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The small-angle X-ray scattering technique was employed to determine low-resolution 3D structure of insulin amyloid fibrils. This
object is of particular interest since amyloid deposits of insulin causes insulin injection amyloidosis. Structural characterization of
amyloid fibrils as a particular class of linear highly ordered protein aggregates is of utmost importance for deeper understanding of
the molecular etiology of conformational diseases and development of effective therapeutic strategies. The small-angle X-ray
scattering pattern analysis showed that the maximum dimension of the insulin fibril cross-section reaches 24+2.4 nm, while gyration
radius of the cross-section is about 6 nm.
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BHUBYEHHSI ®IBPUJI IHCYJIIHY METOJOM MAJIOKYTOBOI'O PEHTTEHIBCHKOI'O PO3CISIHHS
M.B. Pomanoga', LJI. Masiiios', M.C. Tipuu', K.O. Byc', JI.I. Ceepryn?, O. Kikxneii’, C. Ixedpic’
! Xapriscoruii nayionansnuii ynisepcumem iveni B.H. Kapasina
nn. Ceoboou, 4, Xapxie 61022, Vrpaina

2Eeponeiicora rabopamopis MonexyispHoi Gionozii

Homxewmpacce 85, I'ambype D22603, Himeuuuna
MeToa MaJIOKyTOBOTO PO3CisHHS OyB 3aCTOCOBaHHUH Ui BH3HAueHHs 3D CTPYKTypH HH3KOI PO3IiTBHOI 3[aTHOCTI aMiOiAHHX
¢i6pun iHCYymiHy. IHTEepec mo maHoro 00’€kTy OOYMOBJIEHHMH 3[JAaTHICTIO aMiMOIJHMX NEMO3MTIB 1HCYNIHY BUKJIMKATH IHCYINiH-
OIOCEePEIKOBAHUH 1H €KIIHHUK aminoino3. JlociikeHHs CTPYyKTYpHOI opraHizamii aminoigaux ¢Gpidpuir, 0co6ImMBOro Kiacy JiHIHHIX
BHCOKOBIIOPSKOBAaHNX OITKOBHUX arperariB, BHKIIOYHO BaXKJIMBE I OUTBII TIIMOOKOTO PO3YMIHHS MOJEKYISIPHOI eTionorii
KOH(OpPMaIiHHAX XBOpOO Ta CTBOPEHHs e(PEeKTHBHHX TEpalleBTHYHUX CTpaTeril. AHaNi3 NMaTTepHIB MaJOKYTOBOTO PO3CISHHS
M0Ka3aB, 110 MaKCUMAJIBHUH Po3Mip mnepesizy ¢iOpmi iHCymiHy csrae 24+2.4 HM, a pagiyc oOepTaHHS Iepepidy CKIaaae OIM3bKO
6 HM.
KJIFOUYOBI CJIOBA: aminointi ¢ibpunu, iHCYyJIiH, MaJIOKyTOBE PEHTTeHIBCbKE pO3CisiHHS, TiodaaBin T

HU3YYEHUE ®UBPUJIJI HHCYJIHUHA METOJOM MAJIOYT'JIOBOI'O PEHTTEHOBCKOI'O PACCESIHUA
M.B. Pomanoga’, IJI. Mamuiios', M.C. Tupuu’, E.A. Byc', JLI. Ceepryn?, O. Kukxueii’, C. i:xedppuc’
]XapbKOf?CKuﬁ HayuoHanvbusli yHueepcumem umenu B.H. Kapaszuna
ni. Ce0600wi, 4, Xapvros 61022, Yrpauna
?Eeponetickas nabopamopus Monekyisphoii 6uoio2uu
Homxewmpacce 85, ['amoype D22603, ' epmanus
MeTo/ Majoro yriioBoro paccesiHusi ObUI IPUMEHEH sl onpeaeieHus 3D CTpyKTypsl HU3KOTO pa3pelieHHs] aMUIOUAHBIX GUOpHILT
nHCynMHA. MIHTepec K AaHHOMY OOBEKTy CBSI3aH CO CIIOCOOHOCTBIO AMHJIOMJIHBIX OTIOXKEHUI MHCYJIMHA BBI3BIBATH HMHCYIHH-
OTIOCPEOBAHHBIN MHBEKIIMOHHBIA aMuIon03. MccaenoBanue cTpyKTypHOH OpraHM3allii aMUJIOMAHBIX GUOpHILI, 0ocoboro kiacca
JTMHEHHBIX BBICOKOYTIOPSITIOYEHHBIX OEIKOBBIX arperaToB, HCKIIOUUTEIBHO BaXKHO IS O0jee TiTyOOKOro MOHUMAHHS MOJEKYIIpHON
STHOJOTUH KOH(OPMAIMOHHBIX Ooyie3sHel W co3maHHs S(P(EKTHBHBIX TEPaNeBTUYECKUX CTpaTeruil. AHaIW3 IATTEPHOB
MaJIOYTJIOBOTO PACCESIHUS ITOKa3al, YTO MAaKCHMAUIBHBIA pa3Mep cedeHHs (HOpIUI MHCYIMHA Jocturaer 24+2.4 HM, a paguyc

