VILNIAUS UNIVERSITETO MEDICINOS FAKULTETO
FIZIOLOGNOS, BIOCHEMIJOS, MIKROBIOLOGHOS IR
LABORATORINES MEDICINOS KATEDRA

MAGISTRO BAIGIAMASIS DARBAS

FLAVONOIDU JTAKOS INSULINO AMILOIDINEI AGREGACIJAI TYRIMAI

Magistranté AKVILE LECKIENE

(parasas)
Darbo vadovas
dr., Vytautas Smirnovas (paraSas)
VU MF Fiziologijos, biochemijos, mikrobiologijos ir
laboratorinés medicinos katedros vedéja
hab.dr., prof. Z. A. Kucinskiené leidziama ginti

(paraSas)

Darbo jteikimo data

Registracijos Nr.

2016 m., Vilnius



TURINYS

SUTRUMPINIMU SARASAS.....ooioieieeeeeeeteeteee e tes s sas e 4
TVADAS et b bR b bRttt bbbttt 5
1. LITERATUROS APZVALGA......ccomiiimiriimiiiiieeeieseesss s 7
110 AMIOTOAT ... s 7
111, Amiloidings lIOS ....ooveiieiiiieiiicie s 7

1.1.2. Amiloidiniy fibriliy susidarymas ...........cccceeeerieiiiiinieniese e 10

1.2. INSUTINGS ..ot 11
1.3. TI0flavino T FIUOTESCENCIJA ......ccvveieciiecie e 14
1.4, Amiloidinés agregacijos SIOPIKHAT ..........cccccveiieiiiie i 15
1.5. Flavonoidai arbatofe ...........ccveviiieiicc e 17

2. MEDZIAGOS IR METODAL ......cooootiiiiiiiiiiniisesiesesiessissssesessesessesessssssesesenas 19
2.1. IMEAZIAZOS. ..ttt 19
2.2. IMIBEOTAL ... 19
2.2.1. Arbatos jtakos insulino agregacijai tyrimai........cc.ceeeerverieerinieesieeneeieseenneas 19

2.2.2. Flavonoidy jtakos insulino agregacijai tyrimai .........ccccereerirvereenesineseenneas 19

2.2.3. Spontaniniai insulino fibriliy susidarymo tyrimai............cccoceevviriveieiiinincnnns 20

2.2.4. Tioflavino T fluorescencijos Matavimas............cccveeriereneneneneneseseeeens 20

2.2.5. Atominés j&Z0S MIKIOSKOPIJa......eiiiiiiiiiiiiiiiiie e 20

2.2.6. Furjé transformacijos infraraudonyjy spinduliy spektroskopija .................... 21

2.2.7. Duomeny apdOTOJiMAS .....ceeiueeiiieeiriiieeiieesiiesssireessiressieessbeeesseeessseeessseesnnns 22

3. REZULTATAIIR JU APTARIMAS ..ot 23
3.1. Arbatos jtakos insulino amiloidinei agregacijai tyrimai.........ccocceereverieereesineennns 23
3.2. Flavonoidy jtakos insulino amiloidinei agregacijai tyrimai .........c.ccoeevereeriveeninnns 26



3.3. Insulino agregacijos priklausomybés nuo pH tyrimai..........cccevvveeiiiinniieniiineene, 30

ISVADOS ..ottt 33
SUMMARY ...ooooviveeteeetiesees e sees st s s s s ss s n s s s en s ns s sennses 34
MOKSLINIU DARBU SARASAS .....oocvieiieteeeteeeee e tess s s tenes st snessensans 35
LITERATUROS SARASAS ....cvocvietieeeeeeste et es et ests s tes s s st s s s ssnensen s snsssensans 36
L PRIEDAS ..ot tee e veeeees sttt n st n st se s snses 42
2 PRIEDAS ..o veeteeeeeees e te s aen s s st s st 49



AIM
Alzheimerio liga
Amiloidas
DMSO

EGCG

FTIR

Ins

Prpsc

ThT

SUTRUMPINIMU SARASAS

Atomines jegos mikroskopija

AL

AP

Dimetilsulfoksidas

Epigalokatechin-3-galatas

Furjé¢ transformacijos infraraudonyjy spinduliy spektroskopija
Insulinas

Prioninio baltymo infektyvi forma

Tioflavinas T



IVADAS

Statistikos duomenimis, 2016 m. apie 44 milijonai Zzmoniy visame pasaulyje serga
Alzheimerio liga ar panaSaus tipo demencija (daugiausiai serganciyjy Vakary Europoje).
Prognozuojama, kad, nesuradus efektyviy vaisty, 2030 m. $is skaicius iSaugs iki 75 milijony [1].
Alzheimerio liga taip pat kaip ir Parkinsono, Hantingtono ligos, yra kol kas neiSgydomos amiloidozés,
kurias sukelia amiloidy kaupimasis smegenyse. Amiloidai, tai fibriliniai agregatai, sudaryti i§
netaisyklingos konformacijos baltymy. Dél mutacijos, baltymo sintezés ar degradacijos sutrikimo
susiformave amiloidai sgveikauja su lgstelés komponentais, sutrikdydami jos funkcijas, ir taip
lemdami Igstelés zatj [2]. Norint sukurti veiksmingus vaistus amiloidinéms ligoms gydyti, geriausia
biity surasti junginius, galin¢ius slopinti amiloidiniy fibriliy susidaryma arba suardyti jau susidariusius
tarp kuriy buvo ir amiloidinés agregacijos slopikliy [4]. Ta¢iau né vienas i§ $iy junginiy nebuvo
patvirtintas kaip efektyvus ir neturintis Salutinio poveikio preparatas, tinkamas Alzheimerio ligai
gydyti [5]. Todél tokio slopiklio, pritaikomo Alzheimerio ir kitoms amiloidinéms ligoms gydyti,
suradimas ir toliau islieka labai aktualus ir svarbus.

Tarp galimy amiloidiniy ligy terapeutiniy agenty yra 1§ Zaliosios arbatos iSskiriamas
flavonoidas — epigalokatechin-3-galatas (EGCG). Istirta, kad EGCG efektyviai slopina transtiretino
[6], a—sinukleino ir amiloido B [7], bei prioninio baltymo PrP fibriliy susidaryma [8]. Aprasyta ir
keletas kity flavonoidy, tokiy kaip fisetinas, morinas, kvercetinas, luteolinas, kurie taip pat pasizymi
slopinan¢iu poveikiu [9, 10]. Nors surasti keli stipriis amiloidogenezés slopikliai, bet daugumos
flavonoidy veikimas kol kas néra iSsiaisSkintas. IeSkant potencialaus amiloidiniy fibriliy susidarymo
slopiklio buvo nutarta istiri 168 skirtingy flavonoidy jtakg insulino agregacijai.

Dirbti su amiloidines ligas sukelian¢iais baltymais yra gana sudétinga ir brangu, todél
pirminiams flavonoidy poveikio amiloidinei agregacijai tyrimams buvo naudotas rekombinantinis
Zzmogaus insulinas. Denatiiruojanciose salygose (Zemame pH ir auksStoje temperattiroje) insulinas

sudaro fibriles atitinkancias bendras amiloidiny fibriliy sgvybes [11, 12].

Sio magistrinio darbo tyrimai buvo atliekami Vilniaus Universiteto Biotechnologijos institute,

Biotermodinamokos ir vaisty tyrimy skyriuje.

Darbo tikslas: ISsiaiskinti kaip skirtingi flavonoidai veikia insulino amiloidiniy fibriliy

susidaryma.



Darbo uzdaviniai:

e Istirti ar epigalokatechin-3-galatas yra vienintelis arbatos komponentas
slopinantis insulino amiloidogenezg;

e [Stirti 168 skirtingy flavonoidy jtaka insulino amiloidiniy fibriliy susidarymo
Kinetikai;

e Nustatyti flavonoidy jtaka insulino amiloidiniy fibriliy struktiirai.



1. LITERATUROS APZVALGA

1.1. Amiloidai

Pirmg kartg terminas ,,amiloidas* buvo panaudotas vokieciy mokslinko Rudolph Virchow
1854 metais. R. Virchow histochemiskai iStyré keistas, j krakmolo granules panaSias, zmogaus
smegenyse rastas strukttras (lot. Corpora amylacea). Jodo spalvinés reakcijos metu jos nusidazé
Sviesiai mélyna spalva, todél R. Virchow nusprendé, kad pagrindiné $iy dariniy sudedamoji dalis yra
celiuliozé ir pavadino juos amiloidais (lot. amylum, graik. amylon — krakmolas). Celiuliozé ir
krakmolas tais laikais buvo laikomi izomerais, besiskirianciais tik atomy i$sidéstymu. Kiti du vokieciy
mokslininkai N. Friedreich ir A. Kekule 1859 metais R. Virchow hipoteze jrodé esant klaidingg.
Amiloidinés masés, paimtos 1§ pazeistos bluznies, cheming¢ analizé parodé joje esant didelj kiekj azoto.
Remiantis gautais rezultatais, A. Kekule padaré iSvada, kad amiloidai yra sudaryti ne 1i§
angliavandeniy, o i§ baltymy [13].

Naujy technologijy déka, nuo dvideSimto amziaus amiloidais vadinamos netaisyklingos
erdvinés struktros baltymy sankaupos, kurioms budingi trys pozymiai [14]: specifiné struktiira
(stebint amiloidus aukstos raiskos elektroniniu mikroskopu matomos, tiesios, nesisSakojancios 70-120
A diametro fibrilés, kurias sudaro 20-35 A plo¢io protofilamentai [15]; p-klostyta polipeptidinés
grandinés antriné struktiira (rentgeno spinduliy difrakcijos analizés metu nustatyta, kad p-klostés
déstosi statmenai fibrilés asiai) [16]; unikali sgveika su Kongo raudonuoju (fibrilés poliarizuotoje
Sviesoje Svyti rySkiai Zalia spalva) [13]. Kiekybinis ir kokybinis amiloidiniy fibriliy nustatymas
galimas atominés jégos mikroskopija, branduolio magnetiniu rezonansu, apskritiminiu dichroizmu,
Furje transformacine infraraudonosios spinduliuotés spekroskopija, bei fibriléms sgveikaujant su
Tioflavinu T [17].

Tam tikromis sglygomis (dél mutacijos, baltymy sintezés sutrikimo, pH, temperatiiros
poky¢iy) suformuoti amiloidines fibriles gali daugelis baltymy, besiskirian¢iy savo struktiira,
funkcija. Amiloidiniai baltymai ar peptidai gali buiti nepatologiniai, jie lasteléje atlieka tam tikras
funkcijas, ar patologiniai — sukeliantys amiloidozes [18].

1.1.1. Amiloidinés ligos
Daugiau nei trys desimtys ligy yra susijusios su netaisyklingos konformacijos baltymy

agregaty kaupimusi lasteléje ar uz lastelés riby. Sios ligos gali bati paveldimos, uzkretiamos
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(perduodamos) ar spontaninés, lokalizuotos ar sisteminés. Tai neurodegeneracinés ligos
(pasireiskiancios baltymy agregaty kaupimusi smegenyse), neneuropatinés lokalizuotos amiloidozes
(kai baltymy sankaupos aptinkamos vieno tipo audinyje, bet ne smegenyse) ir neneuropatinés
sisteminés amiloidozés (kai amiloidy randama keliy tipy audiniuose). Geriausiai Zinomos amiloidinés

ligos ir jas sukeliantys baltymai apzvelgti 1 lenteléje [18].

1 lentelé. Kelios amiloidinés ligos ir jas sukeliantys baltymai (adaptuota i$ [18]).

Liga Sukeliantis baltymas ar peptidas

Neurodegeneracinés ligos

Alzheimerio liga AP, tau baltymas
Kempinligé Prionas
Parkinsono liga a — sinukleinas
Hantingtono liga Hantingtininas

Neneuropatinés lokalizuotos amiloidozés

11 tipo diabetas Amilinas
Skydliaukés moduliné karcinoma Kalcitoninas
Injekciné amiloidozé Insulinas

Neneuropatinés sisteminés amiloidozés

AL amiloidozé Imunoglobuliny fragmentai ar lengvosios
grandinés

AA amiloidozé Serumo amiloido A fragmentai

Senatviné sisteminé amiloidozé Transtiretinas

Vienas labiausiai tyrinéjamy neurodegeneraciniy sutrikimy — Alzheimerio liga, kurig lemia
nenormalus B amiloido (AB) kaupimasis tarp smegeny lasteliy — neurony. AP peptidas, tai amiloido
baltymo primtako (APP, AP precursor protein) proteolizés produktas, susidarantis fiziologinémis
salygomis [17, 19, 20]. Sutrikus AP peptido produkcijos, agregacijos ir pasalinimo pusiausvyrai, Af
peptidai oligomerizuojasi sudarydami amiloidines fibriles. Fibrilés kartu su proteoglikanais, a1-
antichimotripsinu ir apolipoproteinu E formuoja netirpias amiloidines ploksteles (amyloid plaques),

kurios pazeidzia sinapse ir sukelia neurogenezés defektus [17].



Kitas Alzheimerio ligos Zymuo yra neuronuose randami neurofibriliniai rezginiai, sudaryti i$
hiperfosforilinto tau baltymo. Fiziologiskai tau baltymas reikalingas mikrovamzdeliy strukttrai
palaikyti. Amiloidiniy ligy metu, dél tau baltymo hiperfosforilinimo, keiciasi jo konformacija,
susidariusios nenormalios tau baltymo molekulés agreguoja suformuodamos neurofibrilinius
rezginius. Hiperfosforilinus tau baltyma, mikrovamzdeliai destabilizuojasi ir praranda savo funkcija
taip lemdami neurony zatj [21-24]. Alzheimerio liga sukelia atminties praradimg, kognityviniy
funkcijy ir asmenybés netekima, objekty neatpazinima, galiausiai mirtj [17].

