) and incubated during 30 min at 37 
o
C under stirring. Then the probe-liposome 

mixtures prepared in such a way were diluted by adding 12 ml of buffer, and 2 ml-portions of the 

resulting solutions were incubated for 1 hour at 37 
o
C on an orbital shaker with 40 µl of the 

examined apoA-I variants (100 µM) withdrawn at 20-th day of fibrillization reaction, i.e. after 

the completion of fibril growth. Afterwards, 1.6 ml of these samples was placed into fluorimetric 

cuvette, diluted with 0.4 ml of buffer and then titrated with ThT. 

Fluorescence intensity measured in the presence of ThT at the maximum of short-

wavelength spectral component of Laurdan (440 nm) was corrected for reabsorption and inner 

filter effects using the following coefficients:
44
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where ex
oA , em

oA  are the donor optical densities at the excitation and emission wavelengths in the 

absence of acceptor, ex
aA , em

aA  are the acceptor optical densities at the excitation and emission 
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wavelengths, respectively. The efficiency of energy transfer was determined by measuring the 

decrease of Laurdan fluorescence at 440 nm upon varying the concentration of ThT: 

1 DA

D

I
E

I
= −            (2) 

where DI , DAI  are the donor fluorescence intensities in the absence and presence of acceptor, 

respectively. 

Steady-state fluorescence anisotropy of Laurdan was measured at excitation and emission 

wavelengths of 364 and 440 nm, respectively, with excitation and emission band passes set at 10 

nm. The critical distance of energy transfer was calculated as:
45

 

( )1/ 6
2 4

0
979

r D
R n Q Jκ −= , ( ) ( ) ( )∫ ∫

∞ ∞

=
0 0

4
/ λλλλλελ dFdFJ DAD     (3) 

where J is the overlap integral derived from numerical integration, FD(λ) is the donor 

fluorescence intensity, εA (λ) is the acceptor molar absorbance at the wavelength λ, rn  is the 

refractive index of the medium ( rn  = 1.4), DQ  is the donor quantum yield, 2κ  is an orientation 

factor. The quantum yield of Laurdan was determined using quinine sulphate (Q = 0.58) as a 

standard. Assuming random reorientation of the donor emission and acceptor absorption 

transition moments during the emission lifetime ( 2κ = 0.67), 
0R value was estimated to be 2.9 nm 

for Laurdan – ThT donor-acceptor pair (with DQ = 0.094 for Laurdan). 

 

Atomic force microscopy 

Measurement by AFM was carried out with a NanoScope IIIa scanning probe work 

station equipped with a MultiMode head using an E-series piezoceramic scanner (Digital 

Instruments, Santa Barbara, CA, USA). AFM probes were single-crystal silicon micro 

cantilevers with 300 kHz resonant frequencies and 26 N/m spring constant model OMCL-

AC160TS-R3 (Olympus, Tokyo, Japan). 10 µL of each sample solution was spotted on freshly 

cleaved mica (The Nilaco Co., Tokyo, Japan). After washing the mica with distilled water (20 

µL), samples were imaged under ambient conditions at room temperature at scan rates of 0.5 Hz 

by tapping mode. 

 

Monte Carlo simulation 

The FRET profiles obtained for Laurdan-ThT donor-acceptor pair in the absence of 

proteins were treated using the Monte-Carlo approach allowing for distance dependence of 

orientation factor in two-dimensional systems.
46

 The membrane-associated donors and acceptors 

were regarded as being confined to the planes separated by a certain distance da. The positions of 
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donors and acceptors were generated randomly in a square cell assuming periodic boundary 

conditions to avoid edge effects. The relative quantum yield (
rQ ) of the donor was calculated 

from the fluorophore coordinates as: 

1
6

2

1 1

( )1
1

DL AL
rN N
o ijDA

r

j iD DL ij

R rI
Q

I N r

κ
−

= =

  
 = = +      

∑ ∑        (4) 

where DI , DAI  are the donor fluorescence intensities in the absence and presence of acceptor; ijr  

is the distance between j-th donor and i-th acceptor; DLN , ALN  stand for the number of donors 

and acceptors in the cell given by: 

/DL DL c a LN B S L S= ;  /AL AL c a LN B S L S=       (5) 

here cS  is the cell square; aL  is the concentration of accessible lipids related to the total lipid 

concentration (L) as 0.5aL L= ; LS  is the mean area per lipid molecule taken here as 0.65 nm
2
 

for PC bilayer and 0.47 nm
2
 for PC/Chol bilayer,

47
 DLB , ALB  are the molar concentrations of the 

membrane-bound Laurdan and ThT, respectively; r

oR  is the part of Förster radius independent of 

orientation factor, ( )1/ 6
4979r

o r D
R n Q J−= . When the donor emission and acceptor absorption 

transition moments are symmetrically distributed within the cones about certain axes Dx and Ax, 

distance-dependent orientation factor is given by:
48
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2 2