BpAIIIEHNs CEUSHHUS COCTABIISIET OKOJIO 6 HM.
KJIIOUEBBIE CJIOBA: amunonabie GuOpHILIIBI, HHCYIINH, MAIOYTJIOBOE PEHTIEHOBCKOE paccestuue, ThoguaBuH T

One of the most interesting properties of polypeptide chain involves its ability to one-dimensional crystallization
with the formation of highly ordered insoluble assemblies (amyloid fibrils). These specific linear aggregates are
currently associated with a number of conformational disorders, such as Alzheimer’s, Parkinson's, Huntington's
diseases, type II diabetes, rheumatoid arthritis, spongiform encephalopathy, systemic amyloidosis, etc.[1-3]. The
biophysicists operate with a modern definition of amyloid fibrils, in which twisted and unbranched fibers typically have
a diameter of about 10 nm and highly variable lengths up to several microns[4— 6]. The protofilaments are characterized
by a core cross B-sheet structure in which continuous f-sheets run along the fibril axis and are formed from B-strands
stacked by hydrogen bonds in the direction perpendicular to the long axis of the fibril [7,9]. Such a B-sheet structure
produces a typical high resolution X-ray patterns with meridional reflection at 0.47 nm corresponding to the main chain
spacing and a broader equatorial reflection at 0.8-0.12 nm determined by the side chain spacing [6,10,11]. The
structural similarity of amyloid fibrils and their common features, viz. yellow-green birefringence on the association
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with specific dye Congo red and intense fluorescence on the binding to most prominent amyloid marker Thioflavin T
suggest a common mechanism of fibrillization process [7,12].

Small-angle X-ray scattering (SAXS) is a structural method providing information about low resolution shape of
macromolecules in solution. This method enables researchers to investigate biological samples in a nearly physiological
environment and to analyze structural changes of biomacromolecules in response to variations of external conditions in
the absence of their crystals [13,14]. SAXS is applicable to native particles in solution and is particularly suitable for the
study of less structured systems. Importantly, SAXS can be applied to macromolecules possessing inherent flexibility,
that are difficult to crystallize and their high resolution structure cannot be determined by Macromolecular X-ray
Crystallography (MX). SAXS is often used as a complimentary tool for high resolution techniques, such as MX and
Nuclear Magnetic Resonance (NMR), in particular, the methods have been developed to generate probable
configurations of missing fragments in the incomplete high-resolution structures based on the solution SAXS patterns
from the full length proteins, and they were successfully employed in practice [15-17].

In a typical scattering experiment the dissolved macromolecules are exposed to a collimated X-ray (SAXS) or
neutron (SANS) beam and the scattered intensity /(s) is recorded by the detector. The experiments on macromolecules
in solutions involve separate measurements of the scattering from the solution and the solvent. For dilute solutions
(concentrations in mM range) the particles are chaotically distributed leading to isotropic intensity depending only on
the scattering angle 20 between the incident and scattered beam. For monodisperse solutions, the intensity /(s) obtained
after subtraction of the separately measured solvent scattering is proportional to the scattering from a single particle
averaged over all orientations [18]. To characterize the space of the object and estimate overall sizes of the object, the
p(r) distance distribution function, corresponding to the distribution of distances between volume elements inside the
particle is often used. I(s) is related to p(r) through Fourier transformation:

p(r) = % Oooszl(s)%ds; I(s) = 47rf0Dmaxp(r)%dr. (1)

In principle, the distance distribution function p(7) contains the same information as the scattering intensity /(s),
but the real space representation is more intuitive and allows the immediate evaluation of the largest particle dimensions
by visual assay of p(r)[19].

Polypeptide hormone insulin is the most studied protein which is known to form fibrils at physiological conditions
and in vitro, this fact making it a convenient model for the fibrillation investigations. Despite the growing body of
research in this field, the absolute molecular mechanism of the fibrillation process is remain to be unexplained and more
in depth knowledge of the structure of insulin amyloid fibrils is essential for understanding the mechanism involved in
the formation of intracellular deposits, which causes insulin injection amyloidosis disease.

The goal of the present study was to gain insight into the structure of insulin mature fibrils. In the first part of work
we studied the growth of insulin fibrils by fluorescent method. The formation of fibrils was confirmed by Thioflavin T
assay. For structure determination SAXS technique was used for different protein concentrations. The structure
investigations of insulin fibrils could not only help to understand the insulin-related disorders, but may also give a hint
for developing of anti-amyloidogenic agents in general.

