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Abstract
The effects of one of the amyloidogenic mutations of apolipoprotein A-I (apoA-I), G26R, on the thermal stability, structural
dynamics and lipid-associating properties of the 1–83 N-terminal fragment of apoA-I (A83) have been investigated using the
Förster resonance energy transfer (FRET) and molecular dynamics (MD) simulation. The measurements of FRET between the
tryptophan residues of the single Trp variants of A83 as donors and the membrane-incorporated fluorescent probe 4-
dimethylaminochalcone as an acceptor provided evidence for a less depth of A83/G26R penetration into phosphatidylcholine
(PC) bilayer compared to WT counterpart. The unfolding MD simulations showed that G26R mutation destabilizes the overall
structure of A83, with individual alpha-helices differing in their thermal stability. TheMD simulations performed at physiological
temperature revealed that A83 and A83/G26R differ in their conformational behavior in an aqueous solution, PC and PC/
Cholesterol bilayers. These findings may prove of importance for deeper understanding of the key determinants of apoA-I
amyloidogenesis.

Keywords N-terminal fragment of apolipoprotein A-I . Amyloidogenic mutation G26R . Protein-lipid interactions . Förster
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Introduction

A fundamental propensity of polypeptide chain to one-
dimensional crystallization into cross-beta-structured aggre-
gates (amyloid fibrils) currently attracts tremendous research
interest in view of a causative link between amyloid formation
and a number of human disorders [1]. Among such disorders
are acquired and familial amyloidoses of apolipoprotein A-I
(apoA-I), a major protein component of high density lipopro-
teins (HDL) [2]. ApoA-I is a 243-residue polypeptide contain-
ing 11/22-residue repeats of amphipathic α-helices that form

N-terminal (residues 1–187) and C-terminal helix bundles [3,
4]. ApoA-I plays an important role in HDL structure and
function through stabilizing the HDL assemblies and modu-
lating the pathways of reverse cholesterol transport when ex-
cess cholesterol is transferred from cell membranes of periph-
eral tissues to the liver for catabolism [5, 6]. In this process,
apoA-I exchanges between lipid-bound (~95%) and lipid-
poor/lipid-free (~5%) forms, thereby regulating lipid metabo-
lism and exerting an antiatherogenic effect [7]. On the other
hand, lower thermodynamic stability of the free protein com-
pared to its lipid-associated counterpart results in the apoA-I
misassembly associated with two types of human amyloidosis
[8–10]. In the acquired amyloidosis fibrillar aggregates of
wild type full-length apoA-I are observed in atherosclerotic
plaques [8], while in familial systemic amyloidosis amyloid
deposits consisting of N-terminal 80–100 residues are found
in the peripheral nerves, heart, gastrointestinal tract, liver and
kidney [9, 10]. The latter type of amyloidosis is caused by
specific mutations of apoA-I that are supposed to destabilize
the N-terminal helix bundle thus facilitating the proteolytic
cleavage of the full-length protein.11,12 To date, about 20
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amyloidogenic mutations of apoA-I have been identified and
grouped into inside mutations, located in the N-terminus (res-
idues 1–100), and outside mutations occurring within the re-
gion 154–178 [11–14]. Among the latter are, in particular, the
point mutations G26R, E34K, W50R, L60R, L64P, F71Yand
L75P that have been shown to exert diverse effects on the
apoA-I structure and dynamics, producing the destabilization
of the N-terminal helix bundle, solvent exposure of hydropho-
bic groups, decrease of the protein compactness and increase
of its flexibility and susceptibility to proteases [15]. The se-
quence analysis of apoA-I revealed four segments with the
highest aggregation propensity, so called Bhot spots^
encompassing the residues 14–22, 53–58, 69–72 and 227–
232 [16]. It has been hypothesized that the local destabiliza-
tion of these segments upon mutations initiates their conver-
sion from the native α-helices to β-structure, with a parallel
intermolecular β-zipper propagating from the N- to C-
terminus and eventually leading to fibrillization of the full-
length protein or its N-terminal fragment [16]. However, it
still remains unclear to what extent all the above factors mod-
ulate the amyloidogenic properties of the apoA-I. Another
important point that requires further elucidation concerns the
role of lipids in the apoA-I misfolding and fibril formation. On
the one hand, a lipid environment has been supposed to stabi-
lize the α-helical conformation of apoA-I, preventing in such
a way the amyloid assembly [15]. On the other hand,
amyloidogenic mutations seem to compromise the stability
of α-helices in the lipid-bound state thus facilitating fibril
growth, as was recently demonstrated for the apoA-I 1–83
fragment with G26R substitution [17]. As a further step to-
wards uncovering the precise mechanisms by which lipids can
modulate the apoA-I fibril-forming ability, herein we explored
the conformational dynamics and lipid-associating properties
of the apoA-I 1–83 fragment (A83) and its amyloidogenic
counterpart A83/G26R. Our goal was twofold: i) to character-
ize the structure of the protein-lipid complexes through mea-
suring the efficiency of the Förster energy transfer (FRET)
between the Trp residues W8 or W50 of single Trp variants
of A83 as donors and the membrane fluorophore, 4-
dimethylaminochalcone (DMC) as an acceptor; ii) to compare
the conformational behavior of the WT and mutated proteins
using the all-atom molecular dynamics simulations.

