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Abstract. Amyloidosis are metabolic conformational diseases
caused by misfolding and aggregation of soluble proteins in
insoluble fibrils which deposit squeezing out the functioning cells
or block cell-to-cell connectivity. Amylin or Islet Amyloid
Polypeptide (IAPP) is a 37 residue peptide hormone secreted by
pancreatic B-cells together with insulin. Amylin forms deposits in
pancreas and is a non-insulin-dependent type Il diabetes disease
agent. Six stranded single B-sheets of amylin 10-29 residues
QRLANFLVHSSNNFGAILSS (Amylin 10-29), was investigated
by molecular dynamics (MD) simulations in a periodic box using
Amber 9.0, f99 force field and isothermal-isobaric ensemble, NTP
protocol (constant temperature, pressure and the number of
particles). The total MD run was 193 ns for Amylin 10-29.

MD simulations show that a) Amylin 10-29 R-sheet is bound
together mainly by backbone hydrogen bonding, b) The R-sheet
is stabilized by side chain hydrogen bonding between asparagine
residues and between residues Ser®® and Asp? c). The B-strands
of Amylin 10-29 are glued together by leucine, isoleucine, valine
residues and by phenylalanine residues, which together with
asparagine residues form a sub-stack kept together by mild polar
interactions, d) The C terminal part of the Amylin 10-29 3-sheet
has the hydrophobic anchor of isoleucine and leucine residues
11e®-Leu®” which could be used to bind nearby B-sheets in the B-
sheet protofibril. This binding should stabilize the R-structure of
a separate R-sheet. e). In the Amylin 10-29 region Ser'®-Ser®-
Asn?-Asn? the B-sheet has the W-shaped bend with the deeper
vertex on Ser? and smaller vertex on Asn®, suggesting that also
the bent 3-sheet could be possible.

Keywords: Amylin, amyloidosis, molecular dynamics, beta-
sheet.

I. INTRODUCTION

Amyloidoses are metabolic conformational diseases caused
by misfolding and aggregation of soluble proteins in insoluble
fibrils which replace the functioning cells or block cell-to-cell
connectivity. Amyloid deposits or oligomeric preamyloid
aggregates of specific amyloid fibril proteins, are important in
the pathogenesis of about 30 diseases by exerting toxic effects
on cells [1]. Amyloid fibrils cause such diseases as
Alzheimer’s disease (caused by Amyloid-B-protein) [2, 3],
chronic inflammation Amyloidosis (caused by serum amyloid
protein), type Il diabetes (caused by lIslet amyloid protein),
Parkinson’s disease (caused by a-synuclein) [4], dialysis
related amylodosis (caused by  B-2-microglobulin),
Hungtington disease (due to mutations and subsequent
aggregation ~ of  protein  hungtingtin),  spongiform
encephalopaties - Creutzfeld-Jacob disease (caused by prion

protein [5])), amyotrophic lateral sclerosis [6], Finnish familial
amyloidoses (caused by gelsolin mutation),  medullary
carcinoma of thyroid (caused by calcitonin) .
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Fig.1. Amylin 10-29, QRLANFLVHSSNNFGAILSS
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Fig.2. a) Hydrophobicity and b) charge properties of Amylin 10-29 (above
the line — positive, down the line — negative) (calculated by program
MOE [22]).

Amyloids are mainly composed of B-sheet structure in
which the polypeptide chains are held together by hydrogen
bonding. These hydrogen bonding interactions are probably
characteristic of all amyloid fibrils. Amyloid cross-B-structure
is a stable structure, in which protein or peptide chains are
glued together by hydrogen bonding and hydrophobic
interactions, B-strands are placed orthogonaly to the fiber axis,
and the backbone hydrogen bonding run parallel to the fiber
axes. It is postulated that the cross- B-structure is an energetic
minimum for aggregated proteins or peptides and its formation
is an intrinsic property of proteins or peptides [7]. Amyloid
fibrils can be also formed by polypeptides which are not
involved in any known amyloid disease.

It remains unclear why amyloidogenic proteins form
oligomers in vivo, what is the exact structure of the oligomers,
and what is their cytotoxic role in human disorders [8].