Europos Neurology Draugijy Federacija AL diagnozei nustatyti rekomenduoja atlikti
kognityviniy funkcijy, elgesio ir psichologiniy simptomy, kasdienés veiklos vertinimg bei
neurovizualinius tyrimus. Neurovizualinius tyrimus sudaro: kompiuteriné tomografija (atliekama
norint atmesti kitas, chirurgiskai i§gydomas ligas, kaip pvz. navikus, hematomas ir t.t), Magnetinio
rezonanso tomografija (gali biiti nustatoma hipokampo atrofija — specifiSkas ir ankstyvas AL
pozymis), Vieno fotono emisijos kompiuteriné tomografija ir pozitrony emisijos tomografija
(atlieckami abejotinos diagnozés patvirtinimui). Taip pat Alzheimerio ligai diagnozuoti galima atlikti
elektroencefalografija ir smegeny skyscio tyrimus, kuriy metu nustatomi specifiniai AL Zymenys:
amiloidas B (1-42), tau ir fosforilintas tau baltymas. Lyginant su sveikais asmenimis, serganc¢iyjy AL
smegeny skystyje randamas sumazéjes AP42 kiekis. Manoma, kad amiloido 42 kiekis smegeny
skystyje sumazéja dél to, kad dalis baltymo susikaupia amiloidinése plokstelése. Taip pat AL
pacientuose randama padidéjusi tau baltymo koncentracija (tau patenka j smegeny skystj i$ yranéiy
neurony), bei nustatomas atsiradgs fosforilintas tau baltymas. Paveldimai Alzheimerio ligai
kurie galbtit lems naujy Alzheimerio ligos diagnostiniy testy atsiradimg. Pagrindinis $iy tyrimy
objektas — i§ kraujo isskiriamos egzosominés piislelés, kuriose, pacientams dar nepasireiSkus ligos
simptomams, randami AL sukeliantys baltymai [26-28].

Nors néra registro, manoma, kad Lietuvoje serganciyjy Alzheimerio liga ar panasia demencija
galéty biiti apie 35 tukstancius. Dauguma ligoniy serga AL patys to nezinodami, dé¢l nepakankamos
ligos diagnostikos. Demencijoms diagnozuoti Lietuvoje atlieckami Sie kognityvinés buklés nustatymo
tyrimai: LaikrodZio pieSimo testas, Mini protinés buklés tyrimas (Mini-Mental State Examination,
MMSE), Blesedo demencijos skalé¢ ir Alzheimerio ligos jvertinimo skalé¢ (Alzheimer’s Disease
Assessment Scale, ADAS) [29]. Dazniausiai naudojamas Mini protinés biiklés testas néra pakankamai

jautrus tyrimas lengvam kognityviniam sutrikimui nustatyti, todél nuo 2013 m. Lietuvos populiacijai



pritaikyta Adenbruko kognityvinio tyrimo metodika — taisyta (Addenbrooke’s Cognitive Examination
— Revised, ACE-R) [30].

1.1.2. Amiloidiniy fibriliy susidarymas

Zinoma, kad net ir nepatologiniai baltymai ir peptidai gali sudaryti amiloidines fibriles, tod¢l
manoma, kad savybé formuoti amiloidinius agregatus, yra budinga visoms polipeptidinéms
grandinéms [2]. Fibriliy formavimasis, prasideda natyvios baltymo strukttros daliniu i§sivyniojimu,
susidarant labiau agreguoti linkusiai strukttirai. Tokios konformacijos pirmtakai hidrofobiniy ir
elektrostatiniy sgveiky déka asocijuoja tarpusavyje sudarydami branduolio tipo ar linijinius
oligomerus, kurie polimerizuojasi iki protofibriliy, i$ kuriy susidaro subrendusios amiloidinés fibrilés
[31]. Parodyta, kad pre—fibriliniai agregatai dél savo neteisingo susivyniojimo ir polipeptidinés
grandinés hidrofobiniy pavirsiy atsidengimo yra toksiskesni nei subrendusios fibrilés [18].

Dauguma autoriy teigia, kad amiloidiniy fibriliy susidaryma apibiidina branduoliy susidarymo
modelis [31-34]. Pagal §j model;j fibriliy formavimasis (1.1 pav.) sudarytas i§ dviejy faziy: pradinés
— létos (lag fazés), kurios metu baltymo monomero molekulés asocijuoja tarpusavyje sudarydamos
branduolj, ir antros — greitos, eksponentinio ilgéjimo fazés. Iniciacijos stadija 1éta, nes disociacijos
konstanta yra didesné nei asociacijos, taip pat jos greitis priklauso ir nuo susidaromo branduolio
dydzio bei baltymo koncentracijos. Kai kuriy baltymy atveju branduoliy susidarymo modelis
nevisiskai atitinka polimerizacijos kinetika, todé¢l jis patobulintas jtraukiant antriniy branduoliy

susidaryma, kai nauji augimo centrai formuojasi jau susidariusioje fibriléje.

-------- W ——
.

8};_0 }__.,Og @O¥ @ T —

Monomeras Branduolys (An) Branduolys (An+1)
1.1 pav. Branduoliy susidarymo modelio schema (adaptuota i$ [31]).

S. Kumar su bendraautoriais isskiria dar vieng fibriliy formavimosi modelj — Linijinés
polimerizacijos modelj. Jis yra panasus j branduoliy susidarymo modelio ilgéjimo stadija, tik polimero
susidarymas gali prasidéti nuo bet kurio vieno monomero (1.2 pav.). Monomerams asocijuojant,
visada susidaro identiskas rySys, todél polimerizacijos grei¢io konstanta yra nepriklausoma nuo
polimero dydzio. Reakcijos pradzioje, esant didelei monomero koncentracijai, reakcijos greitis yra

didelis, véliau, artéjant prie pusiausvyros, jis mazéja.
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1.2 pav. Linijinio polimerizacijos modelio schema (adaptuota i$ [31]).

Tas pats baltymas ar peptidas, esant skirtingoms agregacijos salygoms (pH, slégiui,
temperattrai, ir t.t), gali sudaryti reikSmingai morfologi$kai besiskirian¢ias amiloidines fibriles.
Manoma, kad tokig fibriliy morfologing jvairove lemia baltymo molekulinés struktiiros
heterogeniskumas [35, 36]. Pvz., hormonas gliukagonas esant skirtingoms temperataroms (25°C ir
50°C) formuoja skirtingas amiloidines fibriles. Siuos agregatus analizuojant apskritiminio dichroizmo
ir Furjé transformacijos infraraudonyjy spinduliy spektroskopijos metodais iSsiaiSkinta, kad
skirtingose temperatiirose susidariusios fibrilés yra nevienodos antrinés struktiiros [37].

1.2. Insulinas

Insulinas — kasos Langerhalso saleliy B lastelése sintetinamas hormonas, atsakingas uz
gliukozés kiekio reguliacijg kraujyje. Jis skatina gliukozés patekimg j lasteles ir jos, kaip energijos
Saltinio kaupimg. Insulino monomeras sudarytas 1§ dviejy polipeptidiniy grandiniy: A (21 amino
rugstis) ir B (30 amino riig8§¢iy) sujungty dviem tarpgrandininias ir vienu vidugrandininiu disulfidiniu
ry$iu (1.3 pav.) [38]. Fiziologinémis salygomis dominuojanti hormono forma yra heksamerinés

struktiiros (sudarytos i$ trijy dimery), kurig palaiko nuo dviejy iki keturiy Zn*? jony [39].

N galas

A grandiné su 21 amino rigstimi

C galas

C galas

1.3 pav. Insulino polipeptidiniy grandiniy schema (adaptuota is [40]).
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Nuo insulino koncentracijos, pH, joninés jégos, metalo jony ar tirpiklio priklauso insulino
forma, kurios daugiausiai egzistuos tirpale. Esant nedidelei insulino koncentracijai jis egzistuoja
dimerinéje formoje (nuo 2 iki 8 pH), kai insulino koncentracija didesné nei 1,5 mg/mL — tetramerinéje,

o tirpale esant 20 % acto rugsties — monomerinéje [41].

Esant insulino nepakankamumui ar atsparumui sergant diabetu, pacientai daznai gydomi
hormono injekcijomis. Viena i§ retesniy amiloidogeniniy ligy yra injekciné amiloidoze, kai
nuolatinéje vaisty jSvirk§timo vietoje randama insulino agregaty [42, 43]. Be to, fibriliy susidarymas
yra ir veiksnys ribojantis ilgalaikj insulino vaisty saugojima [44]. Norint iSvengti Siy vyksmy, svarbu
suprasti insulino amiloidiniy fibriliy formavimasi. Inkubuojant aukstoje temperattiroje ir Zemame pH
in vitro insulinas sudaro fibriles [11], kurios atitinka bendras amiloidy sgvybes [12]. Insulino fibrilés

sudarytos i$  — klos¢iy susiformavusiy keturiy tarpusavyje susivijusiy protofilamenty (1.4 pav.) [45].

T S aaenaas sl LTI Ty v v v P ZeTT i eas
(712778 eeeey CaRRiEas
il LRt
Tirad “f?w" LA =
’ Y w
AR . '
WILE W
- el

p—

1.4 pav. Insulino fibrilés modelis, 4 fibrile formuojantys protofilamentai (sudaryty i§ B —
klosc¢iy) pavaizduoti skirtingomis spalvomis (adaptuota i§ [12]).

Insulino agregacijos tyrimai ir jy metu gauti rezultatai gali padéti uzkirsti kelig fibriliy
susidarymui terapiniuose preparatuose ir suprasti amiloidiniy fibriliy formavimosi mechanizmg. L.
Nielsen 2001 metais pasitilé galimg insulino agregacijos mechanizmg, kurio metu insulino molekulé,
esanti heksamerinéje, tetramerin¢je ar dimerin¢je formoje disocijuoja i monomerus, kurie yra
pusiausvyroje su dalinai iSsivyniojusiomis tarpinémis formomis, turiniomis didelj polinkj
oligomerizuotis. Pusiausvyrai pasislinkus, susidariusios tarpinés formos, esant kritinei koncentracijai,

suformuoja branduolius, o véliau ir fibriles (1.5 pav.).
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[3sivyniojusi forma
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00 = b0 s ] ]

Heksameras Monomeras  Dalinai
(tetrameras isivyniojgs
ar dimeras) tarpininkas

Branduolys

1.5 pav. Insulino fibriliy susidarymo schema (adaptuota i [29]).

Baltymo struktiiros pokytis, atsirandantis agregacijos metu (a-spiraliy peréjimas j B klostes),

gali buti stebimas naudojant Furjé transformacijos infraraudonyjy spinduliy spektroskopija. Baltymo

peptidinio rysio vibracijy signalai matomi infraraudonojo spektro 1600—1700 cm™ regione, kuris

vadinamas amido I virpesiy ruozu. Ji daugiausia sudaro C=0 rysio vibracija (80%), apie 20% rysio

sudaro ir matoma N-H vibracija [46]. Kadangi baltymo antring struktiirg palaiko vandeniliniai rysiai

tarp C=0 deguonies ir N-H vandenilio, jie veikia ir peptidinio rysio vibracijy daznj. Insulino

agregacijos metu amido I vibracijos ruozo maksimumas pasislenka i§ ~1655 cm™2, biidingo baltymo

o-spiraléms, j ~1627 cm™2, kuris priskiriamas amiloidinés agregacijos metu susidariusioms B klostéms

(1.6 pav.). Amido | virpesiy ruozo poslinkis varijuoja tarp insulino fibriliy, susidariusiy esant

skirtingoms agregacijos salygoms [35].

Natyvus
insulinas

Absorbcija

‘._

Agreguotas
insulinas

1700

1650

1600

Bangos skai¢ius, cm’!

1.6 pav. Indukuotos insulino agregacijos FTIR spektras parodantis palaipsnj amido I ruozo

poslinkj natyvaus insulino amiloidogenezés metu (adaptuota i$ [35]).
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1.3. Tioflavino T fluorescencija
1959 metais P. S. Vassar ir C.F. Culling parod¢, kad dazas Tioflavinas T (ThT) jungiasi prie
amiloidiniy sankaupy audiniuose. ThT prisijungus prie amiloidiniy fibriliy drastiskai iSauga jo
fluorescencija [47] (emisija apytiksliai esant 480 nm, o suzadinimas esant 450 nm bangos ilgiu [48,
49] (1.7 pav.). ThT fluorescencijos signalo intensyvumas tiesiogiai proporcingas susidariusiy fibriliy
kiekiui. H. Naiki ir H. LeVine taip pat pademonstravo, kad ThT jungimasis prie fibriliy yra susij¢s su
ju B klostyta struktiira. Sios Zinios lémé ThT panaudojima ne tik amiloidiniy agregaty aptikimui

audiniuose, bet ir realiu laiku susidaranciy fibriliy stebéjimui, bei jy struktiiry analizavimui.

P

o

o
1
T

ThT + fibilés

—_

o

o
1
T

ThT

O L —

ThT fluorescencija
o
o
o

460 48IO 500 550 5:10

Bangos ilgis, nm

1.7 pav. ThT fluorescencijos padidéjimas jam prisijungus prie amiloidiniy fibriliy (adaptuota
1§ [50]).

Nepaisant intensyvaus naudojimo amiloidiniuose tyrimuose, tikslus ThT jungimosi
mechanizmas kol kas néra zinomas, bet manoma, kad dazas jungiasi prie visoms fibriléms bendro

struktiirinio motyvo [51].

1.8 pav. ThT jungimosi prie amiloidiniy fibriliy modelis. ThT jungiasi prie i§ Soniniy

grandiniy pavirSiuje susiformavusio kanalo (adaptuota i$ [50]).
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B —klostés sudaro savitg Soniniy grandiniy i$sidéstyma, vadinama B — klos¢iy kopéciomis [52],
kuriam esant, fibrilése suformuojamas kanalas, prie kurio gali jungtis ThT molekulés (1.8 pav.). Tokia
Soniniy grupiy struktiira egzistuoja nepriklausomai nuo peptido sekos [53].

ThT yra optiskai neaktyvus fluoroforas sudarytas i§ benzotiazolo ir benzeno ziedy, laisvai
besisukanciy aplink bendrg C—C ry$j. Amiloidinés fibrilés sudaro chiraling aplinka, j kurig patekus
ThT laisvas sukimasis tarp ziedy yra sustabdomas ir molekulés jgauna optiskai aktyvig konformacija

(1.9 pav.) [54].

JesaY

1.9 pav. A) Tioflavino T strukttra [50] B) optiSkai aktyvaus ThT konformacija, pazymétas

dvisienis kampas tarp plokstumy [54].

1.4. Amiloidinés agregacijos slopikliai

Dar 1993 m. FDA (Food and Drug Administration) patvirtino pirmajj preparatg Alzheimerio
ligai gydyti — cholinesterazés slopiklj — takring. Dabar $is preparatas dél savo hepatotoksiskumo yra
vartojamas retai, o jj pakeité kiti cholinesterazés slopokliai : donepezilas, rivastigminas, galantaminas
ir kt. Specifiniams AL simptomams gydyti patvirtinta ir antroji klasé¢ vaisty — N-metil-D-aspartato
receptoriaus antagonistai ir jy atstovas memantinas. Taip pat Alzheimerio ligai gydyti sitilyta naudoti
ginkmedzio preparatus, nesterodinius vaistus, statinus ir estrogenus. Vis dél to, visi Sie preparatai tik
palengvina Alzheimerio ligos simptomus, bet visi$kai nesustabdo jos progresavimo [55].