Materials and Methods

ApoA-I Proteins

The single tryptophan variants of the N-terminal 1–83 frag-
ment of human apoA-I A83/W8, A83/W50, A83/G26R/W8,
A83/G26R/W50 were expressed and purified as described
earlier [18]. The cDNA encoding the N-terminal fragment 1–
83 of apoA-I was obtained by PCR with full-length human

apoA-I cDNA serving as a template. The required combina-
tions of mutations were introduced using the QuikChange
site-directed mutagenesis kit (Stratagene, La Jolla, CA).
Since two extra amino acids, Gly and Ser, were attached at
the amino terminus of the target apoA-I, the two residues
preceding the normal apoA-I sequence are numbered −1 and
− 2. The apoA-I preparations were at least 95% pure as
assessed by SDS-PAGE. In all experiments, the examined
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.

Preparation of Lipid Vesicles

Egg yolk phosphatidylcholine (PC) and cholesterol (Chol)
were purchased from Avanti Polar Lipids (Alabaster, AL). 4-
dimethylaminochalcone (DMC) was from Signe (Latvia).
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 etha-
nol solutions and then hydrated with 1.2 ml of 10 mM Tris
buffer, 150 mM NaCl, 0.01% NaN3 to yield the final lipid
concentration 5 mM. Subsequently, lipid suspension was ex-
truded through a 50 nm pore size polycarbonate filter.

Fluorescence Measurements

Fluorescence measurements were performed with a LS-55
spectrofluorimeter (Perkin-Elmer Ltd., Beaconsfield, UK)
using 10 mm path-length quartz cuvettes. The apoA-I Trp
fluorescence was selectively excited at 296 nm. Excitation
and emission band passes were set at 10 nm. The efficiency
of the Forster resonance energy transfer between Trp as a
donor and DMC as an acceptor was determined by measuring
the decrease of the protein fluorescence upon increasing the
DMC concentration. The protein-lipid mixtures containing the
buffer (1.86 ml), 50 μM protein solution (40 μl) and 5 mM
liposome suspension (100 μl) were incubated 1 h at 37 °C and
then titrated with aliquots (10 μl) of DMC solution in ethanol
(115 μM). The steady-state fluorescence anisotropies of Trp
and DMCwere measured at excitation / emission wavelengths
296/350 or 420/500 nm, respectively, with excitation and
emission band passes set at 15 nm (Trp) or 5 nm (DMC).

Molecular Dynamics Simulations

The molecular dynamics simulations were performed with
GROMACS software (version 5.1) using the CHARM
M36m force field [19]. The calculations were done at a tem-
perature 310 K and a pressure 1 bar. The starting A83 structure
for the thermal unfolding simulations was obtained from the
crystal structure of C-terminally truncated apoA-I (PDB entry
3R2P). The web-based graphical interface CHARMM-GUI

J Fluoresc



was used to introduce the G26Rmutation in the A83 sequence
and prepare the input files for MD calculations [20]. The lipid
bilayers were built from POPC and its mixture with cholester-
ol (30 mol%). The protein initial position relative to the lipid/
water interface was predicted using the PPM server [21]. The
protein-lipid complexes were solvated in the rectangular
box 80 × 80 × 80 A3 with a minimum distance of 10 Å to
the edges of the box. The TIP3P water model was used. To
obtain a neutral total charge of the system six or five potassi-
um counterions were added. The Particle Mesh Ewald algo-
rithm was employed to treat the long-range electrostatic inter-
actions [22]. Theminimization and equilibration of the system
were performed during 100 ps and 500 ps, respectively. The
time step for MD simulations was 2 fs. The trajectories and
coordinates were saved every 2 ps for further analysis. The
whole time interval for MD calculations was 100 ns.