2 1 1
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3 3
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2

, , ,

3 1
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2 2

x

D A D A D Ad d α = − 
 

 2

, ,

3 1
cos

2 2

x

D A D Ad ψ = − 
 

    (7) 

where AD,ψ  are the cone half-angles, ,D Aα  are the angles made by Dx and Ax with the bilayer 

normal N. The axial depolarization factors 
x
Dd  and 

x
Ad  are related to the experimentally 

measurable steady-state ( r ) and fundamental ( 0r ) anisotropies of the donor and acceptor:
48

 

( ) 2/1

,0,, / ADAD

x

AD rrd ±=          (8) 

The simulation procedure was repeated for at least 1000 fluorophore configurations until the 

standard deviation in E value was less than 2%. The simulation program was scripted in 

Mathcad 2001 Professional. 

 

Results and discussion  

Effect of apoA-I variants on the efficiency of energy transfer between Laurdan and ThT 
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Fig. 1 shows fibrillization kinetics for three variants of apoA-I N-terminal fragment, one 

of which is wild-type 1-83, while the other two possess amyloidogenic substitution mutation 

G26R. As expected, characteristic exponential increase in ThT fluorescence was observed only 

for 1-83/G26R and its single-Trp counterpart 1-83/G26R/W@8, where two Trp residues (Trp50 

and Trp72) are substituted for Phe. Drastic increase of ThT fluorescence upon fibril binding 

results from restricted torsional oscillations of the benzothiazole and aminobenzoyl rings and 

nearly planar conformation of the dye molecule incorporated in the solvent-exposed grooves 

spanning across consecutive β-strands parallel to fibril axis.
49-51

 The alignment of ThT molecules 

along the fibril grooves implies that spatial distribution of this dye would reproduce the topology 

of fibril surface. This led us to the idea to recruit ThT as an energy acceptor in the FRET 

experiments, since the efficiency of energy transfer essentially depends on spatial arrangement of 

acceptor molecules around a given donor. Thus, it might be anticipated that analysis of FRET 

between the donors confined to the lipid bilayer and ThT associated with β-sheet grooves would 

provide information not only on the lipid binding of amyloid fibrils, but also on the changes in 

their morphology on the membrane surface. One of the most appropriate energy donor for ThT is 

a well-characterized fluorescent probe Laurdan. Due to its amphiphilic nature, in the lipid bilayer 

this dye tends to reside at the polar/nonpolar boundary with lauric acid tail anchored in the acyl 

chain region. Fig. 2 illustrates the changes of Laurdan fluorescence spectra, measured in PC or 

PC/Chol model membranes in the absence and presence of apoA-I variants. The progressive 

decrease of the probe fluorescence intensity observed upon increasing ThT concentration is 

indicative of the energy transfer in the donor-acceptor pair Laurdan-ThT. An important feature 

of Laurdan is its bimodal membrane distribution, that manifests itself in the presence of two 

distinct spectral components, which are attributed to solvent unrelaxed (shorter-wavelength band 

centered at ca. 440 nm) and solvent-relaxed states (longer-wavelength band centered at ca. 490 

nm).
52,53

 To obtain FRET profiles for the examined lipid and lipid-protein systems, we monitored 

the changes in Laurdan fluorescence intensity at 440 nm, i.e. at emission maximum of short-

wavelength component corresponding to the deeper-located probe molecules whose fluorophore 

moieties reside at the level of glycerol backbone.
54

 As seen in Fig. 3, in PC and PC+1-83 

systems FRET curves are virtually identical, while in the presence of 1-83/G26R and 1-

83/G26R/W@8 energy transfer becomes more efficient. Furthermore, FRET efficiency appeared 

to correlate with the extent of fibrillization that increases in the row 1-83, 1-83/G26R, 1-

83/G26R/W@8. The occurrence of FRET in the absence of proteins indicates that ThT is 

capable of partitioning into PC bilayer. When ThT is added to PC liposomes with pre-adsorbed 

apoA-I variants, the dye is distributed between the protein and lipid binding sites. In the 

membrane systems FRET efficiency depends on the number of acceptor molecules per unit area 
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and the randomness of acceptor distribution over the surface of lipid bilayer. Obviously, in the 

case of non-fibrillizing polypeptide 1-83, which does not possess specific binding sites for ThT, 

the amount of membrane-bound acceptors and their arrangement relative to the donor plane are 

similar to those in the protein-free PC membranes, as judged from the coinciding FRET curves 

for PC and PC+1-83 systems. It is also noteworthy that, according to our observations, the 

binding of monomeric and oligomeric proteins to lipid vesicles did not affect the FRET between 

