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Amyloid fibrils represent a special type of protein aggregates that are currently receiving enormous attention due to their strong
implication in molecular etiology of a wide range of human disorders. Amyloid fibrils represent highly ordered self-assemblies
sharing a core cross-p-sheet structure. Such organization of the fibrils is responsible for amyloid insolubility and exceptional
mechanical properties. The remarkable rigidity of the protein fibrillar aggregates is due to intra- and interstrand hydrogen bonds
which stabilize the B-strand scaffold of amyloid fibrils. Increasing evidence indicates that physical properties of amyloid assemblies,
especially their mechanical characteristics, play essential role in determining their cytotoxic action. This highlights the necessity of
deciphering the correlation between the elastic properties of amyloid aggregates and their cytotoxicity. In the present paper we
utilized the atomic force microscopy (AFM) to visualize and analyze the amyloid fibrils of G26R/W@8 mutant of N-terminal
fragment of human apolipoprotein A-I (apoA-I). The examination of AFM images revealed the existence of two polymorphic forms
of apoA-I fibrils — twisted ribbon and helical ribbon. The quantitative analysis of apoA-I elastic properties was performed within the
framework of worm-like model of polymer chain using the Easyworm software. The Easyworm package analyzes the images of
individual polymer chains obtained by the atomic force microscopy and allows calculation of the persistent length of a chain in three
regimes depending on the ratio between the contour and persistent lengths of the polymer. The set of evaluated parameters included
the Young’s modulus, persistent length, bending rigidity and the second moment of inertia. All parameters calculated for the helical
ribbon conformation were higher than those of the twisted ribbon. These findings suggest that helical ribbon represents a more rigid
and mechanically stable configuration. The results obtained may prove of importance for a deeper understanding the mechanics-
driven pathological activities of amyloid fibrils.
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A fundamental propensity of polypeptide chain for self-assembly has a dual nature reflected in protein folding into
a functionally active native state and misfolding that provokes protein oligomerization and aggregation [1,2]. All these
processes are driven by the common forces and crucially depend on the environmental conditions. The intermolecular
noncovalent interactions may stabilize a diversity of supramolecular assemblies whose structures range from disordered
amorphous aggregates to the crystals with strictly defined three-dimensional symmetry. Along with a naturally
occurring protein self-association, there exists a so-called pathological aggregation leading to the formation of amyloid
fibrils. During the past decades amyloid protein aggregates remain a focus of extensive research activities due to their
involvement in the development of numerous human disorders, including neurodegenerative diseases, type Il diabetes,
spongiform encephalopathies, etc [3]. Increasing evidence from both theoretical and experimental in vitro and in vivo
studies suggests that amyloid proteins and peptides can self-associate into fibrillar structures of different
morphologies [4]. This gives rise to variability in amyloid fibril conformations and distinctions in their toxic potential
and pathology-spreading properties. Accordingly, it was shown that various fibril polymorphs are characterized by
different ability to act as a catalytic surface for secondary nucleation [5], as well as by distinct biological activities, such
as propagation in a prion-like manner or association with cytotoxic active species [6]. Furthermore, a polymorphic
behavior is believed to be a fundamental characteristic of a protein fibrillar state. The existence of different polymorphs
was reported for AB-peptide, prion proteins, a-synuclein, albumin, insulin, B-lactoglobulin, just to name a few. One of
the most popular type of polymorphism is called lateral, or morphological one, and involves the transition from so-
called twisted ribbon (TR) conformation to nanotube-like (NT) structure through the intermediate state called helical
ribbon (HR) [7]. The driving force for the polymorphism is thought to be the variations in the number of protofilaments
composing the fibril, that results in different twist and curvature of the final protein fibrillar assembly [8].