The analysis tools provided by GROMACS were used to
calculate the root mean-square deviations (RMSD), root
mean-square fluctuations (RMSF), radius of gyration (Rg)
and solvent-accessible surface area (SASA) per residue. The
clustering of the protein conformations was performed with
the GROMACS tool gmx cluster using the gromos method
based on the algorithm described by Daura et al. [23]. The
cutoff was set as 0.3 nm. The evolution of the secondary
structure was followed using the VMD Timeline tool and
Tcl scripts.

Results and Discussion

Partition Model

The first step of the study was focused on quantifying the
acceptor partitioning into lipid phase. To this end, DMC was
titrated with the liposomes and the observed fluorescence in-
tensity increase (ΔI) at the emission maximum was represent-
ed as a function of lipid concentration (Fig. 1a). In terms of the
partition model [24] ΔI can be written as:

ΔI ¼ IL−IW ¼ KpVL Imax−IWð Þ
1þ KpVL

¼ KpVLΔImax

1þ KpVL
ð1Þ

where IL is the fluorescence intensity observed in the liposome
suspension at a certain lipid concentration; IW is the probe
fluorescence intensity in a buffer solution; Imaxis the limit
fluorescence in a lipid environment; VL is the volume of a
lipid phase; Kp is the dye partition coefficient defined as:

Kp ¼ N
0
LVW

N
0
WVL

ð2Þ

here N
0
L, N

0
W are the moles of the dye in the lipid and aqueous

phases, respectively; VW is the volume of the aqueous phase.

The volume of a lipid phase was calculated as:

VL ¼ NACL∑νi f i ð3Þ
where CL is the molar lipid concentration, fi is mole fraction of
the i-th bilayer constituent, νi is its molecular volume taken as
1.58 nm3 (PC) and 0.74 nm3 (Chol). For cholesterol-
containing systems the condensing effect of this lipid was
taken into account, so that the above ν value was reduced by
the factor 1.3. Under the employed experimental conditions
(CL < 1mM) the VL value is much less than total volume of the
system (Vt = 1 dm3), so that VW ≈ Vt. The approximation of the
experimental dependenciesΔI(CL) by the Eqs. (1)–(3) yielded
the dye partition coefficients for PC and PC/Chol liposomes,
(2 ± 0.5) × 104 and (1.2 ± 0.3) × 104, respectively. These parti-
tion coefficients were used to calculate the amount of the
membrane-bound dye required for the quantitative analysis
of the FRET data.

Fig. 1 a The isotherms of DMC binding to PC and PC/Chol liposomes.
Probe concentration was 0.6 μM. Shown in inset are DMC emission
spectra recorded at increasing concentration of PC/Chol liposomes. b
FRET profiles measured for A83/G26R/W50 apoA-I variant. Protein
and lipid concentrations were 2 and 50 μM, respectively. Solid lines
represent theoretical curves calculated from Eqs. (1) to (23)
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FRET Model

The results of FRET measurements have been quantitatively
interpreted in terms of the model of energy transfer on a sur-
face initially formulated by Fung & Stryer [25] and extended
in our previous studies to allow for the distance dependence of
orientation factor in two-dimensional systems [26]. Assuming
that donors and acceptors are randomly distributed in different
planes separated by a distance da, the efficiency of energy
transfer is given by:

E ¼ 1− ∫
∞

0
exp −λð Þexp −Cs

aS λð Þ� �
dλ ð4Þ

S λð Þ ¼ ∫
∞

da
1−exp −λ

Ro

R

� �6
 !" #

2πRdR ð5Þ

where λ = t/τd, τd is the lifetime of excited donor in the ab-
sence of acceptor, Ro is the Förster radius, Cs

a is the concen-
tration of acceptors per unit area related to the molar concen-
trations of the bound probe (Zb) and lipid (CL):

Cs
a ¼

Zb

CL f PCSPC þ f CholSCholð Þ ð6Þ

here f, S are the mole fractions and mean areas per PC or Chol
molecules taken as SPC = 0.65 nm2, SChol = 0.39 nm2. The
Förster radius is known to depend on the donor quantum yield
(QD) and the overlap between the donor emission (FD(λ)) and
acceptor absorption (εA(λ)) spectra:

Ro ¼ 979 κ2n−4r QD J
� �1=6

;

J ¼ ∫∞0 FD λð ÞεA λð Þλ4dλ

∫∞0 FD λð Þdλ
ð7Þ

where nr is the refractive index of the medium (nr = 1.37). The
quantum yields of the apoA-I variants estimated with trypto-
phan solution in water (Q = 0.14) as a standard, were found to
lie in the range 0.02–0.03. The orientation factor (κ2) is de-
fined as:

κ2 ¼ sinθDsinθAcosφ−2cosθDcosθAð Þ2 ð8Þ
where θD and θA are the angles between the donor emission
(D) or acceptor absorption (A) transition moments and the
vector R joining the donor and acceptor, φ is the dihedral
angle between the planes (D, R) and (A, R).

The applicability of Eq. (8) is limited to the case where the
vectors D and A do not undergo any reorientation during the
transfer time. Alternatively, the Förster radius should be cal-
culated using the dynamic average value of orientation factor
(〈κ2〉). If the donor emission and acceptor absorption transition
moments are symmetrically distributed within the cones about
certain axes Dx and Ax, 〈κ

2〉 is given by:

κ2
� � ¼ sinΘDsinΘAcosΦ−2cosΘDcosΘAð Þ2 dxD

� �
dxA
� �

þ 1=3 1− dxD
� �� �þ 1=3 1− dxA

� �� �þ
þ cos2ΘD dxD

� �
1− dxA
� �� �þ cos2ΘA dxA

� �
1− dxD
� �� � ð9Þ

where ΘD and ΘA are the angles made by the axes Dx and Ax

with the vector R, Φ is the angle between the planes contain-
ing the cone axes and the vector R, dxD

� �
and dxA

� �
are so-

called axial depolarization factors:

dxD;A
D E

¼ 3=2 cos2ψD;A

� �
−1=2 ð10Þ

where ψD, A are the cone half-angles. These factors are related
to the steady-state (r) and fundamental (r0) anisotropies of
donor and acceptor [27]:

dxD;A ¼ � rD;A=r0D;A
� �1=2 ð11Þ

The measured steady-state fluorescence anisotropies were
similar for PC and PC/Chol systems, varying in the limits
0.15–0.19 for Trp and 0.18–0.21 for DMC. The fundamental
anisotropies of Trp and DMC were taken as 0.3 and 0.39,
respectively.

When the donor and acceptor planar arrays are located at
different levels across the membrane the multiple donor-
acceptor pairs are involved in energy transfer, so that orienta-
tion factor appears to be a function of the donor-acceptor
separation (R). Particularly, for the most probable membrane
orientation of Dx and Ax, parallel to the bilayer normal, the
angles ΘD and ΘA made by Dx and Ax with R are equal and
depend on the donor-acceptor distance (ΘA =ΘD = θ, θ =
f(R)). Under these circumstances Eq. (9) can be rewritten in
the form:

κ2 θð Þ� � ¼ dxD
� �

dxA
� �

3cos2θ−1
� �2 þ 1=3 1− dxD

� �� �þ
þ 1=3 1− dxA

� �� �þ cos2θ dxD
� �

−2 dxD
� �

dxA
� �þ dxA

� �� � ð12Þ

where cos2θ = (da/R)
2. Next, by representing the Förster radius

as Ro ¼ κ2 Rð Þ½ �1=6⋅Rr
o one obtains:

S tð Þ ¼ ∫
∞

da
1−exp −λκ2 Rð Þ Rr

o

R

� �6
 !" #

2πRdR;

Rr
o ¼ 979 n−4r QD J

� �1=6
ð13Þ

In analyzing the FRET data presented here we considered
the lipid-protein systems as containing one donor plane locat-
ed at a distance dc from the membrane center and two acceptor
planes separated by a distance dt. Given that for the outer
acceptor plane da = |dc − 0.5dt| while for the inner plane da =
dc + 0.5dt, the following relationships hold:

S1 λð Þ ¼ ∫
∞

dc−0:5dtj j
1−exp −λκ2

1 Rð Þ Rr
o

R

� �6
 !" #

2πRdR ð14Þ
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S2 λð Þ ¼ ∫
∞

dcþ0:5dt
1−exp −λκ2

2 Rð Þ Rr
o

R

� �6
 !" #

2πRdR ð15Þ

κ2
1;2 Rð Þ ¼ dxD

� �
dxA
� �

3
dc∓0:5dt

R

� �2

−1

 !