Norint iSgydyti amiloidines ligas reikia rasti junginius gebancius sustabdyti amiloidiniy
agregaty susidarymg. Tokie junginiai galéty stabilizuoti amiloidinio baltymo natyvig struktiira,
slopinti su neteisingu baltymy susivyniojimu susijusius fermentus, reguliuoti baltymo sinteze ir
pagerinti blogai susivyniojusiy baltymy kontrolg. Taiau geriausia baty rasti medziagas, Kurios
selektyviai reaguoty su agreguojanciais polipeptidais ir galéty slopinti amiloidiniy fibriliy
formavimasi arba suardyti jau susidariusias fibriles [3]. Ivairiausi junginiai, tokie kaip salvianoliné
rugstis B [56], nitrofenoliai [57] ir kitos medziagos gali slopinti fibriliy susidaryma. Alzheimerio ligos

atveju, vienas perspektyviausiy vaistiniy preparaty buvo laikomas ,,Alzhemed™, kuris efektyviai
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slopino AP agregacija in vitro. Deja, pragjes I ir II klinikiniy tyrimy stadijas, 11 stadijoje jis buvo

pripazintas nepakankamai saugus ir efektyvus naudoti [5, 58].

Didelio mokslininky susidomeéjimo, dél savo antioksidantinio, prieSauglinio ir antimikrobinio
aktyvumo sulauké grupé augalinés kilmeés polifenoliy, vadinamy flavonoidais, kurie dazniausiai
randami lapy epidermyje ir vaisiy odeléje. Flavonoidai — mazos molekulinés masés organiniai
junginiai, sudaryti i§ 2-fenil-1-benzopirano pagrindu (1.10 pav.). Yra keletas flavonoidy klasiy:
flavonoliai (kaempferolis, quercetinas), flavonai (apigeninas, luteolinas), flavan—3—oliai (katechinas,
epigalokatechin—3—galatas), flavononai (hesperidin) ir kiti [59]. Parodyta, kad flavonoidai gali slopinti

fibriliy susidaryma ir in vitro ir in vivo [60].

1.10 pav. Flavonoidy strukttros pagrinas [59].

Vienas i§ geriausiai zinomy amiloidinés agregacijos slopikliy — flavonoidas epigalokatechin-
3-galatas (EGCG). EGCG efektyviai slopina transtiretino [6], a-sinukleino, amiloido B fibriliy
susidaryma [7] bei prioninio baltymo PrPS¢ formavimasi [8]. Taip pat jis gali paversti jau
susiformavusias a—sinukleino ir amiloidof fibriles j maziau lasteléms toksiskus amorfinius agregatus
[61]. Savo bakalaurinio darbo metu a§ parodziau, kad epigalokatechin-3-galatas yra efektyvus
insulino amiloidinés agregacijos slopiklis. EGCG veikimo mechanizmas kol kas néra tiksliai Zinomas.
EGCG néra stabilus ir gali oksiduotis sudarydamas superoksida ir chinonus [62]. Manoma, kad EGCG
ar jo oksiduoty produkty ir amiloidiniy fibriliy hidrofobiniy jungimosi viety susiriSimas yra svarbus
veiksnys fibriliy rekonstrukcijai. Kai fibriliy laisvos amino ar tiolinés grupés yra arti flavono
hidrofobiniy viety, 1§ EGCG susidare chinonai gali kovalentiS8kai modifikuoti amiloidinius baltymus,
susidarant Sifo bazei ar panasiems junginiams. Toks pakeitimas apsaugo amiloidines fibriles nuo
disociacijos ir fragmentacijos, kuriy metu susidaro toksisSki oligomerai. Hidrofobiné saveika tarp

EGCG ir baltymo greiciausiai yra atsakinga ir uz EGCG savybe slopinti amiloiding agregacija [63].
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Literatiroje apraSoma ir keletas kity sintetiniy ir natiiraliy flavonoidy, pasizyminéiy
slopinan¢iu poveikiu amiloido B agregacijai. Parodyta, kad fisetinasir jo pagrindu susintetinti
analogai, bei morinas, luteolinas ir kvercetinas efektyviai slopina A fibriliy susidaryma [9, 10, 64].
M. G. Sharoar su bendraautoriais apraso keampferol-3-O-rhamnosido (k-3-rh) poveikj AP
toksisSkumui. Reakcijos miSinyje esant k-3-rh susidaro mazesni, tirpas, neturintys B klostytos
struktiiros, netoksiSki agregatai. Taip pat k-3-rh pertvarko jau susidariusius oligomerus ir fibriles [65].

Aprasyta ir keletos flavonoidy slopinantis poveikis transtiretino agregacijai [66]. ISsamiai
istirta kvercetino jtaka jaucio insulino amiloidiniy fibriliy susidarymui. J. Wang ir bendraautoriy
tyrimai parodo, kad kvercetinas slopina ne tik insulino agregacija, bet ir suardo jau susidariusias

insulino amiloidines fibriles [67].

Literattiros duomenimis, geriausiai amiloidiniy fibriliy susidaryma slopina flavonai, turintys
hidroksi grupes. Slopinimo efektyvumas taip pat priklauso ir nuo hidroksi grupiy padéties. Amiloido
B agregacijos slopinimu pasizymi flavonai, kuriy hidroksi funkcinés grupés yra B ziedo 3’ ir 4’
pozicijose, o 3 ir 7 padétyse esancios hidroksi grupés nedaro jtakos fibriliy susidarymui [9].

Vis délto, skirtingi flavonoidai gali veikti skirtingas amiloidines reakcijas, todél kruopsciai
tirti tik viena potencialy slopiklj néra tikslinga [68]. Siame magistriniame darbe naudojant rutinine

analize iStirta 168 flavonoidai.

1.5. Flavonoidai arbatoje

Epigalokatechingalatas (EGCG) — labiausiai paplitgs flavonoidas Zaliojoje arbatoje, bet
nedideliais kiekiais jo randama ir kitose arbatos riiSyse. Parodyta, kad arbata pasizymi skrandzio,
zarnyno, plauciy ir prostatos vézio prevenciniu aktyvumu. Taip pat, kai kuriy tyrimy duomenimis,
arbata sumazina atrofinio gastrito, koronarinés Sirdies ligos ir insulto rizikg [69]. Literataroje
apraSomas Zzaliosios arbatos ar zaliosios arbatos ekstrakty poveikis Seiminés amiloidozés
kardiomiopatijos pacientams. Sergantiesiems 12 ménesiy vartojus arbatg, nenustatytas kairiojo
skilvelio sienos storio ir masés padidéjimas [70]. Paskelbtas ir klinikinis atvejis, galimai parodantis
zaliosios arbatos, kaip sveikatg stiprinancios priemonés, poveikj pacientui su sistemine lengvosios
grandinés amiloidoze [71].

Be EGCG arbatoje yra ir kity flavonoidy (2 lentel¢) ir jy sudétis priklauso nuo arbatos
fermentacijos laipsnio (maziausiai fermentuota zalioji arbata, labiausiai — juodoji). Labiausiai paplite

flavonoidai arbatoje yra flavan-3-oliai, o flavonoliy ir flavony arbatoje randama daug maziau [72].
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2 lentelé. Flavonoidy kiekiai skirtingose arbatose (mg/100 g sausos arbatos) (adaptuota i$

[72]).
Arbatos Juodoji arbata Zalioji arbata
o ) ) Koncentracijy ) ) Koncentracijy
Flavanoidai Vidurkis ) Vidurkis )
ribos ribos
Katechinai
Katechinas 167 35480 24 0-80
Epikatechinas 316 60-1100 793 190-2000
Epigalokatechinas 1257 29-3870 1712 100-5440
Epigalokatechin
1393 140-5090 8975 1182-18 810
3-galatas
Teaflavinai
Teaflavinas 162 40-527 - -
Teaflavin 3-
105 7-260 - -
galatas
Flavonoliai
Kaempferolis 132 44-213 130 91-150
Myricetinas 25 0-80 101 52-131
Kvercetinas 210 89-416 175 140-230
Flavonai
Apigeninas 54 21-91 77 25-128
Luteolinas 5 3-9 8 2-14
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2. MEDZIAGOS IR METODAI

Sio magistrinio darbo tyrimai buvo atlickami Vilniaus Universiteto Biotechnologijos institute,
Biotermodinamikos ir vaisty tyrimy skyriuje bei Dortmundo Technikos Universiteto Chemijos
fakultete (Vokietijoje).

2.1. Medziagos
o Fisher Scientific: uranilacetatas, NaH2PO4, Na2HPO4, H3POs, NaOH, HCI, NaCl, DMSO,
e Sigma Aldrich: NaOD, D3PQg4, Tioflavinas T, rekombinantinis Zmogaus insulinas
e Indofine: Flavonoidai (zitiréti 1 priede)
e Lipton: zalioji arbata, juodoji arbata,

e Twinnings: pilkoji arbata, juodoji arbata

2.2. Metodai

2.2.1. Arbatos jtakos insulino agregacijai tyrimai

Insulinas: insulinas tirpintas 200 mM pH 2 fosfatiniame buferyje

Arbaty paruoSimas: arbata (1,2-2 g) uzpilama 100 mL dejonizuoto verdanc¢io vandens ir 3
minutes inkubuojama. Arbatzolés nukoSiamos filtriniu popieriumi. Gautas tirpalas skiedziamas
dejonizuotu vandeniu 1, 2, 4, 8, 16, 32, 64 ir 128 kartus.

Arbatos jtakos insulino agregacijos tyrimai buvo atliekama ThT fluorescencijos metodu 60°C
temperatiiroje 15 valandy. Stebima 1 mM insulino agregacija esant skirtingos riiSies arbatoms

(zaliajai, juodajai, pilkajai), bei skirtingomis arbatos koncentracijomis.

2.2.2. Flavonoidy jtakos insulino agregacijai tyrimai

Insulinas: insulinas tirpintas 100 mM pH 2 fosfatiniame buferyje.

Flavony paruosimas: flavonai tirpinami dimetilsulfokside (DMSO), ruo$iant 20 mM
koncentratus, kurie laikomi tamsoje.

Insulino agregacijos slopinimo tyrimai buvo atlickami 60°C temperatiroje 15 ar daugiau
valandy. ThT fluorescencijos metodu buvo stebima 1 mM insulino agregacija esant 1 mM flavono.
Visuose eksperimentuose galutiné ThT koncentracija reakcijos misinyje buvo 50 UM, o DMSO kiekis

nevir$ijo 5%.
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2.2.3. Spontaniniai insulino fibriliy susidarymo tyrimai

Insulinas: pradiniams tyrimams insulinas tirpinamas skirtingo pH: 1,4; 1,6; 1,8; 2; 2,2; 2,4;
2,6 100 mM fosfatiniame buferyje.

Spontaniniai insulino fibriliy susidarymo tyrimai atlickami ThT fluorescencijos metodu
tokiomis paciomis sglygomis kaip ir agregacijos slopinimo tyrimai. Stebimas 1 mM insulino fibriliy

susidarymas esant skirtingiems pH.

2.2.4. Tioflavino T fluorescencijos matavimas

ThT fluorescencija stebima naudojantis Rotor-Gene Q (Qiagen) ir Rotor-Gene 6000 (Corbett)
realaus laiko PGR aparatais. Reakcijos miSiniai (po 20 pl) iSpilstomi j 200 ml mégintuvélius, kuriems,
sukantis rotoriuje (400 apsisukimy per minute), iScentriné jéga sulaiko skystj mégintuvélio dugne.
Patekes | LED S$viesos Saltinj, mégintuvélyje esantis miSinys yra suzadinamas 470 = 10 nm ilgio
Sviesa, 0 emisija matuojama esant 510 £ 5 nm bangos ilgiui (zZaliasis kanalas). Gaunamos
fluorescencijos intensyvumo priklausomybés nuo agregacijos laiko kreivés. Matavimo paklaidos

mazos, nes, rotoriui sukantis, visi méginiai palaikomi toje pacioje temperatiiroje judancio oro déka.

Oro Detekcijos filtras
judéimas q (
OS85 EZRLLBN L esis )
‘v%’rr (] VTR o — r—
v 7 "

o ' PMT
. . detektorius

] LED

Sviesos

Saltinis

Besisukantys
mégintuvéliai

2.1 pav. Rotor-Gene veikimo schema (adaptuota is [73]).

2.2.5. Atominés jégos mikroskopija

Insulino agregatai: agregatai ruosSiami 1mM insulino ir 1mM flavono tirpalg inkubuojant
termomikseryje (purtymas — 300 apsisukimy per minute, Ditabis MHR 23) 60°C teperatiiroje 2 dienas.

Susidare agregatai 100 karty skiedziami dejonizuotu vandeniu ir 10 pl misinio uzne$ama ant
Svaraus, ka tik nulupto Zérucio. AJM naudojamas Zérutis yra daugiasluoksnis. Norint pastebéti keliy

nm aukscio skirtumus, Zérucio pavirSius turi biiti labai lygus ir Svarus, todél méginys kiekvieng karta
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uzneSamas ant naujai nulupto zérucio sluoksnio. Agregatai 1 minute paliekami adsorbuotis, paskui
zérucio pavirSius nuplaunamas 1 mL vandens ir atsargiai iSdziovinamas, naudojant suspaustas azoto
dujas.

Insulino amiloidiniy fibriliy vaizdai gauti su MultiMode skanuojamojo zondo mikroskopu su
Nanoscope Illa kontroleriu ir AS-12 E skaneriu ir aliuminiu dengtu NCHR silicio zondu (adata)
(Nanosensors). Mikroskopo skaneris juda (X, Y, Z aSimis) vir§ bandinio pavir§iaus ore, o zondas
kontaktuoja su meéginiu virpinamuoju (TappingMode™) reZimu. Atominio mikroskopo zondas yra
pritvirtintas prie lankstaus liezuvélio, kuris virpa savo rezonansiniu dazniu (~ 250-330 kHz), 20 —
100 nm amlitude. Skanuojant adata lengvai stuksena bandinio pavirSiy, o lieczuvélio atsilenkimas
registruojamas lazerio spinduliu. Atsispindéj¢ lazerio spinduliai patenka j fotodiodinj detektoriy,
paskui informacija keliauja j elektroninj detektoriy, kur i§ lazerio nuokrypio kampo, kuris

proporcingas zondo auks$¢iui, suprojektuojamas pavirsiaus reljefo vaizdas (2.2 pav).

Lazeris Fotodiodas Amplifikcatorins

M | E
p+ Amplitude

4

°

p
Funkcijos

generatorins

x — ¥ —z — skaneris

2.2 pav. Atominés jégos mikroskopo veikianciu virpinamuoju rézimu veikimo principas [74].