In general, characterization of the protein polymorphs is performed in a qualitative manner using the different
microscopic techniques [9-11]. However, due to well-established key role of structural polymorphism in determining
the amyloid cytotoxic activity, evaluation of the quantitative parameters of different amyloid conformations seems to be
of great importance. In view of this, the aim of the present study was the examination of the polymorphic behavior of
G26R/W@8 mutant of human apolipoprotein A-I (apoA-I) and analysis of its mechanical properties. The atomic force
microscopy (AFM) was used in order to visualize, identify, classify and quantify in detail the distinct polymorphic
species of apoA-I.
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EXPERIMENTAL SECTION
Materials
G26R/W@8 mutant of N-terminal fragment (1-83) of human apoA-I was obtained as described previously [12].
To prepare the amyloid fibrils, apoA-I variant was freshly dialyzed from 6M guanidine hydrochloride solution into 10
mM Tris buffer, 150 mM NacCl, 0.01 % NaNj3, pH 7.4 before use. The reaction of protein fibrillization was conducted at
37 °C in the above buffer with constant agitation on an orbital shaker. The amyloid nature of fibrillar aggregates was
confirmed in Thioflavin T (ThT) assay [13]. All other reagents were used without further purification.

Atomic force microscopy
AFM imaging was carried out with a NanoScope Illa 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 microcantilevers with 300 kHz resonant frequencies and 26 N/m spring constant model OMCL-
AC160TS-R3 (Olympus, Tokyo, Japan). 10 pl of each sample solution was spotted on freshly cleaved mica (The Nilaco
Co., Tokyo, Japan). After washing the mica with distilled water (20 ul), samples were imaged under ambient conditions
at room temperature at scan rates of 0.5 Hz by tapping mode.

RESULTS AND DISCUSSION

Among a wide variety of different filamentous morphologies which can be adopted by protein aggregates, the
configurations such as twisted ribbon, helical ribbon and nanotubes (NT) are among the most frequently appeared. TR
conformation is characterized by a saddle-like curvature, straight central axis and a constant pitch. In turn, HR and NT
represent the polymorphs with a high mean curvature but zero Gaussian curvature, helical centerline and a constant tilt
angle. The transition from a twisted ribbon to a helical ribbon occurs at increasing number of protofilaments, and the
accompanying rise in the width-to-thickness ratio, resulting from the protein tendency to minimize the bending and
torsional energy. A further transformation of HR into a nanotube is associated with extra energy due to the edge line
tension. The surface curvatures of the twisted ( x, ) and helical ( x,;, ) ribbons are given by:
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where w is the width of fibril core, d,, stands for the distance from the ribbon edge; P, P, denote fibril pitch either
in TR or in HR conformation, respectively; 7, is the helix radius; y is the pitch angle. In our previous study [13] we
derived the structural parameters of the twisted and helical ribbon polymorphs of G26R/W@8 fibrils from the AFM
data, that were found to be: w=10nm, P, =50nm for the twisted ribbon, and », =5nm, y = 70" for the helical

ribbon.

Fig. 1 represents the AFM image of fibrillar G26R/W @8 mutant of apoA-I. As seen from this figure, the amyloid
fibrils are visualized as smoothed or twisted structures. This observation suggests the existence of at least two different
polymorphic forms of fibrillar polypeptide. The analysis of height profiles along the contour length showed that these
polymorphs correspond to TR and HR configurations.

From the physical viewpoint amyloid fibrils are considered as supramolecular semi-elastic polymers which are not
subject to Gaussian statistics. The reason of non-Gaussian nature of amyloid fibrils lies in their increased rigidity which
results in the lack of the number of independent segments for application of the Gaussian statistics. An increased
rigidity of polymeric chains may originate from several factors, among which are: i) sterical restrictions arising from the
repulsion of atoms which are getting closer upon segment rotation; ii) electrostatic interactions; iii) H-bond formation.
The description of rigid polymer molecules is generally based on the worm-like model which represents the continuous
version of the Kratky-Porod model [14]. Within the framework of this approach, the following conditions are valid for a
persistent chain: i) the segment length /-0, ii) the angle between the segments a—m, so the chain is characterized by a
continuous curvature equal to the mean value of the cosine of the angle y between the tangents to the chain at a given

point and a starting point.
The curvature of the persistent chain is given by:

(cos 1//) =exp(=s/l,) ()

where s is a contour length of a chain (i.e. the length from the beginning of a chain to a given point), /, is a persistent
length. As follows from the eq. (2), the curvature changes e times along a chain of a length /,. If Ais a total contour
length and i(s) represents a unit vector characterizing the direction of the chain at a given point, which is at a distance s

from the beginning of the chain, the vector R connecting the starting and ending points of a chain can be described as:

R= Tﬁ(s)ds (3)
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The root mean square value of this parameter is given by:

A A
<R2> = [ii(s,)ds, [ii(s, )ds, @)
0 0
The scalar product of unit vectors equals to:
(5, )i(s,) =cos(d§.,d52>=exp[@} 5>, )
P

Finally, one obtains:
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Fig. 1. Height profiles of G26R/W @8 amyloid fibrils along the contour length (left panel). Schematic representation of different
polymorphs of amyloid fibrils (right panel).