Amylin or Islet Amyloid Polypeptide (IAPP) is a 37 residue
peptide endocrine hormone coexpressed and cosecreted with
insulin by pancreatic B-cells. The physiological function of
IAPP is unknown [8], but it is known that amylin inhibits
insulin-mediated glucose uptake [8] and action of amylin
effect on B-cells is to inhibit insulin secretion [9], amylin
delays gastric emptying and suppresses appetite [10], although
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it is unclear whether these actions are physiological actions of
IAPP within normal circulating levels [8].

Amylin forms deposits in pancreas and is a non-insulin-
dependent type 1l diabetes disease agent [2]. The more amylin
amyloid plaques, the severer is type Il diabetes. Amylin builds
90% of the amyloid deposits found in type Il diabetic patients
[11]. Aggregates of amylin are toxic and may be responsible
for B-cell death as type 2 diabetes progresses [8, 12-13].

In this work we studied the mechanism of the formation of
amiloid fibrils from amylin by means of molecular dynamics
(MD) with the Amber 9.0, f99 force [14-15] field. We
considered a six-stranded parallel single 3-sheet of amylin 10-
29 (Amylin 10-29) (Fig.1-Fig. 2)

GIn*’-Arg*-Leu-Ala™-Asn**-Phe®-Leu'*-Val'’-His*-
SerZ—Ser2°—A5n21—Asn22—Phe23—GIy24—AIa25—IIe26—Leu27—Ser28—
Ser
for which we ran a 193 ns simulation.

Il. METHODS

The six stranded parallel, flat Amylin 10-29 R-sheet was
surrounded by chlorine counter ions to neutralize the charge
and placed in a periodic water box of explicit water molecules
with 5 A layer over the solute. The system consisting of 8856
atoms was minimized and subjected to molecular dynamics
(MD) by Amber 9.0 program package [14-16], f99 force field,
NTP protocol (constant number of particles, temperature,
pressure). The system temperature was risen stepwise from
T=10K till T=309 K in 45.1 ns of the MD run, then the
systems were simulated at the constant temperature of 309 K.
The total MD run for Amyl 10-29 was 193 ns.
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Fig. 3. Energy of Amylin 10-29 B-sheet MD run.
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Fig. 4. Temperature of Amylin 10-29 MD run.
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Fig.5. Density of Amylin 10-29 system in the course of MD run.
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Fig.6. Volume of Amylin 10-29 system in the course of MD run
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I1l. RESULTS AND DISCUSSION

The system energy was stable and temperature, density and
volume were constant after 45,2 ns of MD run (Fig.3-Fig.6).

The single 3-sheet of Amylin 10-29 exhibits stable 3-sheet
structure during the course of MD run for 193 ns. B-sheet
stretches across the N-terminal regions Arg*'-Val'” and time to
time expands till Ser'®, besides two strands have stable 3-sheet
over the region Asp?-Leu”’. In the Amylin 10-29 region Ser**-
Ser®®-Asn?-Asn® the B-sheet has the W-shaped bend with the
deeper vertex on Ser?® and smaller vertex on Asn?, suggesting
that also the bent R-sheet could be possible (Fig. 13 - Fig. 14,
Fig. 16 - Fig. 17). The turn region detected by MD is in
accordance with the experimental data of NMR on the whole
amylin 1-37 in detergent micelles as the membrane-mimicking
environment, denoting that the a-helix of amylin has a kink or
discontinuity near residues 18-22 [17, 18] and noting that in
the micelle-bound states of amyloidogenic proteins, kinks or
distortions from a-helix conformations correlate with the
locations of turns in the fibrillar f-sheet structures [19].