Laurdan and ThT. Since the dye was added after the pre-incubation of apoA-I mutants with 

liposomes, surface-bound ThT would occupy both protein and lipid binding sites. However, the 

randomness of ThT distribution, and its surface density are supposedly not influenced by the 

protein monomers and oligomers uniformly distributed over the membrane area. In contrast, 

adsorption of fibril-forming apoA-I mutants on the surface of lipid vesicles seems to alter spatial 

density and configuration of membrane-associated ThT molecules, thereby enhancing energy 

transfer due to non-random distribution of the protein-bound acceptors. The increase of FRET 

efficiency in the presence of 1-83/G26R and 1-83/G26R/W@8 suggests that fibril binding to PC 

liposomes leads to the rise in the number of acceptors within the distance of energy transfer 

(about two Förster radii from the donor). Since in the case of non-amyloidogenic apoA-I variant, 

1-83, energy transfer between Laurdan and ThT is indistinguishable from that in the protein-free 

PC liposomes, it can be concluded that FRET enhancement in the presence of 1-83/G26R and 1-

83/G26R/W@8 is produced exclusively by fibril-bound ThT molecules. 

 

Polymorphic behavior of 1-83/G26R/W@8 fibrils 

Next, allowing for the sensitivity of energy transfer to acceptor spatial distribution, it 

seemed reasonable to assess whether FRET measurements can be employed for monitoring the 

changes in fibril morphology. In an attempt to answer this question, we performed simulation-

based analysis of the FRET data obtained for 1-83/G26R/W@8, apoA-I variant with the most 

pronounced increase of ThT fluorescence, i.e. with the highest degree of fibrillization. AFM 

measurements showed that 1-83/G26R/W@8 fibrils have smooth or twisted appearance 

indicative of the presence of at least two distinct polymorphs (Fig. 4). The height profiles over 

contour length of these polymorphs appeared to be consistent with the twisted ribbon (TR) and 

helical ribbon (HR) morphologies.
55

 To gain more detailed information on the periodicity and 

morphology of the 1-83/G26R/W@8 fibrils we performed 2D fast Fourier transform (FFT) 

analysis of the AFM images using Gwyddion software. As shown in Figs. 5 and 6, the FFT 

intensity profiles of both twisted and helical ribbons have strong peaks in the area related to 

average pitch size, being indicative of substantial periodicity of the corresponding amyloid 

structures. The fact that in the case of helical ribbon fibrils such periodicity is most pronounced 
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only in the regions of fibril bending and could not be detected by the height profile analysis may 

indicate that the gap between edges of the helical ribbon filaments is too small to be 

distinguished with the tip of 7 nm radius. This assumption is corroborated by the observed 

average width of the filaments (~10 nm) and pitch size of helical ribbon (~16 nm), which yields 

the approximate gap size about 6 nm. It should also be noted in this context that helical ribbon-

like fibril depicted in Fig.4A as “profile 1” is the result of misplacement because it has invariant 

height profile along its whole length and this type of fibrils represents the predominant 

population of polymorphs in the AFM images. 

 

Heterogeneity of ThT binding sites on 1-83/G26R/W@8 fibrils 

Structural polymorphism of 1-83/G26R/W@8 fibrils manifests itself in the heterogeneity 

of ThT binding sites. This issue was addressed in our previous study where the method of double 

fluorimetric titration was employed to determine quantitative characteristics of ThT interaction 

with 1-83/G26R/W@8 fibrils (association constant, aK , and binding stoichiometry, n , in moles 

of ThT per mole of protein monomers).
41

 The observed concave-up appearance of ThT-fibril 

binding data presented in Scatchard coordinates was interpreted as arising from the existence of 

two types of ThT binding sites pertaining to TR and HR polymorphs, respectively. The global 

fitting of two-dimensional data arrays obtained upon varying concentrations of both ThT and 

protein, yielded the following sets of binding parameters: 
1 (6.2 0.7)aK = ± µM

-1
, 

1 0.1 0.02n = ±  

(high-affinity centers); 2 (0.14 0.03)aK = ± µM
-1

, 2 0.17 0.03n = ± , (low-affinity centers). Based 

on the β-strand–loop–β-strand structural model of 1-83/G26R/W@8 fibrils and analysis of FRET 

between Trp8 and ThT, we supposed that high-affinity ThT binding sites reside within the 

groove T16_Y18 on the helical ribbon polymorphs whose constant curvature favors a nearly 

planar motionally restricted conformation of the dye, while low-affinity sites are lined up at the 

groove D20_L22 on the twisted ribbon polymorphs with varying curvature.
41

  

 

Simulation-based analysis of FRET data 

The above findings created the prerequisites for quantitative interpretation of the FRET 

results presented here. The employed strategy of simulation-based data analysis involved the 

following main steps: i) quantification of ThT binding to TR, HR fibrillar structures and lipid 

bilayer; ii) generation of the donor and acceptor coordinates in a virtual box; iii) calculation of 

the energy transfer efficiency for any given spatial configuration of donors and acceptors; iv) 

determining what kind of acceptor arrangement relative to the donors is consistent with the 