It should be noted that the expression for the root mean square distance between the ends of a persistent chain may
be used for the estimation of the root mean square distance between any points of a chain, s; and s,:

(R)=f(s,~s,)=21 {—'s‘ I_S2| —1+exp{——|sl I_S2|J} ©)
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From the other hand, the persistent length relates to the two important elastic characteristics of amyloid fibrils:

1, =El/k,T (10)
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where E is the modulus of elasticity (the Young’s modulus), 7 is the second moment of inertia. While the Young’s
modulus is determined mainly by the amino acid sequence of monomeric polypeptide chain, the second moment of
inertia is a geometric factor which depends on the shape and size of fibril cross section [15]. Given that the cross section
of the amyloid fibril in a twisted ribbon configuration is a rectangle, while that in the configuration of helical ribbon is a
circle, the second moments of inertia for TR (/,;, ) and HR (/,;, ) may be written as:

wh’ h
I,= , = 11
"= = an
In turn, the Young’s modulus and the second moment of inertia are interrelated by the following equation:
E=BJI (12)

where B is the bending rigidity coefficient.

For the quantitative estimation of the mechanical properties (persistent length, Young’s modulus, second moment
of inertia) of the G26R/W@8 amyloid fibrils within the framework of the worm-like model, the AFM image presented
in Fig. 1 was analyzed using the Easyworm software [16]. The calculations were made separately for TR and HR
conformations.
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The Easyworm represents the graphical interface of the algorithm of AFM data treatment, whose mathematical
basis was created in MATLAB. The three regimes of persistent length calculations are available in Easyworm (Fig. 2):
Regime 1 — the measurement of the angle between the tangents at two points of the fibril segments. Persistent length is
determined by eq. (2).

Regime 2 — the calculation of the mean square end-to-end distance of the fibril. Persistent length is determined by
eq. (8).

Regime 3 — the determination of mean square of the deviations & to secant midpoints at two points of the fibril
segments. Persistent length is determined as:

<52>=% (13)
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Table
Mechanical properties of two polymorphic forms of G26R/W @8 amyloid fibrils
Parameter TR HR
Persistent length, um 2.23+0.24 4.17+0.61
Bending rigidity, N-m* (9.17+1.07)x10°% (17.15+2.11)x1077
Second moment of inertia, m* (2.91+0.93)x107% (4.91+£0.93)x10**
Young’s modulus, GPa 3.15+0.72 3.54+0.77

Fig. 2 represents the approximation of the AFM data acquired for G26R/W@8 amyloid fibrils in TR
configuration, by the egs. (2), (8), (13). As seen from this figure, the best fit between the theory and experiment is
achieved in the Regime 2 (Fig. 2, B). An analogous result was obtained also for HR configuration. Therefore, the
values of persistent length, derived from eq. (8), were used for the estimation of E, / and B. The mechanical
characteristics of fibrillar G26R/W@S$ calculated in such a way are summarized in Table 1. The results obtained show
that the amyloid fibrils represent rigid, mechanically stable structures. For the sake of comparison, the elastic modulus
of rubber is 0.005 GPa, of glass and aluminum is 70 GPa, of bones is 30 GPa, and that of steel is 200 GPa [17]. Another
mechanical peculiarity of the examined amyloid fibrils is the fact that the aggregates in a HR conformation have the
persistent length twice higher than that in a TR conformation. This finding reflects the expected increase of fibril
rigidity upon topological evolution from a twisted to a helical ribbon during fibril maturation and thickening. Using the
theoretical approaches of polymer statistics, Adamcik and co-workers have analyzed the nanomechanical properties of
amyloid fibrils based on the AFM images [18]. The authors postulated that any fibrillar aggregate may be described as a
multistranded fibril composed of 1 — 5 filaments. The helicity of the resulted fibril depends on the interactions between
the filaments, while the persistent length is determined by the number of protofilaments. More specifically, the rise in
persistent length with the number of filaments is supposed to be due to the increase in cross-sectional moment of inertia.