Also M. Apostolidou investigating amylin on the micellae
surfaces stresses that residues Asn®* and Asn? are located in a
transitional region between the a-helical structure and C-
terminus and exhibit significant mobility [20]. The higher
mobility and flexibility of C-terminal part of the Amylin 10-29
R-sheet was observed also in the present study.
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Fig.12. Amylin 10-129 29 R-sheet after 1 ns of MD run — front view.
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Fig.13. Amylin 10-29 29 R-sheet after 4.5 ns of MD run - front view. Fig.16. Amylin 10-29 B-sheet after 4.5 ns of MD run. — sideview. In the
region Ser'*-Ser®®-Asn*-Asn® the R-sheet has W-shaped bend
with the deeper vertex on Ser®® and smaller vertex on Asn%.

Fig.14. Amylin 10-29 29 R-sheet after 193 ns of MD run — front view. Fig.17. Amylin 10-29 R-sheet after 190 ns of MD run. — sideview. The
single Amylin 10-29 strand (in front) which separated from the -
sheet loses its B-structure and turns to coil-coil conformation, so
that in appropriate conditions could turn to a-helix

Fig.15. Amylin 10-29, started from a parallel, flat R-sheet after 1 ns of Fig.18. Hydrogen bonding of Amylin 10-29 B-sheet backbones after 1 ns
MD run — sideview. of MD run
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Fig.19. Hydrogen bonding of Amylin 10-29 R-sheet backbones after 80 ns of
MD run. The few H-bonds perpendicular to valence bonds are
artifact of RASMOL image.

Fig.20. Hydrogen bonding of Amylin 10-29 R-sheet backbones after 193 ns
of MD run. The few H-bonds perpendicular to valence bonds are
artifact of RASMOL image

Fig.21. Hydrophobic cores made by Phe®>-Leus-Val'’, Phe® and 1le?*-Leu®
after 1 ns of MD run.

Fig. 22. Hydrophobic cores made by Phe'>-Leu's-Val'’, Phe*® and Ile?-Leu®
after 80 ns of MD run.

Fig.23. Hydrophobic cores made by Phe®-Leu®-Val', Phe® and lle?-Leu®
after 80 ns of MD run.

Amylin 10-29 B-sheet is stabilized mainly by interstrand
backbone hydrogen bonding (Fig. 7, Fig. 18 - Fig.20). Apart
from backbone hydrogen bonding the 3-sheets of Amylin 10-
29 are stabilized by side chain hydrogen bonding between
asparagine residues and between residues Ser® and Asp?.
Most of the hydrogen bonding interactions are localized
within the N-terminal of the Amylin 10-29 R-sheet and in the
middle of the R-sheet. There are some flickering salt-bridges
between Arg™' and the backbone carbonyl of the neighboring
strand, and flickering hydrogen bonds between Ser® and Ser®
of the neighboring strands.

The hydrophobic interactions also play important role in
formation of Amylin 10-29 R-sheet: the B-strands of Amylin
10-29 are glued together by leucine, isoleucine, valine
residues and by phenylalanine residues, which together with
asparagine residues form a sub-stack kept together by mild
polar interactions. The C terminal part B-sheet has a strong
hydrophobic anchor formed by 1le?®-Leu®” which might be
used to bind nearby R-sheets in the -sheet stack. This binding
could stabilize the R-structure of a separate R-sheet in the
protofibril.

The stability of the Amylin 10-29 -sheet is confirmed by
constant distances between mass centers of the neighboring
residues (Fig 8 - Fig. 11). The peaks are due to jumping of
some strand in the neighboring periodic box.

The single Amylin 10-29 strand which separates from the [3-
sheet loses its R-structure and turns into coil-coil
conformation, so that in appropriate conditions could turn to
a-helix (Fig. 17).

During the course of our simulation the turn of the R-sheet
stays on the region Ser®-Ser®-Asn®-Asn?. Mascioni [18],
measuring a shorter fragment of amylin 20-29 described the
turn center on Phe23, Gly24, but it could be connected with
free N-terminal end of Ser®. In Amylin 10-29 the turn might
comprise a wider region (Ser19-Gly24), and the exact place of
the turn depending on surrounding residues.

IV. CONCLUSIONS

1. Amylin 10-29 3-sheet N-terminal part is more stable than
the C-terminal part. The N-terminal part of the Amylin 10-
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29 R-sheet has B-structure over the region Arg*-Val*’, and
fluctuating R-structure over the region Val'’ - Ser™.