2.2.6. Furjé transformacijos infraraudonyjy spinduliy spektroskopija

Insulino agregatai: agregatai ruoSiami sunkiame vandenyje 1mM insulino ir ImM flavono
tirpalg inkubuojant termomikseryje (purtymas — 300 apsisukimy per minute, Ditabis MHR 23) 60°C
teperatiiroje 2 dienas.

FTIR spektroskopinei analizei naudotas 15 pL insulino agregaty méginys, Kuris jneSamas j
CaF2 matavimo cele su 0,05 mm tarpine (prie§ kiekvieng bandyma celé iSplaunama dejonizuotu

vandeniu ir i§dziovinama). Méginio FTIR spektras iSvedamas i§ 256 pakartojimy.
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FTIR spektrai buvo gauti naudojant Nicolet 5700 spektrometra su gyvsidabrio — kadmio —
teliurido detektoriumi, kuris Saldomas skystu azotu. Spektry antros iSvestinés gautos pasitelkiant
Savitzky-Golay skaitmeninj filtrg. Visi duomenys buvo apdoroti naudojantis Grams programine
jranga.

2.2.7. Duomeny apdorojimas

Eksperimenty metu gautos ThT fluorescencijos kreivés buvo apdorojamos Microsoft Excel ir
Origin 8 programomis.

Spontaninés insulino agregacijos kinetika gali biti apibiidinama sigmoidine kreive, kur
pradzioje (lag fazéje) ThT fluorescencijos beveik néra, paskui, didéjant susidariusiy fibriliy kiekiui,
matomas ThT fluorescencijos intensyvumo augimas, kuris galiausiai stabilizuojasi pasibaigus fibriliy

formavimuisi (2.3 pav.) [41].

' my

ThT fluorescencija
:g?r'
[}
- =

1 n+me

Laikas

2.3 pav. Spontanininio insulino fibriliy susidarymo kreivé (adaptuota is [41]).

Spontaninés insulino agregacijos metu gautos ThT fluorescencijos priklausomybés nuo laiko
kreivés pirmiausia buvo normalizuotos nuo 0 (néra susidariusiy fibriliy — lag fazé¢) iki 1 (visas
baltymas yra fibrilése). Tada matavimai Origin programa buvo aproksimuoti naudojant sigmoiding
kreive pagal lygti:

Yi M X

Y:yi—t—miX-l-W

kur Y — fluorescencijos intensyvumas, x — laikas ir tso — laikas, per kurj suagreguoja 50 %
méginyje esancio insulino, [41]. Skirtingy salygy jtaka spontaniniam insulino amiloidiniy fibriliy
susidarymui buvo vertinama lyginant gautg dydj tso.

Statistiné analizé buvo atlickama i§ 4 — 10 eksperimenty, naudojant Stjudento t skirstinj, kai p = 0,05.
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3. REZULTATAI IR JU APTARIMAS

3.1.  Arbatos jtakos insulino amiloidinei agregacijai tyrimai
Pirmajame magistrinio darbo tyrimy etape buvo analizuojama skirtingy arbaty rasiy jtaka

insulino amiloidogenezei. Tiriamajame miSinyje esant pradinei arbatos koncentracijai (pakelis:

1,2 -2 9/100 mL) insulino fibriliy susidarymo nematome (3.1 pav). Toks agregacijos signalo

nebuvimas galimas dél insulino amiloidogenezés slopinimo arba dél arbatos poveikio ThT

fluorescencijai.

1,04 FJ
0.8 S
3 S
E o
-:.!‘: 0,64 g o 1 mM Lnb
é g o ins + plll?ﬂ arbata
= o O ins | 7alia arbata
E 0,44 8 O ins + juoda arbata (L)
o © ins + juoda arbata ('T)
0,2
0,0‘* rT”T Y ™ T
200 400

Laikas, min

3.1 pav. Insulino fibriliy susidarymo kreivés reakcijos miSinyje esant ir neesant

arbatoms.
Norint nustatyti tikslesnj kiekvienos arbatos poveikj agregacijai buvo atlikti i§samesni insulino
amiloidogenezés tyrimai su mazesnémis arbatos koncentracijoms. Analizuojant pilkaja ,, Twinnings*
arbatg, insulino fibriliy susidarymo slopinimas stebimas arbatos koncentracijai reakcijos miSinyje
esant net 32 kartus mazesnei nei pradiniame tirpale. Toliau mazinant arbatos koncentracija,
agregacijos laikas trumpéja, todé¢l galima daryti iSvada, kad pradiniuose bandymuose insulino fibriliy
susidarymas nebuvo stebimas dél efektyvaus arbatos slopinanc¢io poveikio. Arbatos koncentracijai
reakcijos misinyje esant 512 karty mazesnei nei pradiniame tirpale, insulino agregacijos laikas beveik
nesiskiria nuo kontrolés (3.2 pav. A). Tiriant zaliosios arbatos jtaka insulino fibriliy susidarymui,
stiprus agregacijos slopinimas pastebimas zaliosios arbatos koncentracijai reakcijos miSinyje esant 8
kartus mazesnei nei pradiniame arbatos tirpale. Mazinant arbatos koncentracijg (skiedziant iki 128
karty), insulino agregacijos laikas trumpéja (3.2 pav. B). Dviejy skirtingy firmy (,,Lipton® ir
,» Twinnings®) juodosios arbatos buvo tiriamos norint nustatyti iy arbaty poveikj insulino agregacijai.

Abiejy arbaty analizés atveju didziausia arbatos koncentracija, kuriai esant dar buvo matoma insulino
23



agregacija, buvo 32 kartus mazesné nei pradiniame tirpale. Slopinimo stiprumas mazinant arbatos

koncentracijg silpnéja ir reakcijos miSinyje esant 512 karty maZesnei arbatos koncentracijai yra

minimalus (3.2 pav. C, D).
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3.2 pav. Spontaninés insulino agregacijos laiko priklausomybé nuo arbatos koncentracijos. A)

insulino fibriliy susidarymo kreivés esant skirtingoms pilkosios arbatos koncentracijoms; B) insulino

agregacijos kreivés reakcijos miSinyje esant skirtingoms zaliosios arbatos koncentracijoms; Insulino

amiloidogenezés kreivés esant skirtingos koncentracijos juodosioms arbatoms C) ,,Lipton* firmos,

D) ,, Twinnings* firmos.

Norint tarpusavyje palyginti visy arbaty jtakg insulino amoloidogenezei, kiekvienam

eksperimentui apskai¢iuojame santykinj agregacijos puslaikj (ts0), i§ kurio galima spresti apie arbatos

slopinimo efektyvuma (santykinis tso priklauso nuo insulino agregacijos ir parodo kiek karty ilgiau

vyko insulino agregacija reakcijos miSinyje esant arbatai). IS Siy duomeny (3 lentelé) galima daryti

iSvada, kad stipriausiai insulino fibriliy susidaryma slopina pilkoji arbata: esant arbatos koncentracijai

32 kartus mazesnei nei pradiniame arbatos tirpale, insulino agregacija vyksta tris kartus ilgiau nei
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insulino agregacija be arbatos. Juodosios arbatos insulino amiloidogeneze¢ veikia Siek tiek silpniau.
Esant tokiai paciai juodosios ,,Lipton“ arbatos koncentracijai, insulino agregacijos laikas pailgéja
beveik 2,5 karto, o juodosios ,, Twinnings“ — apie du kartus. Zaliosios arbatos slopinantis poveikis
atrodo silpniausias: reakcijos misinyje esant arbatos koncentracijai tik 8 kartus mazesnei nei

pradiniame arbatos tirpale insulino agregacijos laikas pailgéja apie 2,7 karto.

3 lentelé. Arbaty slopinimo efektyvumo palyginimas (paklaidos paskaiciuotos i§ 4-10

eksperimenty).
8X 16x 32% 64x 128x 256X 512x
PkOll antykinis ] 3,03 194 177 154 1,09
arbata tso +0,74 +034 +031 +£021 0,05
Zaliofi  gantykinis 272 172 148 128 119 122
arbata tso £045  +003  +013  £010 014 +0,03
Juodoji
abata  Santykinis ] 2,47 193 142 118 114
tso £0,16  +035 +015 +020 0,06
(L)
Juodoji
abata  Santykinis ] 2,07 148 120 119 118
- tso 0,37 %025 011 #015 0,03

Susanne M. Henning su bendrautoriais nustaté EGCG kiekj esant]j §io magistrinio darbo metu
tirtose arbatose [69]. Jeigu darysime prielaida, kad arbatos slopinantis poveikis priklauso tik nuo
EGCG, tai remiantis Susanne M. Henning duomenis galima apskaiciuoti EGCG koncentracija esancia
kiekvienos arbatos pradiniame tirpale bei jos praskiedimuose ir nubraizyti insulino agregacijos laiko

priklausomybés nuo EGCG kiekio esancio arbatose grafikg (3.3 pav. A).

Insulino fibriliy susidarymo priklausomybé nuo EGCG koncentracijos taip pat buvo tirta mano
bakalaurinio darbo metu (3.3 pav. B). Tik, skirtingai nuo $iy tyrimy, analizei buvo naudojamas grynas
EGCG, o ne arbatos.
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3.3 pav. Spontaninés insulino agregacijos laiko priklausomybé nuo EGCG koncentracijos
arbatose (A) ir nuo gryno EGCG koncentracijos (B) (tyrimai atlikti bakalaurinio darbo metu).

Paklaidos paskaiciuotos i§ 6 — 10 eksperimenty.

Palyginus S$iuos grafikus susidaro jspudis, kad arbatoje esantis EGCG slopina insulino
agregacija geriau nei grynas EGCG. Reakcijos miSinyje esant 8 kartus praskiestai zaliajai arbatai,
EGCG koncentracija apie 0,12 mM, tuo tarpu insulino agregacijos laikas labai panasus j tg, kuris bty
EGCG koncentracijai esant 0,2 mM. Pilkosios ir juody arbaty atveju panaSus amiloidogenezés laikas
stebimas esant dar mazesnéms EGCG koncentracijoms arbatose (apie 0,01 mM). Arbatos slopina
insulino fibriliy susidaryma zymiai efektyviau, nei grynas EGCG, todél galima manyti, kad insulino
agregacijos slopinimg lemia ne tik arbatose esantis EGCG, bet ir kiti junginiai. Insulino fibriliy
susidarymo laikas yra panasus zaliosios arbatos ir gryno EGCG koncentracijoms skiriantis tik apie du
kartus, todél galima daryti i§vada, kad Sios arbatos slopinantj poveikj daugiausiai lemia EGCG.
Juodosios ir pilkosios arbaty atveju EGCG koncentracijos skiriasi apie 20 karty, vadinasi Siose

arbatose esanciy kity medziagy poveikis yra zymiai didesnis nei EGCG.

3.2.  Flavonoidy jtakos insulino amiloidinei agregacijai tyrimai

Arbatos sudétyje be EGCG yra ir jvairiy kity flavonoidy, kurie taip pat galéty slopinti
amiloidiniy baltymy agregacija ir buti potencialiais Vaistiniais preparatais, kovojant su
amiloidogeninémis ligomis. Sio magistrinio darbo metu buvo istirtas 168 flavonoidy poveikis insulino
agregacijai. Is gauty duomeny apskaiciuotas santykinis insulino agregacijos puslaikis (tso) (1 priedas),
ju palyginimas pateikiamas 3.4 paveiksle. Buvo nustatyta, kad dauguma istirty flavonoidy neturéjo

itakos insulino amiloidogenezei, 0 kai kurie net ir greitino agregacija. Vidutiniskai insulino
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amiloidogenezg 1étino : 4'-hidroksiflavonas (1) apie 1,34 karto, 8-karboksi-3-metoksiflavonas (2) apie
1,31 Karto, 3,6,3',4'-tetrametoksiflavonas (3) apie 1,42 karto, 3-hidroksi-7,8,2'-trimetoksiflavonas (4)
apie 1,67 karto, Myricetinas (5) apie 1,32 karto, o 3'-hidroksi-5,6,7,4'-tetrametoksiflavonas (6)

insulino agregacija létino apie 1,45 karto.

Santykinis #50

0,1

Flavonoidai

3.4 pav. Flavony jtakos insulino agregacijai palyginimas. Pavaizduotas kiekvieno flavono
santykinis tso, parodantis kiek karty insulino amiloidogenezé esant flavono skyrési nuo kontrolés
(insulino agregacijos esant DMSO). Flavonai, kuriy santykinis tso didesnis nei 1 1étina insulino fibriliy
susidaryma, o tie kurie mazesnis — greitina. SkaiCiais pazyméti vidutiniskai agregacija slopinantys
flavonoidai: 1 - 4'-hidroksiflavonas, 2 - 8-karboksi-3-metoksiflavonas, 3 - 3,6,3'4-
tetrametoksiflavonas, 4 — 3-hidroksi-7,8,2'-trimetoksiflavonas, 5 — Myricetinas, 6 — 3'-hidroksi-

5,6,7,4'-tetrametoksiflavonas. Paklaidos paskai¢iuotos i§ 4 — 6 eksperimenty.

Palyginus $io magistrinio darbo metu gautus rezultatus su literatiros duomenimis, pastebéta
keletas neatitikimy. Savo darbuose T. Akaish, H. Ushikubo ir K. Ono apra$o, fisetino, morino ir
kvercetino slopinantj poveikj amiloido B fibriliy susidarymui, o J. Wang — kvercetino slopinantj

poveikj insulino fibriliy susidarymui. Sio darbo metu istyrus fisetino, morino ir kvercetino poveikij
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insulino agregacijai, slopinanti jtaka nepastebéta. Fisetino santykinis agregacijos puslaikis yra apie
0,60, morino — apie 0,93, kvercetino — apie 0,94, tai yra < 1 (santykinio tso duomenys pateikiami 1
priede). Agregacijai stebéti Sie autoriai taip pat naudoja ThT fluorescencija, bet apie teigiamg
flavonoidy jtaka amiloidogenezei sprendzia tik remdamiesi jos intensyvumo sumazéjimu. Tai néra
teisinga, nes fluorescencijos intensyvumas gali smarkiai keistis net jei flavonoidy molekulés tiesiogiai
nedaro jtakos insulino agregacijai. Tai atvejais, jei flavonoidai tiesiog trukdyty ThT jungtis prie
amiloidiniy fibriliy, absorbuoty ThT fluorescencija ar tiesiogiai sgveikauty su ThT molekulémis,
fluorescencijos intensyvumas pasikeisty nepriklausomai nuo insulino agregacijos grei¢io. Todél
flavony jtaka amiloidinei agregacijai turéty buti vertinama lyginant agregacijos greicius (remiantis
agregacijos puslaikio (tso) nustatymu), o ne ThT fluorescencijos intensyvumus. Esant fibriliy

susidarymo slopinimui amiloidinés agregacijos laikas iSauga, o tso didéja [68].