The exceptional mechanical characteristics of amyloid fibrils are explained by their unique highly ordered
structure, the main element of which is represented by the B-strands. A high density of the inter-backbone H-bonds
which stabilize the integrity of the fibril plays a decisive role in determining the rigidity of fibrillar aggregates.
Furthermore, the remarkable elastic properties of amyloid fibrils were reported to be a crucial factor underlying their
cytotoxic potential. In particular, it was supposed that the mechanical disruption of cell membranes by amyloids arises
from the fact that the Young’s modulus of protein aggregates (1 — 10 GPa) substantially exceeds that of cellular
membranes (~100 kPa). Thus, the findings presented here may help in creating the basis for understanding the
mechanics-driven cytotoxic activities of amyloid fibrils.

CONCLUSIONS
In summary, the atomic force microscopy was utilized to perform the mechanical characterization of the
apolipoprotein A-I amyloid fibrils. The set of elastic parameters, including the Young’s modulus, persistent length,
bending rigidity and the second moment of inertia was calculated for the two polymorphic forms of fibrillar
aggregates — twisted ribbon and helical ribbon. A helical ribbon configuration was found to possess a higher mechanical
strength and stiffness as compared to a twisted ribbon state. Given that the amyloid elastic characteristics correlate with
its pathogenic potential, the results obtained highlight the key role of fibril maturation in determining its cytotoxicity.
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HAHOMEXAHIYHI XAPAKTEPUCTUKA AMUIOITHUX ®IEPUJI ALTIOJINONPOTEIHY A-1
Banepis Tpycoa®, Katepuna Byc?, Onbra JKurusikisebka®, Yasina Tapa6apa®, Xipotoki Caiito”, aanna opGenko®
“Kagpedpa meduunoi ¢izuxu ma biomeouunux narnomexnono2iu, Xapriecokuii nayionanvhuil ynieepcumem imeni B.H. Kapasina
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AMminoinHi ¢Gibprin — ne ocoONMBHI THIT OLTKOBHMX arperartis, KUl NPUBEPTAE HEBIMHHO 3POCTAIOYY YBary 3aBISIKH IX BaXIIMBil