2. Amylin 10-29 B-sheet C- terminal part comprises Asp®-
Leu?’. The C terminal part B-sheet has the hydrophobic
anchor lle?-Leu?” which might be used to bind nearby R-
sheets. This binding could stabilize the B-structure of a
separate B-sheet.

3. In the Amylin 10-29 region Ser'®-Ser”®-Asn*-Asn? the B-
sheet has a W-shaped bend with the deeper vertex on Ser?
and smaller vertex on Asn?, suggesting that also the bent R-
sheet could be possible.

4. Amylin 10-29 R-sheet is bound together mainly by
backbone hydrogen bonding. The B-sheet is stabilized by
side chain hydrogen bonding between asparagine residues
and between residues Ser”® and Asp?.

5. The R-strands of Amyl 10-29 are bound together by
leucine,  isoleucine,  valine  residues and by
phenylalanineresidues, which together with asparagine
residues form a sub-stack kept together by mild polar
interactions.

6. The single R-sheet side chain positions suggest that
hydrophobic interactions of leucine and isoleucine residues
could keep together the B-sheet stack in Amylin 10-29
protofibrils.
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Dmitrijs Lapidus, Salvadors Ventura, Cezars Caplevskis, Adams Livo, Inta Liepipa. Amilina amiloida atsevikas beta sloksnes
molekulara dinamika

Amilidozes ir metaboliskas jeb, ta sauktas, konformaciju slimibas, ko rada $kistoSu proteinu atloci$anas, nepareiza salociSanas un agregacija
neskistosas fibrillas, kas nogulsngjas, izspiezot funkcionalas Stinas, vai bloke starpstinu sakarus. Amilins jeb Amiloidais Polipeptids (IAPP) ir
37 aminoskabju sekvences hormons, ko izdala aizkunga dziedzera B-3tnas kopa ar insulinu. Amilina fibrillu nogulsnes aizkuga dziedzeri
izraisa II tipa diab&tu. Amilina rezidiju 10-29 QRLANFLVHSSNNFGAILSS (Amylin 10-29) sesu virknu beta sloksne tika pétita ar
molekularas dinamikas (MD) simulaciju periodiska tidens kast€é ar Amber 9.0 programmu paketi, lietojot f99 speku lauku un izotermisko-
izobarisko ansambli, NTP protokolu (konstanta temperatiira, konstants spiediens un konstants dalinu skaits). Kopgjais Amilina 10-29 MD
simulacijas laiks bija 193 ns.

MD simulacija paradija, ka a) Amilina 10-29 B-sloksne turas kopa galvenokart ar pamatkézu fidenraza saitém, b) Amilina 10-29 B-sloksni
stabilizé sanu k&zu Gidenraza saisu mijiedarbiba starp rezidijiem Ser? un Asp?, ¢) Amilina 10-29 R-strandi, - izstieptas Amilina 10-29 virknes
tick salimétas kopa ar leicina, izoleicina un valina rezidijiem, un ar fenilalanina rezidijiem, kas, piedaloties asparagina rezidijiem, veido serdi,
ko satur kopa vajas polaras mijiedarbibas, d) Amilina 10-29 R-sloksnes C-gald ir hidrofobs enkurs no izoleicina un leicina rezidijiem Ile®-
Leu?, kas varétu saistit kopa blakus esosas B-sloksnes R-sloksnu protofibrilla. ST mijiedarbiba varétu stabilizet ari atseviskas R-sloksnes B-
struktiiru, d) Amilina 10-29 B-sloksnes rajona Ser™-Ser®®-Asn?'-Asn? B-sloksnei ir W-veida liekums ar dzilako virsotni uz Ser” rezidiju un
seklako virsotni uz Asn? rezidiju, lickot secinat, ka iespgjama arf saliekta R-sloksne.