I8 viso, kartu su kolegomis, istyréme 265 flavoidus, tarp kuriy buvo rasti penki labai efektyvis
amiloidinés agregacijos slopikliai: 7,8,2’-trihidroksiflavonas, Scutelareinas, Luteolinas, 3,6,2°,4°,5’-
pentahidroksiflavonas, Gosypetinas. Apibendrinant visy tyréjy duomenis buvo pastebéta, kad
slopinan¢iu poveikiu pasizyméjo tik flavonoidai turintys metoksi ir hidroksi Sonines grupes.
Efektyviausi fibriliy susidarymo slopikliai turéjo keturis hidroksi pakaitus, nors tris, penkias ar Sesias
hidroksi grupes turintys flavonoidai taip pat gerai slopino insulino agregacija. Dvi ar maziau hidroksi
grupes turintys flavonoidai neturéjo jtakos amiloidogenezei. Padaryta iSvada, kad potencialiu
slopinanc¢iu poveikiu pasizymi flavonoidas, turintis maziausiai tris hidroksi pakaitus, o papildomos

Soninés grupés taip pat gali padidinti ar sumazinti slopinimo efektyvuma [68].

Norint tikrai jsitikinti, kad 7,8,2’-trihidroksiflavonas, Scutelareinas, Luteolinas, 3,6,2°,4°,5’-
pentahidroksiflavonas ir Gosypetinas tikrai yra potencialtis amiloidinés agregacijos slopikliai reikéty
atlikti platesnius §iy flavonoidy tyrimus, kuriuose bty nustatytas jy poveikis kitiems amiloidines

fibriles sudarantiems baltymams.

Nors dauguma tirty flavony nedaré jtakos insulino agregacijos kinetikai, bet, iSanalizavus
insulino fibriliy, susidariusiy esant flavonoidams, struktiiras, pastebéti akivaizdias skirtumai.
Atominés jégos mikroskopijos pagalba gautose fibriliy vaizduose matome, kad skirtingiems
flavonoidams esant reakcijos misinyje, susidaro nevienodos morfologijos insulino fibrilés (3.5 pav).
Paveiksle 3.5. A matome, kad tirpale esant 5 % DMSO susidaro tiesios, neSakotos insulino fibrilés.

Insulino agregacijos metu reakcijos miSinyje esant flavono, susidare agregatai atrodo ilgesni, labiau
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susivije (3.5 B). Tirpale esant 6,4°-dihidroksiflavono susiformavusios insulino fibrilés banguotos, taip
pat linkusios suktis (3.5 C). Agreguojant insulinui reakcijos miSinyje esant 5,4’-dimetoksiflavono,
matome susidariusias agregaty sankaupas (D). Diosmetino poveikyje susiformavusios insulino
fibrilés atrodo storesnés ir didenés. Reakcijos misinyje esant Kaempferolio, fibrilés sudaro plausinius
agregatus (3.5 F). I8 Zemiau pateikty vaizdy matome, kad insulino fibrilés, susidariusios esant

jvairiems flavonoidams, skiriasi nuo insulino fibriliy, susiformavusiy tik esant DMSO.

2 um

3.5 pav. Insulino fibrilés, susidariusios esant skirtingoms salygoms: A) agregacijos miSinyje
esant 5% DMSO; B) Flavono; C) 6,4’-dihidroksiflavonas, D) 5,4’-dimetoksiflavono; E) Diosmetino,

F) Kaempferolio.

Insulino fibriliy, susidariusiy esant skirtingoms sglygoms, antrinés struktiiros pokycius parodo
ir FTIR spektroskopija (3.6 pav.). Insulino fibriliy, susidariusiy esant DMSO, spektro antrojoje
i$vestinéje matome du pagrindinius amido I ruoZo minimumus biidingus P — klostéms (1631 cm™
,1619 cm™). Flavono ir 6,4’-dihidroksiflavono poveikyje susiformavusiy fibriliy spektro antrosios
iSvestinés labai panasios | DMSO spektro i§vestines. Matome, kad amido I ruozo smailiy formos
beveik nesiskiria, 0 jy poslinkis nedidelis. Galime teigti, kad flavono ir 6,4’-dihidroksiflavono
poveikis insulino amiloidiniy fibriliy struktorai yra nedidelis. Agregaty, susidariusiy reakcijos
misinyje esant 5,4’-dimetoksiflavono, spektro antrosios iSvestinés amido I ruozo minimumai

pasislinke link maZesniy bangos skai¢iy (1626 cm™, 1616 cm™). Insulino fibriliy, susidariusiy tirpale
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esant Diosmetino, spektro antroji i$vestiné labai skiriasi nuo buvusiy prie$ tai. Matome tris amido |
ruozo minimumus (1634 cm™, 1624 cm™, 1614 cm™), be to smailés forma visiskai kitokia nei DMSO
iSvestinés atveju. Keampferolio poveikyje susidariusiy insulino fibriliy spektro antrojoje i$vestinéje
taip pat matome tris minimumus (1633 cm™, 1623 cm™, 1614 cm™) ir kitokia smailiy formga. Fibriliy,
susiformavusiy tirpale esant Diosmetino ir Keampferolio, spektro antrosios iSvestinés labai skiriasi
nuo insulino fibriliy, susidariusiy esant DMSO, spektro i§vestinés. Vadinasi, $iy flavonoidy poveikyje

susidariusios fibrilés yra skirtingos ir turi skirtingg B-klostyta struktiira.

6,4'-dihidroksiflavon

DMSO Flavonas

1664
1631
1619 1622 1621
1700 1680 1660 1640 1620 1600 15801700 1680 1660 1640 1620 1600 1580 1700 1680 1660 1640 1620 1600 1580
Bangos skaiéius, cm! Bangos skaiéius, cm'! Bangos skai¢ius, cm’!

5,4’-dimetoksiflavon

Diosmetinas Kaempferolis

1626

1624 1623

. : . ; : 5 . . ; . : . . : . ; .
1700 1680 1660 1640 1620 1600 15801700 1680 1660 1640 1620 1600 15801700 1680 1660 1640 1620 1600
Bangos skai¢ius, cm™! Bangos skaitius, cm™! Bangos skai&ius, cm™!

3.6 pav. Insulino agregaty, susidariusiy esant skirtingiems flavonams, FTIR spektry antrosios

1Svestinés.

3.3. Insulino agregacijos priklausomybés nuo pH tyrimai

Atlikdami flavonoidy jtakos insulino agregacijai tyrimus, pastebéjome nedidelius kontroliy
(insulino esant DMSO) agregacijos laiky skirtumus. Paskaic¢iave santykinius kontroliy agregacijos
puslaikius, jsitikinome didesne nei paklaidy ribos insulino agregacijos variacija (3.7 pav.). Tokia
didelé agregacijos puslaikio variacija tyrimg atliekant tokiomis paciomis saglygomis néra normali. Kilo
jtarimas, kad dél $iy insulino agregacijos kinetikos skirtumy gali biiti kaltas netinkamas insulino

tirpalo paruoSimas.
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3.7 pav. Insulino agregacijos esant DMSO santykiniy agregacijos puslaikiy palyginimas.

Visuose ankstesniuose tyrimuose insulinas buvo tirpinamas buferiniame tirpale, ruostame
pagal teorinius apskai¢iavimus, manant, kad nedideli pH skirtumai nepaveiks insulino fibriliy
susidarymo kinetikos. Hipotezei patikrinti buvo atlikti insulino agregacijos priklausomybés nuo pH

tyrimai, kuriy rezultatai pateikiami ketvirtoje lenteléje.

4 lentelé. Insulino agregacijos puslaikiai esant skirtingiems pH (paklaidos paskaiciuotos i§ 4

eksperimenty).
pH Agregacijos tso, min
1,4 208,76 + 24,26
1,6 300,09 + 40,89
1,8 354,36 + 14,77
2 257,31+ 3,50
2,2 191,89 + 2,58
2,4 207,89 + 6,88
2,6 281,48 + 11,94

IS 4 lentelés matome, kad pH, i§ tikryjy, turi didele jtaka insulino amiloidogenezei. Net
nedideli pH skirtumai lemia insulino agregacijos kinetikos pokycius. Esant pH 1,8 insulino
agregacijos puslaikis yra apie 354 min., esant pH 2 ~ 257 min., o insuling tirpinant buferiniame tirpale,

kurio pH 2,2 agregacijos puslaikis sumaz¢ja iki ~ 191 min. Taigi, teoriniais apskai¢iavimais remiantis
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paruo$to buferinio tirpalo pH skirtumai, galé¢jo lemti kontrolés agregacijos kinetikos pokyc¢ius
(tyrimuose naudojamas insulinas tirpintas teoriskai paruostame 100 mM PB pH2).

Esant skirtingiems flavonoidams, susidariusiy insulino fibriliy morfologiniai poky¢iai taip pat
galéjo biti lemti nedideliy pH poky¢iy (3.5. pav.). Sio teiginio patikrinimui buvo paruosti insulino
agregatai skirtinguose pD sunkiame vandenyje. Insulino fibrilés mano kolegy buvo istirtos atominiu
mikroskopu ir Furjé transformacijos infraraudonyjy spinduliy spektroskopu. Gauti fibriliy vaizdai ir
FTIR spektry antrosios iSvestinés. Skirtinguose pD atsirade¢ insulino fibriliy struktiiros poky¢iai ir
Amido I vibracijos ruozo poslinkiai buvo labai panasis j pokyc¢ius, kurie, manyta, buvo atsirade dél
skirtingy flavonoidy jtakos. Padaryta iSvada, kad insulino fibriliy morfologinius skirtumus lémé ne

flavonoidali, o nedideli pH skirtumai [75].
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ISVADOS

Nustatyta, kad epigalokatechin-3-galatas yra nevienintelis arbatos komponentas,
slopinantis insulino fibriliy susidaryma. Zaliosios arbatos slopinantj poveikj

daugiausiai lemia EGCG, o pilkosios ir juodosios arbaty atveju — kitos medziagos.

Tarp iStirty 168 skirtingy flavonoidy nebuvo rasta efektyvaus insulino amiloidinés
agregacijos slopiklio. Dauguma flavonoidy netur¢jo jtakos arba greitino insulino

amiloidogeneze.

Apibendrinus $io magistrinio darbo metu gautus duomenis, buvo iSkelta hipotez¢, kad
flavonoidai lemia insulino fibriliy struktiirg. Vis délto, vélesni tyrimai §ig hipoteze

paneigeg.

33



Effect of flavonoids on insulin amyloid aggregation

SUMMARY

Protein amyloid-like fibril formation is responsible for a number of widespread diseases, such
as Alzheimer's disease and Parkinson's disease. In order to cure these conditions, it is important to
find amyloidogenic aggregation inhibitors or compounds, which could remodel amyloid fibrils.
Polyphenols flavonoids, commonly found in fruits and vegetables, could be potential therapeutic
agents for curing amyloidosis. Flavonoids are best known for their antioxidant, antimicrobial and
anticancer effect.

The purpose of this work was to test the effect of different flavonoids on insulin amyloid-
like fibril formation.

Methods. Using Thioflavin T assay we examined the influence of three different types of teas
and 168 flavonoids. Moreover, the effect of flavonoids on insulin fibrils structure was investigated by
atomic microscopy and Fourier transform infrared spectroscopy.

Results and conclusions. It was found out that green, grey and black teas inhibit insulin
amyloidogenic aggregation. The inhibiting effect of green tea was due to its common flavonoid
epigallocatechin-3-gallate, while other substances were the major compounds accountable for the
influence of grey and black teas. Furthermore, from a total of 168 flavonoids we were able to
determine that most of the tested flavonoids had no significant effect on insulin aggregation. Finally,
it has been found that structural changes in insulin fibrils are mostly induced by pH variation rather
than flavonoids.

Keywords: insulin, amyloid aggregation, flavonoids, tea, Thioflavin T
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1 PRIEDAS

5 lentelé. Santykiniai insulino agregacijos puslaikiai reakcijos miSinyje esant skirtingiems

flavonoidams (paklaidos paskai¢iuotos i$ 4-6 eksperimenty).

Flavonoidas Santykinis Paklaidos
ts0

3-hidroksiflavonas 0,85 0,02
5-hidroksiflavonas 0,86 0,05
6-hidroksiflavonas 0,72 0,02
7-hidroksiflavonas 1,14 0,02
2'-hidroksiflavonas 0,97 0,08
3'-hidroksiflavonas 0,90 0,02
4'-hidroksiflavonas 1,35 0,13
3-methoxyflavone 0,95 0,03
8-karboksi-3-metoksiflavonas 1,32 0,13
Kaempferolis 1,11 0,06
Kvercetinas 0,94 0,19
7,8-dihidroksiflavonas 0,78 0,08
3-hidroksi-7-metoksiflavonas 0,87 0,03
Baikaleinas 1,01 0,55
Fisetinas 0,60 0,08
Flavonas 1,12 0,05
7,8-dimetoksiflavonas 0,42 0,02
2'-metoksiflavonas 0,48 0,12
5-metoksiflavonas 0,49 0,16
6-metoksiflavonas 0,58 0,02
7-metoksiflavonas 0,74 0,08
Apigeninas 0,71 0,20
Chrisinas 0,95 0,14
4'-hidroksi-5-metoksiflavonas 0,78 0,05
5,2'-dimetoksiflavonas 0,62 0,05
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6,2'-dimetoksiflavonas 0,60 0,04
6,4'-dimetoksiflavonas 0,77 0,02
3,3'-dimetoksiflavonas 0,52 0,02
4'-hidroksi-7-metoksiflavonas 0,81 0,26
3-hidroksi-2'-metoksiflavonas 0,84 0,09
3-hidroksi-5-metoksiflavonas 0,65 0,02
3-hidroksi-6-metoksiflavonas 0,83 0,01
3-hydoxy-7-metoksiflavonas 0,79 0,03
7,2'-dimetoksiflavonas 0,86 0,08
3,6-dimetoksiflavonas 0,84 0,23
5,4'-dimetoksiflavonas 0,43 0,03
3,4'-dimetoksiflavonas 0,60 0,08
7,3"-dimetoksiflavonas 0,72 0,17
7,4'-dimetoksiflavonas 0,79 0,15
3,7-dimetoksiflavonas 0,72 0,06
3,2"-dimetoksiflavonas 0,93 0,07
5,3'-dimetoksiflavonas 0,75 0,02
6,3'-dimetoksiflavonas 0,60 0,07
6,7-dimetoksiflavonas 0,79 0,10
3-hidroksi-3'-mehtoxyflavone 0,71 0,02
3-hidroksi-4'-metoksiflavonas 0,75 0,03
4'-hidroksi-6-metoksiflavonas 0,55 0,08
2" ,5'-dimetoksiflavonas 0,58 0,02
4'-hidroksi-3'-metoksiflavonas 0,62 0,06
3",4'-dimetoksiflavonas 0,69 0,03
5,7-dimetoksiflavonas 0,85 0,01
3",4'-dihidroksiflavonas 0,65 0,07
6,7-dihidroksiflavonas 0,68 0,03
7,4'-dihidroksiflavonas 0,73 0,13
5,4'-dihidroksiflavonas 0,86 0,06
7,2'-dihidroksiflavonas 1,02 0,09
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2",3'-dihidroksiflavonas 0,85 0,10
5,3'-dihidroksiflavonas 0,73 0,07
6,3'-dihidroksiflavonas 0,76 0,05
7,3'-dihidroksiflavonas 0,89 0,16
5,2'-dihidroksiflavonas 0,91 0,03
3,6-dihidroksiflavonas 0,79 0,03
4'-metoksiflavonas 0,61 0,04
3",5'-dihidroksiflavonas 0,67 0,03
3,4'-dihidroksiflavonas 0,87 0,07
3,3'-dihidroksiflavonas 0,73 0,13
3,2'-dihidroksiflavonas 0,77 0,16
3,7-dihidroksiflavonas 1,16 0,05
6,4'-dihidroksiflavonas 1,06 0,07
2',3'-dimetoksiflavonas 0,97 0,10
3'-metoksiflavonas 0,86 0,05
5,6-dihidroksiflavonas 0,77 0,04
3,5-dihidroksiflavonas 0,81 0,05
6,2'-dihidroksiflavonas 0,74 0,05
Karanjinas 0,81 0,06
2'.4'-dihidroksiflavonas 0,76 0,08