Page 10 of 40Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



experimental FRET profiles. The relative quantum yield averaged over all donors in the box was 

calculated as: 

1
6

2

1 1

1
1

ACD N rN

o
r

j iD ij

R
Q

N r

κ
−

= =

  
 = +      

∑ ∑         (9) 

where DN , ACN  denote the number of donors and acceptors in the box, respectively; bl  is the 

edge length of the square box taken as 10 0R . The value of orientation factor was varied between 

( )( )2

min 2 / 3 1 0.5 D Ad dκ = − +  and ( )2

max 2 / 3 1 3D A D Ad d d dκ = + + +  where Dd and Ad  were 

evaluated from the fluorescence anisotropy measurements using eq (8).
48

 The 
ACN  value was 

estimated as the sum of the amounts of ThT species associated with HR ( HRN ), TR ( TRN ) and 

lipids (
LN ). The molar concentrations of these species (

HRB ,
TRB ,

ALB , respectively) were 

calculated for any given total concentration of ThT by solving the system of the following 

equations: 

1

1

( )

1/ ( )

HR TR AL
HR

a HR TR AL

n P Z B B B
B

K Z B B B

− − −
=

+ − − −
;  2

2

( )

1/ ( )

HR TR AL
TR

a HR TR AL

n P Z B B B
B

K Z B B B

− − −
=

+ − − −
 

( )P HR TR AL L
AL

W P L

K Z B B B V
B

V K V

− − −
=

+
        (10) 

where P  is the total concentration of protein monomers, 
PK  is the dye partition coefficient 

characterizing ThT interaction with the lipid bilayer; Z  is the total molar concentration of ThT; 

LV , 
WV  are the volumes of lipid and aqueous phases, respectively. The 

PK  value was estimated 

from the Monte-Carlo analysis of the FRET profiles measured in the absence of protein through 

minimization of the error function: 

( )2
2

1

1 N
e t

ri ri

i

Q Q
N

χ
=

= −∑          (11) 

where N is the number of experimental points; Qr

e  is the experimental 
rQ  value, Qr

t  is the 

relative quantum yield calculated from the eqns (4)-(8) with ALB  being evaluated as follows: 

P L
AL

W P L

K V Z
B

V K V
=

+
          (12) 

As illustrated in Fig. 7, in the case of PC liposomes the error function attains its minimum at 

lg PK  ~ 2.8 and ad  ~ 0, suggesting that Laurdan and ThT fluorophore moieties are planarly 

distributed at nearly the same level within the lipid bilayer. 

 

Distribution of ThT between protein and lipid binding sites 
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The foregoing evaluation of the quantitative characteristics of ThT association with lipid 

bilayer, as well as HR and TR fibril polymorphs, allowed us to assess how this dye is distributed 

between the lipid and protein binding sites (Fig. 8). FRET signal originates from the ThT 

molecules nonspecifically bound to lipid vesicles and specifically associated with fibrillar 

protein. As shown in Fig. 8B, the fraction of ThT distributed in the lipid phase (relative to the 

total amount of bound ThT) does not exceed 10%, while the E value reaches ~18% at the 

maximum ThT concentration being analyzed (Fig. 3B). For PC + 1-83/G26R/W@8 system most 

of bound ThT (~90%) resides on the protein sites, accounting for the increase in E value at each 

titration point, with maximum E ~32%. Subsequent determination of the surface density of lipid-

bound acceptors and linear density (the number of ThT molecules per protein monomer) of HR- 

and TR-associated acceptors, permitted calculation of the number of various ThT species 

( LN , HRN  and TRN ) in the box. 

 

Assessment of FRET sensitivity to morphology of membrane-bound fibrils 

In the following analysis, several possibilities have been considered. First, fibrils were 

regarded as retaining their HR or TR morphology when interacting with the lipid vesicles. The 

donors were treated as being confined to a plane parallel to the membrane surface and located at 

a certain distance fdr  from the fibril axis (Fig. 9). The lengths of HR ( HRl ) and TR ( TRl ) fibrils in 

the box relative to bl  were defined by the parameters /HR HR bs l l= , /TR TR bs l l= . Assuming that 

fibril axis is directed along Y-axis, the coordinates of ThT molecules distributed over the twisted 

ribbon structure (
kAX ,

kAY ,
kAZ ) were defined as: 

2
( 0.5 ) (0.5 )cos

k

m TR
A b TR R TR

TR

d n k
X l w d N w d

P

π 
= − + + −  

 
; 

kA TR mY n d k= ;  

2
(0.5 )sin

k

m TR
A TR

TR

d n k
Z w d

P

π 
= −  

 
        (13) 

where w , fibril width; TRP , TR pitch; md , the distance between protein monomers (along Y-

axis); TRn , the number of protein monomers per one acceptor molecule; TRd , ThT distance from 

the protofilament edge in the twisted ribbon structure; RN , a random number chosen from a 

uniform distribution between 0 and 1. Similar relationships were employed to generate the 

coordinates of acceptors (
lAX ,

lAY ,
lAZ ) in the helical ribbon structure: 