Jmurtpuii Jlanuayce, CanbBanop Bentypa, Ilesap Yanaesckuii, Anam JIluo, UnTa JInenunsa. MosexkyasapHas AMHAMMKA aMUJIOHIA
aMUJIMHA /11 OTHOTO 6eTa — JIncTa

Amunonio3aMu SIBISIIOTCS MeTaboNMYecKre OOJIe3HH WIIM TaKk Has3blBaeMue KOH(OpMAaIOHHHE OO0JIe3HH, BBI3BAHHHE HEIPABHIEHHM
(GonauHroM M arperainysii pacTBOPHMMBIX OEIKOB B HEpacTBOPUMBIME (UOPMIBI, KOTOPbIE OTKJAIBIBAIOTCS B TKAHAX, 3aMelias 3J0pOBbIE
KJIETKH WM OJIOKHPYsS CBSI3b MEXAY KiIeTkamu. AMMiIMH win nosunentiy amuionna (IAPP), cocrosmmii u3 37 aMMHOKHUCIOT, SBISETCS
TOPMOHOM, BBIJIENIIEMBIM TTO/DKETYAOYHON xKee30i BMecTe ¢ HHCynuHOM. Ocenanne aMiTiHa B (HOPUITEI CBSI3aHO C 3a0oieBaHneM nuabera
BTOpOro TUma. 3 — muct, moctpoeHnsiit u3 nrectu remnei amummaa 10 - 29 QRLANFLVHSSNNFGAILSS (Amylin 10 - 29), 6su1 uccienoBan
MeTo0M MosteKynsipHor muHamuke (M/]). B - muct ammmaa 10 - 29 ObUT TOMEIIEH B TIEPHOIUYECKHA SAIIUK BOJBI, COCTOSIINN U3 OTIENBHBIX
MOJIEKYJI BOJIIBI, I MOJETHPOBaH B TeueHHe 193 HC ¢ momompio makera mporpamMm Amber 9.0, B cunmoBom moie F99 ¢ ucmonmp3zoBanuem
npotokona NTP, m3orepmudecknx-n300apuaecKix pacrpeaeneHnii (MoCcTossHHas TeMIeparypa, JaBJIeHHE U YUCIIO YaCTHII).

Pacuerst MJ] mokassiBaiot, uto a) 3 - ctpykrypsl amuiuaa 10 - 29 mepxkatcs BMecTe, TIIaBHbIM 00pa3oM, Oiaromapsi BOJOPOIHBIM CBSI3SIM
MEXIy COCEAHHMH OCHOBHBIMH LEISIME; 0) [ - CTPYKTYpY CTaOMIH3UPYIOT BOJAOPOHbIE CBA3H MEXIY OCTaTKaMH OOKOBBIX LIeTIeH acrapariHa
u cepuna (Ser20 u Asp22); B) B - crpykrypbl amuimmHa 10 - 29 ckiienBarTCs THAPOPOOHBIMH B3aWMOJCHCTBUSIMH OCTATKOB JICHIIMHA,
n30JIeilINHa, BallMHAa M OCTAaTKOB (peHMJIaNaHWHA, KOTOPBIE BMECTE CO OCTATKaMM acmaparnHa o0pa3oBBIBAIOT KOPY, CBSI3aHHYIO CIAOBIMH
MOJISIPHBIME B3aMMOJIeHCTBISIMY; T') Ha C-koHie B - muct amununa 10 - 29 uMeet ruapodoOHbIi SKOPh, 00pa30BaHHbBII M3 OCTATKOB JICHIIMHA
n wusoneinuHa (I1e26 - Leu27), KOTOpBI MOKET OBITh HCMOJIB30BaH Ui MPUBA3KH COCEAHUX [ - mucTtoB B mporodubpmie. D10
B3aMMOJICUCTBHE JOJDKHO CTAOHIH3UPOBATH [} - CTPYKTYpBI OTACHbHBIX B - rcToB; a) Ha 193 He B pernone Serl9 - Ser20 - Asn21 - Asn22
B - mucr amumuna 10 - 29 umeer dopmy “W” m3ruba c¢ Gomee riybokoil BepumHOil Ha Ser20 u MeHee riyOOKoi BepumHOM Ha Asn22,
yKa3bIBast HA TO, YTO TAKXKE BOSMOXKEH M M30THYTHIH f§ - muCT.

55