MATERIAL AND METHODS
SAXS data processing and analysis
Synchrotron radiation X-ray scattering data were collected

10007 from four solute concentrations of the fibrillar insulin in the

200- range 0.3 to 2.0 mg/ml in glycine buffer on the “P12” camera of

the European Molecular Biology Laboratory (EMBL) on storage

. 600 ring “PETRA III” at Deutches Elektronen Synchrotron (DESY),

| Hamburg, Germany). The data were collected using a photon

b 400. counting Pilatus 2M detector at a sample-detector distance of

- 3.1 m and a wavelength A = 0.124 nm, the range of momentum

200 transfer 0.06 <s<3.5nm™ was covered (s =4 sinf/A, where

20 is the scattering angle). To monitor the radiation damage, 20

0 successive 0.05 seconds exposures of insulin solutions were

0 50 100 150 200 250 compared. The data were normalized to the intensity of the

Time, h transmitted beam and radially averaged; the scattering of the

Fig. 1. Fluorescence intensity of Thioflavin T as a buffer was subtracted and the difference curves were scaled for
function of time. Shown in inset is the structural formula  protein concentration.

of ThT.

The data processing steps were performed using the
program package “PRIMUS” [20]. The pair distribution function p(r) was computed using the indirect transform
package “GNOM” [21].

Fibril formation and fluorescence studies
Bovine insulin (Ins) fibrillization was induced by continuous shaking of the proteins (10 mg/ml) for 10 days at 37
degrees, pH 1.6. The process of fibril formation was monitored by Thioflavin T (ThT) assay (Fig. 1). Fluorescence
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measurements were performed with a LS-55 spectrofluorimeter equipped with a magnetically stirred cuvette holder
(Perkin-Elmer Ltd., Beaconsfield, UK). The fluorescence intensity of amyloid insulin-bound ThT proved to be 12 times
higher compared to the dye emission in the presence of native protein. Furthermore, the insulin amyloid formation was
confirmed by the blue shift of ThT emission maximum by ca. 8 nm compared to the dye emission maximum in the
presence of native protein.
RESULTS AND DISCUSSION

The processed SAXS pattern and distance distribution functions from insulin fibrils are displayed in Fig. 2,3. The
nominal resolution of the scattering data is indicated as d=2mn/s. Insulin mature fibrils may be micrometers long [6,22-
24] whereas for our experimental range of momentum transfer (0.06 <s < 3.5 nm™ ) dyy is 100 nm, clearly, in this case
only cross-sectional parameters are available and correspondingly less structural information can be obtained by SAXS.

30000+
\ Ins concentration0,5 mg/ml| 80 \ Ins concentration0,5 mg/ml|
~ 20000+
z
0
2
10000+
0+ -
00 05 10 15 20 25 30 35 0 50 100 150 200
S, nm” I, nm
Fig.2 SAXS pattern of insulin fibrils. Fig.3. Distance distribution function for insulin fibrils.

Distance distribution function of cross-section is presented in Fig. 4. The scattering pattern analysis showed that
the maximum dimension of the fibril cross-section is about 24 + 2.4 nm, while the radius of gyration (Rg) of the cross-
section is about 6 nm. The 100 nm peak in the p(r) could be interpreted as a repeating unit. One could say that cross-
section can be represented as an ellipse with semiaxes 2 and 12 nm (i.e. 4 nm x 24 nm).

30+ | Ins concentration0,5 mg/ml| Recent Atomic Force Microscopy measurements of different

: fibrillar species of insulin showed mature fibrils to have a diameter

- 25 of about 4 nm [25, 26]. According to the proposed model of fibril
S 20/ self-assembly, rodlike protofilaments interact with one another and
3 form protofibrils, which typically consist of 2 or 3 intertwined
% 15 protofilaments. Further interaction of protofibrils results in the
5 101 assembly of mature fibrils. TEM studies of insulin fibrillization
= report fibril diameter ranging from 3 to 15 nm. In some cases,
A 59 protofibrils (3 nm) are seen to bundle together in groups of 2—5 and
0l yield mature fibrils that are 10-15 nm in diameter [27]. Based on

0 3 10 15 20 25 our finding and the results reported elsewhere we assumed that

insulin fibrils with a diameter 4 nm align to each other and form a
ribbon like packing in the cross-section.

To summarize, SAXS data can be interpreted as follows:
insulin fibrils have repeating units of 100 nm, presumably turn structure (e.g. consisting of two 50 nm motifs) with the
prolate cross-section of dimension 4 nm x 24 nm, composed of six fibrils with 4nm diameter aligned together in a
ribbon like manner.

r,nm
Fig.4. Distance distribution function of cross-section.
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