2
( ) cos

l

h HR
A b h R h

HR

d n l
X l r N r

P

π 
= − +  

 
; 

cosl

HR
A HR h

d
Y n d l

ψ
= + ;  

2
sin

l

h HR
A fd h h

HR

d n l
Z r r r

P

π 
= − +  

 
; 

2 tanHR hP rπ ψ=           (14) 
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here hr , helix radius; 
HRP , HR pitch; ψ , pitch angle; sinh md d ψ= , the distance between protein 

monomers along Y-axis, coinciding with the helix axis; 
HRn , the number of protein monomers 

per one acceptor molecule; HRd , ThT distance from the protofilament edge in the helical ribbon 

structure. Using the eqns (9)-(14) we simulated Laudan-ThT FRET for the two types of fibril 

polymorphs whose structural parameters were derived from the AFM images of 1-

83/G26R/W@8 fibrils. The width and pitch of the twisted ribbon proved to be 10w � nm; 

50TRP � nm, while the radius and pitch angle of the helical ribbon were estimated to be 

5hr � nm; 070ψ � . The value of md  was taken as 0.47 nm, the interstrand distance in β-sheet, 

whereas TRn  and HRn  were obtained from the above ThT-fibril binding data, 11TRn =  and 

10HRn = . The estimates for 
TRd  and 

HRd  were obtained from the structural model of 1-

83/G26R/W@8 fibrils proposed in our recent study.
41

 Reasoning from the self-associating 

properties of 1-83 apoA-I N-terminal fragment recovered from AGGRESCAN,
56

 Zyggregator
57

 

and TANGO
58

 algorithms, as well as available experimental evidence on the β-sheet propensities 

of apoA-I segments,
59,60

 we assumed that superficial grooves which could accommodate ThT 

molecules are formed by the solvent-exposed residues 

L14_T16_Y18_D20_L22_D24_R26_D28_V30 in the N-terminal β-sheet layer and by the 

residues Q41_N43_K45_L47_N49_D51, S52_T54_T56_S58 in the C-terminal β-sheet layer. 

Subsequent analysis of FRET data acquired for W8-ThT donor-acceptor pair showed that HR 

groove T16_Y18 and TR groove D20_L22 are the most likely candidates for ThT binding sites. 

Taking the propagation of an extended polypeptide chain as ~ 0.35 nm per residue one obtains 

that maximum separation between W8 and T16_Y18 groove is ~ 3.2 nm, while for D20_L22 this 

separation is ~ 4.6 nm. Analogous estimates for L14 which resides at the beginning of the rigid 

fibril core proved to be ~ 1.1 nm and 2.4 nm, respectively. Since W8 is located outside of the β-

sheet core, approximately in the middle of the flexible region of polypeptide chain, it seemed 

sensible to take ThT distances from L14 and W8 as the lower and upper limits for HRd  and TRd , 

respectively, so that 
HRd  was allowed to vary from 1.1 to 3.2 nm, while 

TRd  - from 2.4 to 4.6 nm. 

This kind of data analysis was aimed at elucidating what set of optimizing parameters 

{ }, ,
fd HR TR

r s s  provides the best agreement between experimentally measured and theoretically 

calculated rQ  values. However, on the assumption that membrane-associated fibrils keep their 

HR or TR structure we did not manage to find any meaningful combination of the above fixed 

and varied parameters capable of describing the experimental FRET profiles. This led us to 

suppose that fibrillar 1-83/G26R/W@8 undergoes lipid-induced structural changes involving the 

untwisting of the helical and twisted ribbons. Indeed, as illustrated in Fig 10A, the discrepancy 

Page 13 of 40 Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



between experiment and theory becomes less pronounced when fibril-bound acceptors are 

treated as being arranged along the lines parallel to bilayer surface, in accordance with the view 

that ThT resides along surface side-chain grooves running parallel to the long fibril axis.
61,62

 

Furthermore, the best fitting of the FRET profile was achieved in the case when orientation 

factor was taken as being dependent on the donor-acceptor distance (Fig 10A), suggesting that 

ThT is similar in its orientational behavior to the membrane fluorophores.
46

 One hypothesis to 

explain this finding is that adsorption of a certain fibril fragment on the membrane surface 

produces structural transformations of superficial fibril grooves arising from the rearrangement 

of hydrogen-bond network in a lipid environment. As a consequence, the properties of ThT 

binding sites become intermediate between those of fibrillar structure and lipid phase, and ThT 

orientational properties as an energy acceptor for Laurdan resemble that of the membrane-bound 

dyes. 