þ 1− dxD
� �
3

þ 1− dxA
� �
3

þ

þ dc∓0:5dt
R

� �2

dxD
� �

−2 dxD
� �

dxA
� �þ dxA

� �� �
ð16Þ

E ¼ 1−Qr ¼ 1− ∫
∞

0
exp −λð Þ

exp −Cs
a S1 λð Þ þ S2 λð Þð Þ� 	

dλ

ð17Þ

where Qr is the relative quantum yield; S2 and S2 are the
quenching contributions describing the energy transfer to the
outer and inner acceptor planes, respectively. The relation-
ships (14)–(17) are valid when the donor and acceptor transi-
tion moments are distributed about the axesDx andAx parallel
to the bilayer normal N. If this is not the case, additional
depolarization factors accounting for the deviations of Dx

and Ax from N should be introduced: daD;A ¼ 3
2 cos

2αD;A− 3
2,

where αD, A are the angles made by Dx and Ax with N. By
applying the Soleillet’s theorem stating the multiplicativity of
depolarization factors, Eq. (16) may be rewritten in a more
general form:

κ2
1;2 Rð Þ ¼ dDdA 3

dc∓0:5dt
R

� �2

−1

 !

þ 1−dD
3

þ 1−dA
3

þ

þ dc∓0:5dt
R

� �2

dD−2dDdA þ dAð Þ

ð18Þ

where dD;A ¼ dxD;A
D E

daD;A.
In the above FRET model the spatial relationships between

the donors and acceptors are defined by the parameters dc and
dt, characterizing the distance between the donor plane and
membrane center, and separation between the outer and inner
acceptor planes, respectively. The former parameter was opti-
mized while the latter was taken as 2.6 nm, allowing that
DMC molecules are located at the level of glycerol backbone
and upper acyl chain carbons.

Since only the membrane-bound protein molecules are in-
volved in FRET, the measured fluorescence intensity (Fm) can
be represented as a sum of variable term (depending on ac-
ceptor concentration) and virtually invariant term (experienc-
ing only slight changes due to the sample dilution and inner
filter effect). In general, for the i-th point of fluorescence

titration of the protein-lipid mixture by the probe one can
write:

Fm
i ¼ Fb

i þ F f
i þ FL

i ð19Þ
where superscripts b and f refer to the bound and free protein,
respectively; FL

i is the contribution of light scattering. Next,

the difference FcorrL
i ¼ Fm

i −F
L
i

� �
KIFE (KIFE is the coefficient

correcting for the inner filter effects) can be represented as:

FcorrL
i ¼ Fb

i þ F f
i ¼ Pi f biabi− 1− f bið Þaf

� 	 ð20Þ

here fb is the molar fraction of the bound protein, ab and af are
the molar fluorescences of the bound and free protein, respec-
tively. The protein fluorescence intensity measured in the
presence of DMC was corrected for inner filter effect using
the following coefficients [28]:

KIFE ¼ 1−10−A
ex
o

� �
Aex
o þ Aex

a

� �

1−10− Aex
o þAex

að Þ
 �
Aex
o

1−10−A
em
o

� �
Aem
o þ Aem

a

� �

1−10− Aem
o þAem

að Þ
 �
Aem
o

ð21Þ

where Aex
o , A

em
o are the donor optical densities at the excitation

and emission wavelengths in the absence of acceptor, Aex
a , A

em
a

are the acceptor optical densities at the excitation and emission
wavelengths, respectively. In fact, the relative quantum yield
(Qri) is determined by the ratio of the molar fluorescence of
bound protein at the i-th acceptor concentration (abi) to that
observed at the initial titration point, in the absence of acceptor
(abo):

Qri ¼
abi
abo

ð22Þ

Rearranging Eq. (20) one obtains:

abi ¼ FcorrL
i − 1− f bið Þaf Pi

f biPi
;

abo ¼ FcorrL
o −af Po

f boPo

ð23Þ

As follows from the above considerations, the measured
FRET profiles depend on the fraction of bound protein. For
this reason, the FRET model was combined with the partition
model (Eqs. (1)–(3)) describing the protein-lipid binding in
terms of the partition coefficient KPL. Based on the above
formalism, the experimental FRET profiles have been quanti-
tatively analyzed with simultaneous optimization of the struc-
tural parameter (Trp distance from the bilayer center, dc) and
the binding parameter (partition coefficient KPL).