poJii B MOJICKYJUSIPHIN €TiOJIOrii MIMPOKOro Koja 3aXBOPIOBaHb. AMIJIOINHI (iOpHIH MpeacTaBisioTh COOOI BHCOKOBHOPSAKOBAHI
caMoacolliaTi, IO XapaKTepU3YIOThCS Kpoc-P-CKiIaadaTor CTpykTyporo. Taka opranizaumis ¢iOpun BigmoBimambHa 3a iX
HEPO3YMHHICTh Ta OCOONHMBI MEXaHIYHI BIACTHUBOCTI. BHMcoka XOpcTkicTh (iOpmispHUX OTKOBHX arperatiB 3a0e3meuyeThes
BEJMKOIO KUTBKICTIO BOJHEBUX 3B’S3KiB, fAKi CTaOLT3YyIOTh [-ckiamgdacTuil Kapkac aminoigaux ¢ibpmn. Bcee Oinpmoro
0o0rpyHTYBaHHS HaOyBa€ MPUITYIICHHS, M0 (Hi3WYHI BIACTUBOCTI aMiJIOiZiB, OCOONHMBO iX MEXaHIYHI XapaKTCPHCTUKH, BiIIirparoTh
KJIIOYOBY POJIb Y BH3HAYCHHI iX LUTOTOKCHUYHOI Jii. V 3B’S3KY i3 LM, BCTAHOBJICHHS KOPEJSLil MXK €laCTHYHHMH BIIACTHBOCTSAMHU
aMIJIOITHUX arperatiB Ta 1X HUTOTOKCHYHICTIO € BEJbMH HEOOXigHMM. Y naHiii poOOTi 3 BUKOPHUCTAHHSIM aTOMHOI CHIIOBOT
Mikpockornii (ACM) Oynu npoanainizoBani aminoinui ¢piopuimm myranty G26R/W@8 N-tepMmiHansHOro (pparMeHTy arnoinonpoTeiny
A-I (anoA-I). Ananiz ACM mikpodotorpadiii BUsBUB HasiBHICT 1BOX moniMophHuX hopm dibpun anmoA-I — 3akpydeHoi cTpiuku Ta
cmipanbHOi crpiuku. KinbkicHa XapakTepusallis enacTHYHHMX BiacTHBOCTeH amnoA-I Oyma mnpoBemeHa y paMkax Mojedi
nepcucTeHTHOTO JaHIora [lopona-Kpatki, 3 BUKOpUCTaHHAM MporpaMHoro nmakery Easyworm. Lleid makeT no3Bosisie aHami3yBaTu
300paXKEHHs] OKPEMOT'0 IOJIITENTHIHOTO JaHIIora, OTpUMaHi 3a gornomororo ACM, Ta BU3HAa4aTH NMEPCUCTEHTHY JOBXHHY JIAHIFOra
y TPhOX pPEXKHMax B 3aJIEXHOCTI BiJ CIIBBITHOIIEHHS KOHTYPHOI Ta NEPCHCTEHTHOI NOBXHHHU. Habip mapamerpiB, oTprMaHHX
BHACIIIIOK TaKoro aHaiizy, BKIOYaB Moxysib KOHra, HepCHCTECHTHY JOBXKHHY, XKOPCTKICTh NIPU BUTHHI Ta APYrHil MOMEHT iHEpLii.
BusiBuioch, 1o po3paxoBaHi MapaMeTpH Maiuu OuUTbIli 3HAa4YeHHs Uil KOHQirypauii coipajgbHOi CTpPIUYKM Yy HOpIBHSHHI i3
KoHirypauieto 3akpyueHoi crpiuku. Lle cBiquuTh Ipo Te, IO CHipagbHA CTPiYKa € OIIBLI KOPCTKOIO Ta MEXaHIYHO CTaOiLIbHOIO
koHirypauieto. OTpruMaHi pe3ysbTaTH € BXIMBUMHU JUTS OLTbII ITTMOOKOrO PO3YyMIHHS MEXaHiYHO-KOHTPOJILOBAHOI NATOJIOTiYHOT
nii amizoinHux Gidpu.