 

Evaluating the possibility of fibril untwisting at lipid-water interface 

In the following, it seems of importance to assess some additional possible explanations 

for the observed effects, alternative to untwisting of the membrane-bound fibrils. First, it can be 

supposed that there exists a population of flat filaments preferentially associating with the lipid 

bilayer. However, it seems unlikely that such polymorphs play a determining role in our case 

since: i) flat filaments are rather rare structures in the amyloid morphology due to amino acid 

chirality and intrinsic fibril propensity for twisting; and ii) taking into account that height-to-

width ratio of flat ribbons in AFM images is at least twice lower than that of twisted/helical 

ribbons, we failed to find any proof for the presence of flat filaments in our samples. A second 

alternative explanation of the obtained results involves fibril-induced structural modification of 

the lipid bilayer coupled with the enhancement of ThT membrane partitioning. Indeed, our recent 

study revealed that 1-83/G26R/W@8 fibrils bring about the increase of bilayer hydration and 

reduction of lipid packing density in the interfacial region.
63

 In principle, it cannot be excluded 

that fibril-liposome binding leads to the formation of linear defects in the lipid bilayer in which 

ThT molecules are arranged in linear rows. To evaluate this possibility, we simulated the 

situation when the helical arrays of fibril-bound ThT coexist with two types of lipid-bound ThT 

species: i) randomly distributed in a bulk and ii) organized into linear arrays along the fibril 

length. However, even assuming that fibril binding gives rise not only to the formation of linear 

defects, but also to substantial reorganization of the lipid bilayer structure followed by the 

increase of ThT partitioning, we failed to reproduce the experimental FRET profile (Fig. 10A, 

model 5). Therefore, we are prone to attribute the observed effects to the membrane-mediated 

untwisting of 1-83/G26R/W@8 fibrils (Fig. 11). 
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 It appeared that the best agreement between the experimental and simulation results is 

reached for 
HRl ~ 29 nm, 

TRl ~ 6 nm, “face-on” rather than “edge-on” orientation of surface-

bound protofilament, and separation of the acceptor linear arrays from the donor plane HRd ~ 1 

nm, 
TRd ~ 1 nm. Allowing for Laurdan bilayer location at the polar/nonpolar boundary, the 

obtained estimates for donor-acceptor separation suggest that linear arrays of fibril-bound ThT 

reside at the lipid-water interface with ThT accommodating grooves facing the aqueous phase. 

Since the distance between β-sheets in a β-strand–loop–β-strand structure is ca. 1 nm, the above 

values of HRd  and TRd  are consistent with membrane penetration of β-strands at the depth ~ 1 

nm, till the level of initial acyl chain carbons. Next, using the values of HRl  and TRl  we made an 

attempt to describe fibril-lipid binding in terms of the number of lipid molecules per protein 

monomer. Taking the surface area per lipid headgroup as 0.65 nm
2
, it follows that the box with 

edge length 29 nm contains 1294 lipid molecules, while the total length of untwisted HR and TR 

is ~ 35 nm, corresponding to ~75 protein monomers. Hence, in a planar ribbon configuration of 

1-83/G26R/W@8 fibrils associated with PC liposomes the number of lipid molecules per protein 

monomer is ~ 17. Analogous estimates for PC/Chol liposomes (Fig. 10B) turned out to be: 
HRl ~ 

17 nm, TRl =0, HRd ~ 2 nm, the number of lipid molecules per protein monomer ~34, suggesting 

that in the presence of cholesterol fibril penetration in the polar membrane region is hampered 

and fibril-lipid contact area is reduced about twofold. 

In the following, to reinforce the above assumption on the orientation of fibrillar 1-

83/G26R/W@8 relative to the membrane surface, we employed HeliQuest online server offering 

the opportunity to evaluate the mean hydrophobicity (<H>), hydrophobic moment (µH), net 

charge (z) and eventually lipid discrimination factor D, characterizing lipid binding affinity of a 

certain polypeptide fragment.
64,65 

If ThT accommodating grooves face the aqueous phase, the 

core sequence Q41–S58 must reside within fibril-membrane contact area. The HeliQuest 

analysis of 1-83/G26R/W@8 sequence showed that this peptide possesses four most probable 

membrane-binding regions, viz. R10 – R27, K23 – K40, L44 – R61, S52 – Q69, with the highest 

lipid-associating potential corresponding to L44 – R61, thereby corroborating the conjecture that 

β-sheet containing the residues 41-58 faces the membrane surface. 