FRET Analysis

Figure 1b illustrates the typical FRET profiles observed for the
model systems containing one of the examined apoA-I
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variants and monolamellar liposomes from PC or PC mixture
with 30 mol% cholesterol. It appeared that the variations in
both the protein and lipid composition of the investigated
systems affect the efficiency of energy transfer. To interpret
the FRET results quantitatively, we employed the combined
FRET-binding model which describes the FRET profiles in
terms of the two main quantities – the structural parameter,
Trp distance from the center of lipid bilayer, and the binding
parameter, the partition coefficient characterizing the protein-
lipid association. These parameters have been estimated
through the fitting of the theoretical curves predicted by the
above model (Eqs. (1)–(23)) to the experimental FRET pro-
files. The principal outcomes of the FRET data analysis are as
follows. (1) In PC bilayer W8 and W50 are situated at the
distances 1.5–2 nm from the bilayer center (Fig. 2a), with
G26R mutation resulting in a more exposed location of the
Trp residues. (2) The experimental finding that for all the
examined apoA-I variants the energy transfer becomes mark-
edly less efficient in the presence of cholesterol can be ex-
plained by a much shallower location of the proteins relative
to the membrane surface with W8 and W50 residing in the
aqueous phase, at the distances 3.2–3.9 nm from the bilayer
midplane (Fig. 2a). (3) The partition coefficients (Fig. 2b),
and, accordingly, the values of the fraction of bound protein
are generally higher in the PC/Chol membranes compared to
the neat PC bilayers. Notably, the above estimates of the Trp
distance from the PC bilayer center agree with the previously
reported data indicating that in the lipid-associated state A83/
W8 and A83/W50 variants have emission maxima at lower
wavelengths compared to their A83/G26R/W8 and A83/
G26R/W50 analogs [17]. Furthermore, the observation that
the fraction of bound protein is greater in PC/Chol bilayers
supports the idea that cholesterol-induced increase of the
phospholipid headgroup spacing favors the apoA-I binding
to the membrane surface [29].

Thermal Unfolding MD Simulations

Next, to gain deeper understanding of the molecular factors
underlying the effect of G26R mutation and lipids on the
conformational behavior of N-terminal fragment of apoA-I,
we performed the molecular dynamics simulations of A83
and A83/G26R variants in solution and lipid environment.
The starting A83 structure was obtained from the crystal struc-
ture of C-terminally truncated apoA-I (PDB entry 3R2P) [4].
First, we explored the overall stability of A83 and A83/G26R
through simulating their thermal unfolding at the temperatures
500 K and 400 K. The unfolding pathways of WTA83 and its
mutant were compared using the parameters characterizing
both the global and local protein structure, the root mean-
square deviation (RMSD), gyration radius (Rg), solvent acces-
sible surface area (SASA), the root mean-square fluctuations
of the C-alpha atoms (RMSF) and the secondary structure

content. The RMSD trajectories for both A83 and A83/
G26R increased similarly during the first 15 ns of simulation
and then followed by the fluctuations around ~ 1.4 nm (400K)
or 2 nm (500 K). Analogously, no sustained differences be-
tween WTand mutated A83 were found in the time evolution
of gyration radius, hydrophilic and hydrophobic SASA. On
the contrary, analysis of the secondary structure profiles re-
vealed that A83/G26R unfolds markedly faster than A83. As

Fig. 2 a Distance between Trp residues 8 or 50 and lipid bilayer center.
The error of distance estimation does not exceed 0.3 nm. b Partition
coefficients characterizing the complexation of apoA-I variants with PC
and PC/Chol bilayers
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illustrated in Fig. 3a, at 500 K the content ofα-helices drops to
about zero in ~5 ns for the mutant and in ~10 ns for the WT
protein, while at 400 K the helicity reduced to ~40% for A83
and to ~35% for A83/G26R during ~30 ns and then fluctuates
around these values (Fig. 3b). In the initial state A83 contains
four α-helices encompassing the residues 7–35 (H137–42
(H2), 56–64 (H3) and 69–75 (H4). It appeared that these he-
lices differ in their ability to convert into turns and coils during
the unfolding process. Considering the helix as being
completely unfolded if its helicity equals zero for at least
1 ns, we found that the unfolding time (tu) of A83/G26R
helices decreases in the row H1 (tu ~ 4.5 ns) > H4 (tu ~
4.2 ns) > H2 (tu ~ 2.7 ns) > H3 (tu ~ 1.5 ns), while in A83
the helix stability follows the order H3 (tu ~ 10.8 ns) > H4
(tu ~ 10.5 ns) > H1 (tu ~ 9.6 ns) > H2 (tu ~ 8.3 ns) (Fig. 4).
This finding indicates that G26R mutation differently affects