2" ,4'-dimetoksiflavonas 0,51 0,01
6,2",3'-trihidroksiflavonas 0,75 0,03
3,6,2'-trihidroksiflavonas 0,68 0,07
5-hidroksi-3'-metoksiflavonas 0,98 0,02
7-hidroksi-2-metoksiflavonas 1,01 0,15
5-hidroksi-7-metoksiflavonas 0,98 0,01
3,6,4'-trihidroksiflavonas 0,99 0,10
6-hidroksi-3'-metoksiflavonas 0,99 0,13
6-hidroksi-7-metoksiflavonas 1,07 0,10
6-hidroksi-2'-metoksiflavonas 0,90 0,04
5,3"4'-trihidroksiflavonas 0,88 0,01
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7,3"4'-trimetoksiflavonas 0,52 0,06
3,2',4' 5'-tetrametoksiflavonas 0,98 0,06
6,7,3',4'-tetrametoksiflavonas 0,68 0,03
3,6,2' 4'-tetrahidroksiflavonas 1,11 0,07

3,6,2'-trimetoksiflavonas 1,06 0,08
6,7,3',4'-tetrahidroksiflavonas 0,65 0,03

5,7,2'-trimetoksiflavonas 0,58 0,01
7,3',4'5'-tetrametoksiflavonas 0,93 0,04
3,6,2',3'-tetrahidroksiflavonas 1,20 0,04
3,7,8,2'-tetrametoksiflavonas 0,97 0,02
3,3',7,8-tetrametoksiflavonas 0,83 0,04

6,2',3'-trimetoksiflavonas 0,82 0,02

6,2",4'-trimetoksiflavonas 0,89 0,06
3,6,2',3'-tetrametoksiflavonas 0,91 0,02
5,7,3',4'-tetrametoksiflavonas 0,47 0,04
3,7,8,4'-tetrametoksiflavonas 0,73 0,03
3,6,3",4'-tetrahidroksiflavonas 0,91 0,05

3,6,3'-trimetoksiflavonas 1,14 0,05
3,6,3",4'-tetrametoksiflavonas 1,42 0,02
7,3",4" 5'-tetrahidroksiflavonas 1,11 0,05

7,2",3'-trimetoksiflavonas 1,04 0,01

5,7,3'-trimetoksiflavonas 0,69 0,03

5,7,4'-trimetoksiflavonas 0,67 0,03

3,7,3'-trimetoksiflavonas 1,05 0,04
3,7,8,2'-tetrahidroksiflavonas 1,25 0,05

3,3",4'-trimetoksiflavonas 0,96 0,06

7,2" 4'-trimetoksiflavonas 1,03 0,03
7,8,3",4'-tetrahidroksiflavonas 0,79 0,11

3-hidroksi-7,8,2",3'- 1,12 0,02
tetrametoksiflavonas
Robinetinas 0,82 0,04
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3-hidroksi-7,8,4'- 1,19 0,02
trimetoksiflavonas
3-hidroksi-7,3',4",5'- 0,83 0,03
tetrametoksiflavonas
Morinas 0,93 0,04
3-hidroksi-7,2",4'- 1,03 0,03
trimetoksiflavonas
3-hidroksi-6,2",4'- 1,10 0,03
trimetoksiflavonas
3-hidroksi-7,8,2'- 1,68 0,17
trimetoksiflavonas
3-hidroksi-7,2",3'- 1,08 0,03
trimetoksiflavonas
5,7,3'4'5'- 0,66 0,03
pentametoksiflavonas
Myricetinas 1,32 0,17
7,8,3",4'-tetrametoksiflavonas 0,90 0,01
5,7,3'4'5'- 0,75 0,03
pentahidroksiflavonas
5,6-dihidroksi-7- 1,00 0,03
metoksiflavonas
3-hidroksi-7,8,3'- 0,82 0,03
trimetoksiflavonas
5,4'-dihidroksi-7- 0,86 0,09
metoksiflavonas
Gardeninas 0,84 0,00
3'-hidroksi-5,6,7,4'- 1,45 0,01
tetrametoksiflavonas
3-hidroksi-2',4',5",6- 0,85 0,01
tetrametoksiflavonas
3,2'4'5',6- 0,90 0,04

pentametoksiflavonas
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3,72'4'5'- 1,04 0,03
pentametoksiflavonas
3-hidroksi-6,3",4'- 1,01 0,03
trimetoksiflavonas
3,7,3,4'5'- 0,84 0,07
pentametoksiflavonas
5,6,7,3'4'- 0,92 0,10
pentametoksiflavonas
3-hidroksi-2',4",5'- 1,07 0,04
trimetoksiflavonas
3-hidroksi-3',4'5'- 0,77 0,04
trimetoksiflavonas
3-hidroksi-6,2",3'- 1,02 0,06
trimetoksiflavonas
3',4'-dimethoxy-a- 0,97 0,02
naphthoflavone
3,7-dihidroksi-3",4'- 0,93 0,05
dimetoksiflavonas
6,2'-dimethoxy-3- 0,97 0,05
hidroksiflavonas
2,4'-dimethoxy-3- 1,07 0,04
hidroksiflavonas
Akacetinas 0,83 0,00
3",4'-dimetoksiflavonolis 0,62 0,02
Tangeretinas 0,76 0,02
6,4'-dimethoxy-3- 0,95 0,02
hidroksiflavonas
3',4'-dimethoxy-b- 0,87 0,08
naptoflavonas
6,2'-dimetilflavonas 0,93 0,04
Galanginas 0,91 0,05
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7,4'-dimethoxy-3- 1,00 0,00
hidroksiflavonas
7,3'-dimethoxy-3- 0,93 0,02
hidroksiflavonas
2',5'-dimethoxy-6-fluorflavonas 0,41 0,01
5,7-dimethoxy-3- 1,03 0,01
hidroksiflavonas
3',6-dimetilflavonas 0,91 0,05
3',4'-dimethoxy-3-hidroksi-6'- 1,01 0,06
metilflavonas
3,4'-dimethoxy-5,7,3'- 0,88 0,06
trihidroksiflavonas
2',3'-dimethoxy-3- 0,93 0,05
hidroksiflavonas
3,5,7,4'-tetrahidroksi-3',5'- 0,99 0,14
dimetoksiflavonas
Ramnetinas 1,06 0,10
5,3'-dihidroksi-6,7,4'- 1,02 0,05
trimetoksiflavonas
6,3'-dimethoxy-3- 1,00 0,04
hidroksiflavonas
7,2'-dimethoxy-3- 1,04 0,02
hidroksiflavonas
2',4'-dimethoxy-3-hidroksi-6- 1,02 0,04

metilflavonas
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Abstract

Several natural and synthetic flavone derivatives have been reported to inhibit formation of
amyloid fibrils or to remodel existing fibrils. These studies suggest that the numbers and po-
sitions of hydroxyl groups on the flavone rings determine their effectiveness as amyloid in-
hibitors. In many studies the primary method for determining the effectiveness of inhibition
is measuring Thioflavin T (ThT) fluorescence. This method demonstrably results in a num-
ber of false positives for inhibition. We studied the effects of 265 commercially available fla-
vone derivatives on insulin fibril formation. We enhanced the effectiveness of ThT
fluorescence measurements by fitting kinetic curves to obtain halftime of aggregation (ts).
Maximal values of ThT fluorescence varied two fold or more in one third of all cases, but this
did not correlate with changes in t5o. Changes in t5o values were more accurate measures
of inhibition of amyloid formation. We showed that without a change in an assay, but just by
observing complete kinetic curves it is possible to eliminate numbers of false positive and
sometimes even false negative results. Examining the data from all 265 flavones we con-
firmed previous observations that identified the importance of hydroxyl groups for inhibition.
Our evidence suggests the importance of hydroxyl groups at locations 5, 6, 7, and 4’, and
the absence of a hydroxyl group at location 3, for inhibiting amyloid formation. However, the
main conclusion is that the positions are not additive. The structures and their effects must
be thought of in the context of the whole molecule.

Introduction

Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, transmissible spongiform en-
cephalopathies, familial amyloid neuropathy, and diabetes are among the diseases associated
with formation of amyloid fibrils. Both mature amyloid fibrils, and oligomers or protofibrils
which can exist on pathway of fibril formation, may be responsible for pathogenesis, depending
on the disease. Small molecules able to change kinetics or alter the pathway of protein aggrega-
tion are of interest to treat or prevent these diseases. A number of compounds have been re-
ported to inhibit amyloid fibril formation. Some of these, such as epi-gallocatechine-3-gallate
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(EGCG) can even remodel mature fibrils into non-toxic aggregates [1]. In cases where oligo-
meric intermediates are responsible for the pathology, compounds which accelerate fibril for-
mation may also prove useful in treatment [2].

Several flavone derivatives have been reported to inhibit fibril formation of different pro-
teins and peptides. Ono et al. found that certain flavone derivatives and related compounds in-
hibited and/or destabilized amyloid beta (Ap) fibrils [3]. Kim et al. tested a large number of
small molecules for inhibition of thioflavin T (ThT) fluorescence in A fibril formation and for
protection of neuroblastoma cells against the effects of A fibril induced oxidative stress [4].
While numerous flavones reduced ThT fluorescence, none protected neuroblastoma cells
against oxidative stress. Akaishi et al. used ThT fluorescence to test the effectiveness of ten fla-
vonoids in Af fibril formation, and from this concluded the importance of hydroxyl substitu-
ents at particular locations for fibril inhibition [5]. Sharoar et al. used numerous methods to
show that a flavone-rhamnoside was effective at preventing Af fibrillation or remodelling Aj
fibrils into non-toxic oligomers [6]. Ushikubo et al. used ThT fluorescence to test several syn-
thesized flavonoids for inhibition and remodelling of Af fibrils. They also used electron mi-
croscopy to confirm morphological changes for representative experiments [7]. Similar kinds
of studies have examined the effects of flavonoids on other amyloid forming proteins. Green
etal [8] and Trivella et al. [9] studying transthyretin (TTR) report effects of only a few flavone
derivatives, but employed a wide variety of methods to present a quite detailed description of
their effects. Unlike with Af, a significant contribution to fibril inhibition is from interactions
of the flavonoids with native TTR tetramers. Fibrillation inhibition by hydroxyflavones has
also been studied for islet amyloid polypeptide (IAPP) [10]. Noor et al. employed ThT fluores-
cence, kinetic measurements, electron microscopy, and light scattering to learn as much as pos-
sible about the effects of four flavonoids. Borana et al. added molecular dynamics simulations
and binding energy calculations to multiple biochemical studies of the effects of two flavone de-
rivatives on lysozyme fibril formation [11], but could only simulate interactions with the native
monomers. One flavonoid has been studied in some depth as it affects bovine insulin amyloid
formation [12]. In addition to morphological characterization of amyloid and other aggregates,
protection of erythrocytes from hemolysis was measured and found to be dose dependent.

A few generalizations and a number of questions arise from surveying these various studies.
Hydroxyflavones can inhibit fibril formation with many amyloid forming proteins. Different
flavonoids may affect different amyloid reactions. Investigating any one inhibitor thoroughly is
both labor and resource intensive, and the easiest method for screening large numbers of small
molecules is observing ThT fluorescence—a technique employed by nearly every study. It may
be possible to design better inhibitors by optimizing side groups of flavones, as suggested for
A [7], but we need to emphasize again the difficulty and time required to study a single inhibi-
tor thoroughly, performing both biophysical studies of fibril formation and morphology and
biochemical, inhibition of toxicity studies. An improved screening method for small molecule
inhibitors of fibril formation could be valuable to direct future studies toward greater focus
and productivity.

We selected insulin as an initial model for amyloid-like fibril formation to demonstrate our
improved screening methodology. Insulin is relatively inexpensive and forms amyloid under a
variety of conditions [13-15]. Formation of insulin amyloid-like deposits has also been re-
ported in several cases of injection-localized amyloidosis [16-18] among diabetics. We found
265 commercially available flavone derivatives to test as inhibitors of insulin
amyloid formation.

We used the nearly universal thioflavin T fluorescence assay, but collected and analysed ki-
netic data as an additional check for amyloid formation. A number of studies have evaluated
the ability of compounds to inhibit or accelerate fibril formation based primarily on the
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decrease or increase of ThT fluorescence intensity in the presence of presumed fibrils [3-7, 12].
Several reports have shown reasons to use additional techniques to confirm the results of ThT
assays because pH, time, temperature, and other small molecules can all interfere with the ThT
fluorescence, thus biasing results [19-21]. In particular, Noormagi et al showed that upon addi-
tion of some compounds (Basic Blue 41, Basic Blue 12, Azure C, or Tannic acid) to preformed
insulin fibrils, ThT fluorescence intensity strongly decreases, however neither lag time, nor the
rate constant is affected by these compounds; it was concluded that most probably these com-
pounds compete with ThT for the same binding sites in fibrils [20]. Hudson et al showed that
Quercetin (one of the flavones we also used in our study) and Curcumin decreases ThT fluores-
cence in a concentration-dependent manner when added to A fibrils. They also showed that
in case of reduced and carboxymethylated kappa-casein fibrils, Quercetin acts the same as with
Ap, however concentrations of Curcumin up to 10 yM can increase ThT fluorescence, but
higher concentrations quench it. The study concludes that spectroscopic effects are the promi-
nent contributor to the interference with ThT fluorescence by these two polyphenols [19]. We
show here that simply observing complete kinetic curves of protein aggregation in presence of
flavones, and using aggregation halftimes as the main parameter for the determination of the
influence of the compound eliminates at least 80% of false positives for amyloid inhibition re-
sulting from uncorrelated decreases in ThT fluorescence. In this way, nearly 300 small mole-
cules were tested for inhibitory effects and we were able to reduce the number of candidates for
future study to just a handful.