As judged from AFM images, persistence length of 1-83/G26R/W@8 fibrils is ca. 2 µM, 

indicative of their high structural rigidity. The persistence length is defined as 

/ 2 ln cos ( )Pl s sθ= − , where θ  is the angle between the tangent vectors to the chain at two 

points separated by a contour distance s . This characteristic is regarded as a measure of the 

elastic properties of a molecule, since it relates to the Young’s modulus of the polymer (Y ) and 
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the area moment of inertia of the polymer cross-section ( I ): /P Bl YI k T= , where Bk  is the 

Boltzmann constant and T  is the temperature.
23

 The Young’s modulus of amyloid fibrils is ~ 1 

GPa, while lipid bilayer is much more flexible (Y ∼ 1 MPa).
66

 The adsorption of lipid vesicles 

along the lengthy fibrillar strands may be considered as producing a kind of composite material 

whose stiffness is given by the volume-weighted average of Young’s moduli of its constituents, 

according to the rule of mixtures.
67

 Thus, amyloid fibrils might be expected to stiffen and distort 

the lipid bilayer. Indeed, membrane distortion has been observed, for instance, for aggregated 

Aβ–peptide,
68,69

 lysozyme,
70

 β2-microglobulin.
71 

On the other hand, membrane interactions of 

fibrillar structures seem to affect their persistence and rigidity. The results of FRET analysis 

presented here suggest that helical and twisted ribbon polymorphs of 1-83/G26R/W@8 fibrils 

experience untwisting upon adsorption on the surface of PC and PC/Chol bilayers. Importantly, 

our findings are in accordance with a recent theoretical analysis of the conformational behavior 

of surface-bound polymers with an intrinsic twist and anisotropic bending stiffness.
72

 A strong 

coupling between the twist degrees of freedom of a helical polymer and the strength of surface 

interactions was demonstrated to result in progressive unwinding of the helical twist with 

increasing the binding affinity. It was supposed that above a certain critical value of the binding 

strength, depending on the torsional modulus and intrinsic twist rate, the polymer can adopt a 

conformation with a zero twist, surface bound state with a homogeneous stiffness. Taking as an 

example the electrostatic polymer-surface interactions, the authors concluded that surface charge 

densities characteristic of cell membranes are sufficient to cause full untwisting of the helical 

biofilaments like F-actin.
72

 In the fibril-lipid systems described here the role of electrostatic 

interactions is unlikely to be significant because the FRET experiments were conducted with the 

uncharged liposomes at elevated ionic strength (0.15M). Hence, membrane association of 1-

83/G26R/W@8 fibrils are most probably driven by van der Waals and hydrophobic interactions 

whose strength can be comparable or exceed that of electrostatic contacts, thereby providing the 

conditions for untwisting of the helical and twisted ribbons at the lipid-water interface. To 

strengthen the above rationales, it should be noted that fibril periodic pitch is sensitive to 

environmental factors, particularly, to variations in ionic strength. As was demonstrated by 

Adamcik and Mezzenga, increase of the salt content resulted in the gradual untwisting of β-

lactoglobulin fibrils.
73

 The fine balance between competing electrostatic energy and torsional 

elastic energy was supposed to control the twisting pitch of amyloid fibrils. Moreover, mild 

temperature and salinity changes were found to distort hydrogen bonding network stabilizing the 

core of apo-α-lactalbumin fibrils, thereby promoting their refolding.
74 

These observations, along 

with other evidence compromise the concept of the extreme stability of amyloid fibrils. 
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Conclusions 

In summary, the key findings of the present study can be outlined as follows. 

(1) Analysis of the Förster energy transfer between the membrane fluorescent probe Laurdan and 

amyloid-specific dye Thioflavin T indicated that amyloid fibrils from N-terminal fragment (1-

83) of apoA-I are capable of associating with PC and PC/Chol bilayers. Fibril-membrane binding 

manifests itself in the enhancement of energy transfer in protein-lipid mixtures compared to the 

neat lipid systems, with the magnitude of this effect being correlated with the degree of 

fibrillization. 

(2) Simulation-based interpretation of the FRET results acquired for fibrillar apoA-I variant 1-

83/G26R/W@8 possessing the helical and twisted ribbon morphologies provided evidence for 

untwisting of fibril structure in the membrane-bound state. The discrimination between possible 

spatial arrangements of the donors and acceptors revealed the prevalence of planar ribbon 

configuration and face-on orientation of the fibril fragments associating with the lipid bilayer. 

(3) FRET-based evaluation of the donor-acceptor separation revealed that β-strands of 1-

83/G26R/W@8 fibrils insert into the interfacial region of PC bilayer, with ThT-binding grooves 

facing the aqueous phase. Cholesterol was found to decrease the extent of fibril-membrane 

binding and prevent β-strand penetration in the lipid bilayer interior. 

Although the biological relevance of these observations remains to be elucidated, there is 

no doubt that in-depth characterization of the membrane-associating behavior of fibrillar 

assemblies is critically required for identifying the membrane-related determinants of amyloid 

cytotoxicity. Furthermore, the possibility of tuning the morphological characteristics of amyloid 

fibrils by the surfaces may prove of interest in the context of nanotechnological applications of 

this type of protein aggregates. 
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Legends to figures 

 

Fig. 1. Fibrillization kinetics of apoA-I variants monitored by measuring ThT fluorescence 

intensity at 484 nm. Protein concentration was 0.9 µM, ThT concentration was 6.9 µM. 