the stability of the individual α-helices, with the most pro-
nounced destabilization (~ 7-fold decrease in tu) being ob-
served for the helix 56–64. Interestingly, this helix partially
overlaps with the amyloid hot spot 53–58 predicted by the
sequence-based algorithms [30]. Another observation note-
worthy is that during the unfolding at 400 K the RMSF of
the mutant are generally higher than that of WT protein (ex-
cept the weakly fluctuating central fragment 32–42) with the
most pronounced differences (>50%) being observed in the
vicinity of the mutation site (residues 22–27) and in the re-
gions 45–62 and 65–67, one of which covers the ApoA-I
amyloid hot spot 53–58 (Fig. 5a). Notably, at 500 K the
RMSF changes are markedly smaller in magnitude and seem
to be less amenable to analysis because the temperatures
higher than 400 K are supposed to influence the protein
unfolding pathways throughmodifying the properties of water
[31]. Remarkably, at both temperatures the largest increase in
the average SASA per residue is observed for the mutated
residue 26 (Fig. 5b).

Fig. 3 a Plots of the helical content of A83 and A83/G26R as a function
of time for 20 ns MD trajectory. bHelical content of A83 and A83/G26R
as a function of time for 100 ns MD trajectory

Fig. 4 Helicity of the individual α-helices of A83 and A83/G26R as a
function of time: a Helix 7–35. b Helix 56–64
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MD Simulations at Physiological Temperature

Atthelaststepofthestudy,toelucidatetheeffectoflipidsonthe
conformationalpropertiesofA83anditsG26Rmutant,aseries
ofMDsimulationshavebeenperformedatphysiologicaltem-
perature,310K.Insolution,atneutralpH,A83andA83/G26R
have predominantly a randomcoil conformationwith the he-
lical content~15%[17].This implies that thecrystal structure
ofA83whosehelicityisca.65%isinappropriateforsimulation
of theproteindynamics insolutionor lipidbilayer.Tocircum-
vent thisproblem,weemployedthestrategyinvolvingthefol-
lowing principal steps: i) retrieving the ensemble of con-
formerswith average helicity close to the experimental value
15% from the 500 K unfolding trajectory; ii) clustering the
500 K ensemble conformations into groups based on the
RMSDvalues; iii)MD simulation of the 500K cluster repre-
sentative structures at 310 K; iv) clustering the conformers
generated during the 310KMDsimulation and obtaining the

310 K ensemble from the representative structures of each
cluster; v) analysis of the 310 K ensemble using the PPM2
methodwhichallows todetermine theprotein spatialposition
relativetolipid-water interface[32]andcalculatethefrequen-
cy of the residue insertion into nonpolar bilayer region; vi)
selection of the conformers anchored to the membrane in the
mostfrequentlyoccurredway;vi)MDsimulationoftheselect-
edA83andA83/G26Rconformersinsolutionandlipidbilayer
at310K.AsshowninFig.6a, theG26Rmutationmodifies the
mode of protein-lipid interactions. In theA83-PC system the
residuesmost frequently penetrating the hydrophobic region
ofPCbilayer(withthefrequency>20%)followtheorder:L14
~ L82 > R83 > T16 >W50 > A15, while for A83/G26R the
analogous row is F57 > L82 > L38 > R83 ~ W50. The

Fig. 5 a Percentage of difference between A83/G26R and A83 in RMSF
calculated as ((RMSFMut/RMSFWT)) -1) × 100. b Percentage of
difference between A83/G26R and A83 in average SASA per residue
calculated as ((SASAMut/SASAWT)) -1) × 100