Materials and Methods

Recombinant human insulin was purchased from Sigma Aldrich, and flavones were purchased
from Indofine Chemical Company. Flavones were dissolved at a concentration of 20 mM in
dimethylsulfoxide (DMSO) and stored in the dark at room temperature for up to two weeks.
Fresh 1.05 mM insulin solution in 100 mM phosphate buffer, pH2, containing 50 yM ThT was
mixed with flavone derivative stock solution (or with pure DMSO as a control) in ratio 19:1
leading to final concentrations of 1 mM insulin, 1 mM flavone derivative and 5% DMSO. Each
batch was divided into three 20 yl aliquots (in 200 gl thin-wall PCR tubes). Aggregation kinet-
ics was followed at constant 60°C temperature using Qiagen Rotor-Gene Q real-time analyser.
Increase of ThT fluorescence intensity upon fibril formation was observed using the green
channel (excitation 470 nm; emission 510 nm). To obtain 5, values we used the method, de-
scribed by Nielsen et al [13]. According to nucleated growth mechanism, it takes time to form
aggregation nuclei, which is reflected as initial lag phase with no change in ThT fluorescence
intensity. Once formed, nuclei can recruit protein molecules and grow into fibrils, which is re-
flected as the growth phase in our kinetic curves. Finally, due to depletion of free protein mole-
cules, the process enters into the final equilibrium phase, reflected in a plateau of ThT
fluorescence. This type of kinetics can be fitted by a sigmoidal curve, described by the following
equation [13]:

Imax + mmaxt

I=1I 1 + e_[(t_tﬁu)kapp]

min T Moyt + (1)
where I is the fluorescence intensity, ¢ is time, and s, is the time to 50% of maximal fluores-
cence, I,,,;,, and I,,,,, are values of minimal and maximal fluorescence intensities, respectively,
Mypint and m,, .t describe drift of the baseline at the beginning and at the end of the reaction re-
spectively. k,, is the apparent rate constant. Observed tsy and I,,,,, values in presence of fla-
vone derivatives were divided by the observed values for the control samples to obtain relative

ts0 and I,,,,. Fitting was performed using MathCad software. Average values and errors were
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calculated using three different batch preparations of flavones and three samples within each
batch (a total of 9 repeats per flavone derivative). See an example of raw data and fitting in S1
Fig and S2 Fig.

To check possible impact of ThT on fibrillation kinetics insulin samples with or without fla-
vones in presence or absence of 50 yuM ThT were prepared as described above. Samples were
divided into 200 yl aliquots, in 96-well plates. Plates were sealed using clear polyolefin sealing
tape. Aggregation kinetics was followed at constant 60°C temperature using Biotek Synergy H4
plate reader. ThT fluorescence intensity upon fibril formation was observed using 440 nm exci-
tation and 480 nm emission with simultaneous measurement of absorbance at 600 nm. The
data confirmed no interference by ThT of the inhibition by flavones (S3 Fig).

Seeding experiments were performed as described earlier [22]. Briefly, seeds were prepared
by incubation of 1mM insulin solution (100mM phosphate, pH2) at 60°C for 24 hours with
300 rpm agitation and subsequent ultrasonic treatment. One part of the fibrils were mixed with
9 parts of the fresh 1 mM insulin solution containing 50 mM Thioflavin T, 1 mM of tested fla-
vone, and 5% residual DMSO. Elongation kinetics was measured at constant 37°C temperature
using Qiagen Rotor-Gene Q real-time analyzer. Rates of elongation in the absence and pres-
ence of flavones were determined by linear fits to the curves in a range between 40-60% of the
ordinate maxima, as described earlier [23]. Observed rate (v) values in presence of flavone de-
rivatives were divided by the observed values for the control samples to obtain relative v.

Results and Discussion

Fig. 1 summarizes how all 265 flavone derivatives influence insulin fibril formation. Changes
in ts, relative to control samples are shown in blue with the best inhibitors on the left moving
across to flavonoids which enhance amyloid formation at the right. Most flavone derivatives
have no impact on time of aggregation, with 243 (92%) of the flavonoids giving relative values
of t5o between 1.50 and 0.67, and only 8 changing t5, by more than a factor of two. By contrast,
maximal ThT fluorescence varies over a wide range and correlates very weakly with fibrillation
kinetics. 33 of the flavonoids decreased maximum ThT fluorescence by more than a factor of
two, and 36 increased fluorescence two fold or more, despite the majority of these having mini-
mal impact on fibrillation. The best inhibitors showed both increases in aggregation halftimes
and decreases in ThT intensity. However, relying solely on the ThT fluorescence would have
resulted in 10% false positives for amyloid inhibition, which is significant considering only 2%
of flavonoids significantly inhibited fibrillation. Similar problems are evident for identifying
fibrillation accelerators.

It is known that the rate of amyloid fibril formation depends on protein concentration and
the concentration of nucleation sites on existing fibrils [24, 25]. If ThT fluorescence intensity is
interpreted as the concentration of amyloid-like fibrils, lower fluorescence means a portion of
the protein is kept away from the fibrillation pathway, so the concentration of nucleating fibrils
and the concentration of monomers available for fibrillation are both lower. Thus, aggregation
time should increase. No change in t5o means that changes in ThT fluorescence are caused by
factors other than concentration of amyloid, such as interference from the flavonoids [19, 20].

Beyond testing ThT fluorescence we looked for patterns in the effects of substituent groups
on the flavone rings in inhibiting fibrillation. Aggregation time dependence on the number of
substituents is shown in Fig. 2. Flavone without any side groups shows no impact on the rate of
fibril formation. As noted above, the majority of flavones, no matter how many substituent
groups, have little effect on fibrillation rates. We now note the outliers. No flavones with one or
two side groups inhibit fibrillation. Most of the best fibrillation accelerators have two side
groups, while one has three substituents. The first strong inhibitor, 7,8,2’-trihydroxyflavone,
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Fig 1. Evaluation of flavones as inhibitors of insulin amyloid-like fibril formation. Blue dots represent relative t5q values for fibril formation in the
presence of each flavonoid. Red dots represent relative /,,,, of the corresponding samples (see complete list of names and values in S1 Table). Error bars

represent standard errors, calculated using normal distribution with P = 0.05.
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Fig 2. Distribution of inhibition potential by the number of side groups.

doi:10.1371/journal.pone.0121231.g002
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also has three side groups. The tetra-substituted flavones include the two strongest inhibitors,
Scutellarein and Luteolin. Penta-substituted flavones include one medium and one strong in-
hibitor (3,6,2’,4’,5’-Pentahydroxyflavone). All hexahydroxyflavones tested show some inhibi-
tion, and one of these is a strong inhibitor (Gossypetin). However, we had only six such
flavones available, so it is impossible to make strong generalizations. Overall we can state that
flavones with two or fewer hydroxyl groups have no inhibition potential. The best inhibitors
yet measured are tetra-substituted flavones, though there are also good inhibitors among tri-,
penta-, and hexa-substituted flavones. Such distribution means that three residues around the
flavone backbone are enough to have a potent inhibitor, however, the inhibition potential can
be both increased and decreased by additional residues.

Among the commercially available flavones the majority contain hydroxyl and methoxy
groups. There are also some flavones containing chloride, bromide, or methyl groups, some fla-
vone glucosides, and naphtoflavones. Surprisingly, no flavone containing substituents other
than hydroxyl and methoxy side groups inhibited insulin amyloid-like fibril formation. For
some chemical groups our data may be inconclusive due to the low numbers of representative
compounds, however in the cases of bromo- (20 compounds), chloro- (41 compounds), and
methyl- (35 compounds) flavones it may be significant.

Fig. 3A shows distribution of relative halftimes of aggregation among all tested flavones.
Two thirds of the compounds have no impact or slightly accelerate the fibril formation. Almost
20% of tested flavones moderately accelerate fibrillation, and only about 5% are medium or
strong inhibitors. Flavones containing at least one hydroxyl group have a similar distribution
profile to all flavones (Fig. 3B), but include all of the medium and strong inhibitors ( ~ 8%) and
a reduced fraction of accelerators (~ 11%). In case of methoxy groups, the profile is shifted to-
wards acceleration of aggregation (Fig. 3C). More than 25% of the medium accelerators and
only a few moderate inhibitors contain methoxy groups. This leads to the conclusion that,
among the tested side groups, only hydroxyl groups can increase the ability of flavones to in-
hibit amyloid-like fibril formation.

To understand how the position of hydroxyl groups affects inhibition potential, we plotted
relative t5, as a function of hydroxyl group position around the flavone backbone (Fig. 4). For
discussion we will consider five ranges of relative t5, values: < 0.65 (moderate accelerator),
0.65-0.85 (weak accelerator), 0.85-1.15 (no effect), 1.15-3.0 (weak inhibitor), and > 10.0
(strong inhibitor). More divisions are retained in Fig. 5 to give a more complete account of the
distribution of effects from flavones on amyloid formation. Fig. 5 shows the observed effects of
hydroxyl groups at all of the nine positions available for substitution without having a penta-
substituted phenyl group. Out of the 265 flavones studied, there are 10 moderate accelerators,
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Fig 3. Distribution of relative t;o among flavones. All tested flavones (A), flavones with at least one hydroxyl group (B), and with at least one methoxy
group (C). The height of the bars shows the percentage of total flavones in each range of relative t5o values.

doi:10.1371/journal.pone.0121231.9003
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Fig 4. Flavone backbone with numbered positions for residues.

doi:10.1371/journal.pone.0121231.g004

41 weak accelerators, 16 weak inhibitors, and 5 strong inhibitors. One thing made clear by our
groupings is that no flavones resulted in relative t5o between 3 and 10. This leads to our first ob-
servation—hydroxyl groups do not simply have an additive effect, but must interact coopera-
tively with insulin or insulin aggregates. Despite this clear cooperativity, we looked to see if any
single positions could be identified as essential or important to inhibition or acceleration.

The most common position for a hydroxyl group among commercially available flavone de-
rivatives is 3 (Fig. 5A). Predictably, the majority of this group of flavone derivatives have no ef-
fect on 5y, but 2 of the 5 strong inhibitors, and 1 of 10 moderate accelerators are included in
this group. A hydroxyl at position 5 (Fig. 5B) is present in 3 of 5 strong and 6 of 16 weak inhibi-
tors, and only in 2 of 41 weak accelerators. Position 6 (Fig. 5C) is similar to 5 in that 2 of 5
strong and 5 of 16 weak inhibitors have hydroxyl groups at this position, while only 3 of 41
weak accelerators have hydroxyls at 6. Hydroxyl at position 7 (Fig. 5D) is present in 4 of 5
strong inhibitors, as is hydroxyl at position 4’ (Fig. 5H), but hydroxyls are also present at these
positions in the only moderate accelerator containing four hydroxyl groups. Few flavones had
hydroxyl groups at 8, 2’, and 5’ (Fig. 5E, F, and J), but hydroxyl groups were found in each of
these positions in 1 or 2 of the strong inhibitors. Also, hydroxyl groups were not at these posi-
tions in any of the accelerators, but with such small sample sizes that is not very informative. A
hydroxyl at 3’ is also ambiguous, being present in 2 strong inhibitors and 1 moderate accelera-
tor. Other than the general trend that more hydroxyl groups are more likely to result in inhibi-
tion of amyloid formation, little can be said about hydroxyl groups in specific positions
removed from the context of the rest of the molecule.

Despite the recognized ambiguities, we have tested enough flavone derivatives with hydrox-
yl groups at certain positions to suggest positions which may be more or less likely to increase
t50. We determined the numbers of possible mono- to hexa-substituted hydroxyflavonoinds,
including a group at each given position (e.g. 236 possible different 3-, mono- to hexa- hydro-
xyflavone derivatives). We then used the number of hydroxyflavonoids tested to calculate a
percentage of the total, as shown in Table 1. With 11% of all possible 3-hydroxyflavone
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Table 1. Number of hydroxyflavones with a hydroxyl group at a given position.
*Only flavones with 1-6 hydroxyl groups were included.
doi:10.1371/journal.pone.0121231.1001

Position

Fig 5. Influence of hydroxyl residue position on the relative halftimes of aggregation.

doi:10.1371/journal.pone.0121231.g005
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Table 2. Comparison of inhibition potentials of Luteolin and similar flavones.

Compound

Luteolin

Quercetin
5,7,3,4’,5-Pentahydroxyflavone
7,3, 4’-Trihydroxyflavone
Apigenin
5,3,4’-Trihydroxyflavone
Diosmetin
7,3',4’,5'-Tetrahydroxyflavone
7,8,3,4’-Tetrahydroxyflavone
6,7,3,4’-Tetrahydroxyflavone
Fisetin

Kaempferol

Scutellarein

doi:10.1371/journal.pone.0121231.t002

(o
I

I T T T T T T T

I OO0
I I

Substituents tso

5 6 7 8 2 3 4 5’

OH H OH H H OH OH H 22.3+0.7
OH H OH H H OH OH H 1.03 £ 0.02
OH H OH H H OH OH OH 0.97 £ 0.05
H H OH H H OH OH H 0.98 £ 0.08
OH H OH H H H OH H 0.96 + 0.04
OH H H H H OH OH H 0.93 £ 0.02
OH H OH H H OH O-CH3 H 0.90 + 0.07
H H OH H H OH OH OH 0.96 + 0.05
H H OH OH H OH OH H 0.93 £ 0.07
H OH OH H H OH OH H 0.80 £ 0.05
H H OH H H OH OH H 0.62 £ 0.03
OH H OH H H H OH H 0.98 £ 0.05
OH OH OH H H H OH H 248+ 0.7

derivatives tested, 3 appears to be a weak position for favouring either inhibition or accelera-
tion. 9-14% of all possible 5-, 6-, 7-, 3’-, or 4’- hydroxyflavone derivatives were tested, revealing
5, 6 and 7 as more likely positions for favouring inhibition, 3’ as less likely to favour inhibition,
and 4’ as potentially the most likely to contribute to either inhibition or acceleration and not
simply have a neutral effect. Insufficient numbers of other hydroxyflavone derivatives were
tested to even consider general statistical assertions.