KJIFOYOBI CJIOBA: awminoigni ¢iOpwin, MexaHi4HI BJIACTHUBOCTi, MEPCHUCTEHTHUH JAHIIOT, aTOMHO-CHJIOBA MiKpPOCKOIIi,
Easyworm
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Basnepus Tpycosa®, Exatepuna Byc?, Obra dKutnskosckasn®, Yabsna Tapa6apa®, Xupoioku Caiito”, ['amnna op6enko®
“Kageopa meduyunckoti pusuxu u 6GUOMEOUYUHCKUX HAHOMEXHOI02UL
Xapvroeckuil HayuonanbHulil ynugepcumem umenu B.H. Kapasuna
nn. Ceoboowr 4, Xapwvros, 61022, Yxpauna
bKad)edpa buogusuyeckoil xumuu, Papmayesmuieckuil ynueepcumenm,

Mucacaeu-Haxayuu-uo 5, Amawuna-xy, Kuomo, 607-8414, SAnonus
Awmunonnseie pUOPHILITBI — 3TO OCOOBI THUM OENKOBBIX arperatoB, KOTOpPbIE MPHUBJICKAIOT Bce OoJbliee BHUMaHUE Oiaromaps ux
Ba)XHOH pPOMM B MOJEKYJSIPHOH OSTHOJIOTMH IIMPOKOTO Kpyra 3aboieBaHUi. AMHIOMIHBIE (GUOPHMIIIBI HPENCTaBISIOT OO0
BEICOKOYTIOPSIIOYEHHBIE CaMOacCOIMAThl, KOTOPBIE XapaKTepH3yIOTCsl Kpocc-f-ckimamdaToil cTpykTypod. Takas opraHm3anus
(uOPHILT OTBETCTBEHHA 32 X HEPACTBOPUMOCTB M 0COObIe MEXaHWYECKHEe CBOWCTBA. BrIcoKkast xecTKoCcTh (PUOPHILIIPHBIX arperaTon
OenkoB oOecrieunBaeTcsi OONBIIMM KOJIWYECTBOM BOJOPOAHBIX CBsI3eH, KOTOpBIE CTaOMIM3HMPYIOT [-CKIaguaThlii Kapkac
amMuaouaHbeIX Guopwt. Bee Gonbliee 000CHOBaHHME MOMy4aeT MPEANOIOKEHHE O TOM, YTO (PM3MUECKHE CBOMCTBA aMUIIOHIOB,
0COOEHHO MX MEXaHWYECKHe XapaKTePUCTUKH, UTPAIOT KIIOYEBYIO POJIb B ONPEICICHUH UX IUTOTOKCHUECKOro IeHCTBUs. B cBsI3u ¢
9THM, YCTAaHOBIICHHE KOPPEILSIIUK MEXIY IAaCTHIECKAMU CBOMCTBAMU aMHJIOMJHBIX arperaToB M MX HUTOTOKCHYHOCTBIO SIBIISCTCS
aKkTyalpHOW 3amaueii. B maHHON paboTe ¢ MCIONB30BaHMEM aTOMHO-CHIOBOW MuKpockomuu (ACM) ObUIM IpOaHaTHM3HPOBAHBI
ammtonansle Gpubprntel Myranta G26R/W @8 N-tepmunansHoro ¢parmenta anonunonporenta A-I. Anamms ACM m3o0pakeHnit
BBISIBIJI HAJIMYUE JBYX NMOIMMOPGHBIX (GopM ¢GuOpmimn anoA-I — 3akpydeHHOH JIGHTH M CHHpANbHOH JeHTH. KonmdecTBeHHAs
XapaKTepUCTHKA DJIACTHYECKUX CBOMCTB amoA-I Oblia mpoBeneHa B pamkax Mozenu nepcucteHTHoi nemu Ilopona-Kpatku, c
HCIIOJIb30BaHUEM IporpaMMHOro nakera Easyworm. JlaHHBI mDakeT IO3BOJsIET aHAIM3UPOBaTh (OTOrpaduu  OTIEITBHOM
MONMUIENTUAHON LIENH, MOTyUYeHHbIe ¢ moMolbio ACM, 1 onpenensaTs NepCUCTEHTHYIO ANMHY LENU B TPeX PEKHUMax B 3aBUCHMOCTH
OT COOTHOIIEHHUSI MEXAY KOHTYPHOW M MEpCHCTEHTHOM anuHoi. Habop mapameTpoB, MONy4YeHHBIX B pe3yNbTaTe TAaKOTO aHAJM3a,
BKIIOYad Momynb HOHra, NepCHCTEHTHYIO JUIMHY, JKECTKOCTh INpPH H3rHOe M BTOpoH MOMEHT wnHepuud. OKas3anoch, dTO
paccuuTaHHBIC TAPAMETPHI OBUTH BBINIE I KOHGHUTYPAIMH CIIUPATBHON JIEHTHI, 9eM Ul KOHQUTYPaIuy 3aKpydeHHOH JIEHTHI. JTO
CBHJETEIBCTBYET B IOJNB3y TOTO, YTO CIIMpajbHasl JIEHTA INPEACTAaBIIET COOOW Oojee JKECTKYI0 M MEXaHWYECKH CTAOWIBHYIO
koH(puryparuio. IToydeHHbIe pe3yIbTaThl SBISIOTCS BAXHBIME IS O0Jee TTy00KOro HOHMMAaHHs MEXaHNIECKH-KOHTPOIHPYEMOTO

MIaTOJIOTMYECKOTO ACHCTBHS aMIIONTHBIX (GUOPUILIL.
KJIFOYEBBIE CJIOBA: amMuionaHbie GUOPHIUIBI, MEXaHUICCKUE CBOICTBA, MEPCUCTECHTHAS 1ICTb, AaTOMHO-CHIIOBAas MUKPOCKOIIHS,
Easyworm