Fig. 6 a The frequency of residue penetration in the hydrophobic region
of PC bilayer. b Disposition of A83 conformer used in MD simulation at
310 K with respect to the membrane surface. The residues penetrating
into nonpolar bilayer region are marked in red (F57), orange (L82) and
green (R83). The α-helices encompass the residues 27–34 and 67–72
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similarity between WT and mutated proteins lies in the in-
volvement ofL82,R83andW50 in themembraneanchoring,
whereas themaindifferencesconcern theabsenceof anypen-
etrationofV11,L14,A15andT16intothemembranecore,and
muchmorepronouncedbilayer insertionofL38andF57inthe
A83/G26R-lipidcomplexes.Importantly,thePPMprediction
thatW50isamembrane-embeddedresidueisinharmonywith
theFRETresultspresentedhereandexperimentallyobserved
short-wavelength shift of the emission maximum of W50
apoA-I variants upon lipid binding [17]. In the following, to
characterize the lipid-associating behavior of A83 and its
G26Rmutantinmoredetail,weperformedtheMDsimulation
of theseproteinsat310K.Theconformerschosenfor thispur-
pose from the 310 K conformational ensemble attach to the
lipid bilayer in such amanner that F57, L82 andR83 reside at
the level of initial acyl chain carbons, as illustrated in Fig. 6b.
The analysis of 100 ns MD trajectories revealed several
key differences between the A83 and A83/G26R. (1) The
protein helicity averaged over all trajectory increases up-
on membrane binding, with the magnitude of this effect
being markedly higher in A83-PC system (~27%) com-
pared to A83/G26R-PC system (~5%). This finding
agrees with the CD data indicating that in the lipid-
bound state apoA-I variants have higher content of α-
helices compared to the free state [17]. In the PC/Chol
bilayer lipid-induced helicity increase was comparable
for A83 (~13%) and A83/G26R (~15%). (2) In the PC
bilayer the mutant is generally less flexible than its WT
counterpart, except the central region 34–39 and terminal
region 79–83 where RMSFMut > RMSFWT (Fig. 7a), while
in the PC/Chol bilayer the prevailing tendency is the
higher fluctuations of the mutated protein (Fig. 7b).
Interestingly, in a lipid-bound state the regions of the
largest difference in RMSF (>30%) fully or partly cover
the amyloid hot spots 14–22, 53–58 and 69–72. In water,
the regions of the highest fluctuations cover the frag-
ments 12–17, 25–26, 81–83 (RMSFMut < RMSFWT) and
19–22, 32–38 (RMSFMut > RMSFWT). (3) The greatest
SASA per residue changes (more than 2-fold increase in
the mutant compared to WT) were observed for the resi-
dues 3, 26, 36, 38, 39 (PC) and 4, 26, 30, 64, 65 (PC/
Chol), as seen in Fig. 8. Remarkably, in the PC/Chol
bilayer the mutated residue 26 shows markedly larger
SASA increase (~9 times) compared to PC bilayer (~2.5
times). Taken together, the RMSF and SASA per residue
changes are consistent with the above FRET data suggest-
ing that in the presence of Chol A83 and its mutant tend
to adopt a more superficial membrane location.

Finally, it should be noted that direct comparison be-
tween the MD results and FRET data presented here can-
not be made because the simulation was performed only
for a particular structure from the conformational ensem-
ble, while the structural parameters derived from FRET

represent the average over all membrane-bound con-
formers. Nevertheless, the main tendencies such as i) a
more exposed bilayer location of W8 and W50 in A83/
G26R-PC system compared to A83-PC system and ii) a
shallower position of the A83 variants in PC/Chol bilayer
relative to the neat PC bilayer are well reproduced in the
MD simulations.

Conclusions

Cumulatively, the present study revealed the diverse effects of
the amyloidogenic mutation G26R on the structure, dynamics
and lipid-associating properties of the 1–83 N-terminal frag-
ment of apoA-I:

(i) destabilization of the overall A83 structure, with the low-
est stability being displayed by the helix 56–64;

Fig. 7 Percentage of difference between A83/G26R and A83 in RMSF
calculated from the results of 310 K MD simulation as ((RMSFMut/
RMSFWT)) -1) × 100 for PC (a) and PC/Chol (b) bilayers
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(ii) change of the protein location within the PC bilayer to a
shallower position;

(iii) modification of the A83 membrane binding motif;
(iv) reduction of the magnitude of the protein helicity in-

crease in the PC bilayer;
(v) alterations in the conformational dynamics of A83 both

in free and lipid-bound states;
(vi) modulating influence of cholesterol on the bilayer loca-

tion and conformational behavior of the WT and mutat-
ed A83.

These findings may prove essential for clarifying the subtle
mechanisms of apoA-I amyloidogenesis and development of
effective anti-amyloid strategies.
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