 

Fig. 2. Emission spectra of Laurdan measured upon varying ThT concentration in the lipid and 

lipid-protein systems. (A) PC, control; (B) PC + fibrillar 1-83/G26R/W@8; (C) PC/Chol 

(30 mol% Chol), control; (D) PC/Chol + fibrillar 1-83/G26R/W@8. Lipid concentration 

was 13 µM, protein concentration was 1.6 µM, Laurdan concentration was 0.5 µM. 

 

Fig. 3. (A) Relative quantum yield of Laurdan in PC and PC+apoA variant systems as a function 

of Thioflavin T concentration. The hollow diamonds indicate rQ  values calculated from 

eqn (4) with lg PK = 2.8 and 
ad  = 0, the values of optimizing parameters providing the 

best agreement between experiment and theory. (B) Efficiency of energy transfer 

between Laurdan and ThT in PC and PC+apoA variant systems as a function of 

Thioflavin T concentration. Lipid concentration was 13 µM, protein concentration was 

1.6 µM, Laurdan concentration was 0.5 µM. 

 

Fig. 4. Atomic force microscopy images of 1-83/G26R/W@8 fibrils illustrating the presence of 

helical and twisted ribbon polymorphs and height profiles over contour length obtained 

for these polymorphs using ImageJ software. 

 

Fig. 5. (A) AFM height image of twisted ribbon-like fibril polymorph. (B) 2D Fast Fourier 

transform of the corresponding AFM image. (C) Intensity profile along the white line of 

FFT image (due to symmetry only half of the profile is shown). Grey stripe indicates a 

peak related to the distribution of fibril pitch size. 

 

Fig.6. (A) AFM height image of helical ribbon-like fibril polymorph. (B) 2D Fast Fourier 

transform of the corresponding AFM image. (C) Intensity profile along the white line of 

FFT image (due to symmetry only half of the profile is shown). Grey stripe indicates a 

peak related to the distribution of fibril pitch size. 
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Fig. 7. Error function calculated from eqn (11) while applying the least-square minimization 

procedure to analyze FRET between Laurdan and ThT in PC liposomes. Z-axis shows 

2χ  value multiplied by 10
3
. 

 

Fig. 8. Distribution of Thioflavin T between the binding sites located in the lipid bilayer and in 

the surface grooves of 1-83/G26R/W@8 fibrils (high-affinity sites of the helical ribbons 

and low-affinity sites of the twisted ribbons). (A) Concentration of ThT bound to HR, TR 

or lipid bilayer as a function of the total ThT concentration. (B) Fractions of ThT 

associated with protein and lipid binding sites (relative to the total amount of bound 

ThT). 

 

Fig. 9. Schematic representations of the parameters used in the simulation-based analysis of the 

FRET data. ThT molecules are depicted as grey rectangles, while Laurdan molecules are 

drawn as black ovals. 

 

Fig. 10. Relative quantum yield of Laurdan in PC and PC/Chol liposomes measured as a function 

of Thioflavin T concentration in the absence and presence of fibrillar 1-83/G26R/W@8. 

(A) The hollow symbols refer to the rQ  values calculated in terms of the following 

theoretical models: model 1 – linear arrangement of acceptors, distance-dependent 

orientation factor, three acceptor populations (ThT bound to untwisted HR, TR and lipid 

bilayer); model 2 – helical arrangement of acceptors, fixed orientation factor, three 

acceptor populations (ThT bound to unmodified HR, TR and lipid bilayer); model 3 – 

linear arrangement of acceptors, fixed orientation factor, three acceptor populations (ThT 

bound to untwisted HR, TR and lipid bilayer); model 4 – linear arrangement of acceptors, 

distance-dependent orientation factor, two acceptor populations (ThT bound to 

undistinguishable sites on untwisted HR or TR, and lipid bilayer); model 5 – helical 

arrangement of acceptors, distance-dependent orientation factor, four acceptor 

populations (ThT bound to unmodified HR, TR, bulk lipid bilayer ( lg PK = 3.8) and linear 

bilayer defects surrounding HR or TR ( lg PK = 5.0)). (B) Comparison of FRET profiles 

acquired for PC and PC/Chol systems. The hollow squares indicate rQ  values calculated 

in terms of the model 1 for the system PC/Chol + fibrillar 1-83/G26R/W@8. 

 

Fig. 11. Schematic illustration for untwisting of the 1-83/G26R/W@8 fibrils on the surface of 

lipid bilayer. 
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Fig. 1 
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Fig. 2, A 
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Fig. 2, B 
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Fig. 2, C 
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Fig. 2, D 
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Fig. 3, A 
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Fig. 3, B 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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Fig. 8, A 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Page 34 of 40Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



 

 
 

Fig. 8, B 
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Fig. 9 
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Fig. 10, A 
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Fig. 10, B 
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Fig. 11 
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The possibility for membrane-induced conversion of amyloid fibrils with the helical and twisted 

ribbon morphologies into the planar ribbon-like structures is demonstrated. 
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