To examine the effects of hydroxyl groups in context, we compared the five strongest inhibi-
tors with the other most structurally similar compounds. One of the best inhibitors is 5,7,3’,4’-
tetrahydroxyflavone (also known as Luteolin). There were 12 similar flavones in our pool. One
of these is among five strongest inhibitors, however none of the rest showed any inhibition po-
tential (Table 2). It looks like either removal of a hydroxyl group at 5,7 or 3’, or addition of a
hydroxyl group at 3 or 5’ leads to the complete loss of inhibition. Exchange of a hydroxyl from
position 5 to positions 3, 6, 8, or 5 also results in the loss of inhibition. Moreover, two of these
rearranged tetrahydroxyflavones accelerate insulin fibril formation. The only exchange without
a loss of inhibition is from position 3’ to 6.

According to our data, the best inhibitor is 5,6,7,4’-tetrahydroxyflavone (also known as Scu-
tellarein), providing a 25 fold increase in tso. Exchange of the hydroxyl from position 6 to posi-
tion 3’ does not affect inhibition, however moving the hydroxyl group from 5 to 3’ leads to
weak acceleration of fibrillation (Table 3). Exchange from 6 to 3 leads to loss of inhibitory

Table 3. Comparison of inhibition potentials of Scutellarein and similar flavones.

Compound

Scutellarein

Baicalein

Apigenin
6,7,3,4’-Tetrahydroxyflavone
Kaempferol

Luteolin

doi:10.1371/journal.pone.0121231.1003

I T I I ©»

Substituents tso

5 6 7 8 2’ 3 4 5’

OH OH OH H H H OH H 24.8+0.7
OH OH OH H H H H H 1.87 +£0.15
OH H OH H H H OH H 0.96 + 0.04
H OH OH H H OH OH H 0.80 £ 0.05
OH H OH H H H OH H 0.98 + 0.05
OH H OH H H OH OH H 22.3+0.7
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Table 4. Comparison of inhibition potentials of 7,8,2’-Trihydroxyflavone and similar flavones.

Compound

7,8,2-Trihydroxyflavone
3,7,8,2’-Tetrahydroxyflavone
5,7,2-Trihydroxyflavone
7,8,3-Trihydroxyflavone
7,8,4’-Trihydroxyflavone

doi:10.1371/journal.pone.0121231.t004

Substituents tso
6 7 8 2’ 3 q 5
H H OH OH OH H H H 152+ 1.0
H H OH OH OH H H H 0.99 + 0.02
OH H OH H OH H H H 1.76 £ 0.07
H H OH OH H OH H H 0.97 £ 0.03
H H OH OH H H OH H 0.97 £ 0.04

activity. Loss of a hydroxyl group at position 6 eliminates inhibition; however, loss of the hy-
droxyl at position 4’ only reduces the relative t5 to ~ 2.

The only strong inhibitor with three side groups is 7,8,2’-trihydroxyflavone. Addition of a
hydroxyl at position 3 or exchange of hydroxyl at position 2’ to 3’ or 4’ leads to no inhibition
(Table 4). Exchange of position 8 to 5 leads to 10 fold weaker inhibition.

Although all hexahydroxyflavones tend to inhibit insulin fibrillation, the only rather strong
inhibitor is 3,5,7,8,3",4’-hexahydroxyflavone (also known as Gossypetin). Loss of the hydroxyl
group at position 8 or modification of it with a glucoside leads to loss of inhibition, whereas ex-
change of the position to 6 or 5" only lowers inhibition (Table 5).

For the last identified strong inhibitor, 3,6,2’,4’,5-pentahydroxyflavone (5o = 12.2 + 0.8),
there was only one very similar compound within our pool, 3,6,2’,4’-tetrahydroxyflavone (t5, =
1.18 £ 0.05). We can only note that the 5 position is important in the specific interactions of
this molecule.

Nucleated growth mechanism of fibril formation assumes two main processes—nucleation
and elongation. Relative ts, values obtained in our experiments are mostly influenced by
changes in times of nucleation. To test if the rate of insulin fibril elongation can be slowed
down, we did additional seeding experiments in presence of the five best-inhibiting flavones.
Fig. 6 shows normalized curves of seeded insulin aggregation in the absence and presence of 1
mM Scutellarein. It clearly shows that Scutellarein inhibits fibril elongation; however it is not
slowed down as many times as nucleation. In fact, calculated relative rates of elongation in the
presence of Scutellarein, Luteolin, and 7,8,2’-trihydroxyflavone were the same (v = 0.44 + 0.07),
in the presence of Gossypetin aggregation was a bit slower (v = 0.40 £ 0.07), and 3,6,2’4’,5'-
pentahydroxyflavone was found to be the weakest inhibitor of elongation (v =0.72 £+ 0.13). In
all cases nucleation was inhibited more strongly than elongation, suggesting that these flavones
affect monomers or intermediates rather than mature fibrils.

Additional experiments were done to check aggregation inhibition at different Scutellarein
concentrations. As at equimolar concentration Scutellarein slows down spontaneous insulin

Table 5. Comparison of inhibition potentials of Gossypetin and similar flavones.

Compound

3
Gossypetin OH
Quercetin OH
Quercetagetin OH
Myricetin OH
Gossypin OH

doi:10.1371/journal.pone.0121231.1005

OH
OH
OH
OH
OH

Substituents tso
7 8 2’ 3 4 5
H OH OH H OH OH H 11.6 £ 0.6
H OH H H OH OH H 1.03 £ 0.02
OH OH H H OH OH H 217 £0.38
H OH H H OH OH OH 1.73+£0.10
H OH 0-C¢H1105 H OH OH H 1.15 £ 0.08
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Fig 6. Impact of Scutellarein on insulin fibril elongation.
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aggregation almost 25 times, we decided to test if any inhibition can be detected in range of
0.01-0.1 mM (Insulin:Scutellarein ratios 100:1-10:1). Our data reveal that Scutellarein can
make some impact even at very low concentrations and that the dependence of relative 5 t5o
on concentration of the flavone is non-linear (Fig. 7). In this concentration range, relative I,,,,,
values are close to 1. It shows another advantage of analysing kinetics in screening for inhibi-
tors of amyloid-like aggregation, as really strong inhibitors may be detected even at much
smaller concentrations.

With these kinetic studies we have confirmed the need to corroborate ThT fluorescence
measurements with results from other methods, demonstrated that multiple hydroxyl groups
are essential for flavone derivatives to inhibit insulin amyloid formation, discovered that the ef-
fects of hydroxyl groups at specific positions are not additive, and suggested that hydroxyl
groups at certain positions may be more likely to contribute to inhibition than at others. We
did find that all of the strong inhibitors of fibrillation also reduced ThT fluorescence, but
among the approximately 250 remaining flavonoids there were a high percentage of false posi-
tives for inhibition, and a significant number of compounds which increased ThT fluorescence
without changing fibrillation kinetics. These findings are consistent with previously reported
observations [19, 20].

Because we were able to test as many as 9-14% of the possible flavone derivatives with hy-
droxyl groups at specific positions, and through comparisons between the strongest inhibitors
and flavonoids similar to them, we were able to conclude that, while not additive in their ef-
fects, hydroxyflavones with hydroxyl groups at positions 7 and 4’ on the flavone rings are likely
to be present in strongly inhibiting flavonoids. Were someone to synthesize hydroxyflavones
specifically to try to optimize inhibition of insulin amyloid formation, hydroxyl groups at posi-
tion 5 and 6 are also somewhat likely candidates for increasing inhibition, while hydroxyl
groups at 3 and 3’ should possibly be avoided.

There are a few direct comparisons that can be made between our results and the effects of
flavonoids on inhibiting formation of fibrils by proteins other than insulin. Among compounds
we studied, we found fewer than 20 studied by methods other than ThT fluorescence and re-
ported as effective inhibitors of different kinds of amyloid fibrils [3, 6, 9-11, 26, 27]. Of these
only one was also a strong inhibitor of insulin fibrillation; luteolin (5,7,3’,4’-tetrahydroxyfla-
vone) inhibited formation of human transthyretin fibrils [9]. A study on prion protein (PrP)
aggregates found that flavone derivatives effective at preventing amyloid fibre formation in PrP
from mouse were ineffective at preventing aggregation in sheep PrP [26]. Combined, these ob-
servations indicate that effects of flavonoids may be highly protein specific, sensitive to even
relatively small changes in protein sequence.

Further investigations are needed to reveal either more general principles or specific solu-
tions regarding flavone inhibition of amyloid formation. It is likely that, although no single fla-
vone derivative is effective in inhibiting amyloid formation generally, the flavone backbone
appears to provide a common base upon which inhibitors can be built for many different amy-
loids. Thus, the similarities among amyloids find a potentially useful reflection in this family
of hydroxyflavones.

Supporting Information

S1 Fig. Example of data fitting and extraction of relative parameters.
(PDF)

S2 Fig. Example of raw data set of a single batch experiment.
(PDF)
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Abstract

Prions are infective proteins, which can self-assemble into different strain conformations,
leading to different disease phenotypes. An increasing number of studies suggest that
prion-like self-propagation may be a common feature of amyloid-like structures. Thus it is
important to unravel every possible factor leading to the formation of different amyloid
strains. Here we report on the formation of two types of insulin amyloid-like fibrils with dis-
tinct infrared spectroscopic features grown under slightly different pH conditions. Similar to
prion strains, both insulin fibril types are able to self-propagate their conformational template
under conditions, favoring spontaneous formation of different type fibrils. The low-pH-
induced insulin amyloid strain is structurally very similar to previously reported strains
formed either in the presence of 20% ethanol, or by modification of the amino acid sequence
of insulin. A deeper analysis of literature data in the context of our current findings suggests
a shift of the monomer-dimer equilibrium of insulin as a possible factor controlling the forma-
tion of different strains.

Introduction

Amyloid-like structures are associated with a number of pathological conditions including
neurodegenerative diseases, such as Alzheimer’s and Parkinson’s, and infectious prion diseases,
also a number of nonneuropathic systemic amyloidoses, and even type II diabetes [1]. In some
cases amyloid-like folds can play a positive role as well: they have a structural function in spider
silk and biofilm formation in bacteria, and a regulatory function in fungi or hormone storage in
humans [2]. Experiments in vitro revealed even more amyloid-forming proteins and peptides,
including proteins with no link to in vivo amyloids, such as polyaminoacids (e.g., polylysine,
polythreonine and polyglutamic acid) [3], and short oligopeptides [4-6]. Finally, even an amy-
loid-like self-assembly of phenylalanine was recently reported [7]. All these findings support the
idea that amyloid-like folds may be a generic property of all polypeptides, while the propensity of
fibril formation would depend on the sequence of the polypeptide and on the environmental con-
ditions (i.e., temperature, pressure, solution milieu, interaction with lipid interfaces, pH) [1].
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Prions stand out among other amyloid-forming proteins as the only proteinaceous infec-
tious pathogens [8]. Identical amino acid sequences of prion protein can adopt distinct patho-
genic conformations, referred to as prion strains [9,10]. Different strains lead to distinct
incubation periods and patterns of neuropathology in prion diseases [10]. Similar conforma-
tional variations were detected in other amyloid-forming proteins both in vitro [11-22] and in
vivo [23-25]. With growing evidence of the involvement of prion-like mechanisms in the pro-
gression of other amyloid-related diseases [23-33], it is indispensable to understand all the fac-
tors determining formation of different amyloid strains.

The new variant Creutzfeldt-Jakob disease (vCJD) is thought to be caused by a bovine spon-
giform encephalopathy (BSE) strain [34]. In this case, the determining factor for the formation
of distinct prion strains is cross-species infection. Similar to prions, formation of distinct amy-
loid strains for two slightly different insulin forms was recently reported [19,35]. When protein
sequences are identical, the environment plays the key role in straining of amyloid-like fibrils.
The presence of co-solvents [11,14,15,20], different temperatures [36-38], different concentra-
tions of denaturants [38,39] and salts [21], or different ways of agitation [12,40] may lead to
distinct amyloid fibril strains. Here we report on the formation of distinct insulin amyloid
strains at slightly different pH values.

As diagnostic tool, Fourier-transform infrared (FTIR) spectroscopy has been used, which
has proven to be an important method for the characterization of secondary structural changes
of prion and amyloid strains [11,19,41], supplemented by atomic force microscopy (AFM)
measurements of the topology of amyloid fibrils and thioflavin T (ThT) fluorescence for
recording the fibrillation kinetics.

Results and Discussion

In our recent work on potential inhibitors of insulin amyloid-like fibrillation, we followed the
aggregation of insulin at pH 2 in the presence of 5% residual dimethylsulfoxide (DMSO) [42].
To test if the presence of a small amount of DMSO affects the fibrillation process, we compared
the FTIR spectra of insulin amyloid-like fibrils spontaneously formed in D,O in the presence
(Fig 1A) and absence (Fig 1B) of 5% DMSO. To reveal possible changes upon using D,O
instead of H,O, as required for the better quality FTIR measurements, and for looking into sub-
tle pH changes on the fibrillation propensity of insulin, fibrils were prepared in heavy water
samples at two pH* values (where pH* is the pH-meter readout uncorrected for isotopic effects,
see Methods section), pH* 1.6 to mimic similar concentrations of H" and D*, and pH*2 to
reach the same ionization state of the protein in the two solvents. The FTIR spectra look similar
in the presence and absence of DMSO, but a rather small difference in pH* leads to significant
differences in amide I’ band contours (Fig 1A and 1B). Spectra of fibrils prepared at pH*2
exhibit maxima in the amide I’ region at ~1628 cm™" (with the main minimum of the second
derivative at 1628 cm ™' and a weaker one at 1615 cm™"), while spectra of fibrils grown at
pH*1.6 exhibit maxima in the amide I’ region at ~1621-22 cm™" (with the main minimum of
the second derivative at 1619 cm™' and a weaker one at 1631 cm™), pointing toward predomi-
nantly beta-sheet structures but with a significantly different hydrogen-bonding patterns. A
small band outside of the amide I region at ~1728 cm™" is present only in the spectra of fibrils
grown at pH*1.6 and can be attributed to deuterated carboxyl groups [19]. Very similar spec-
tral characteristics were recently described as a hallmark of two different insulin amyloid
strains [19,35].

Fibrils grown at pH*1.6 in the presence of 5% DMSO are usually 2-4 nm in diameter and
exhibit both a curved and straight morphology (Fig 1C), while fibrils grown at pH*2 both in
the presence (Fig 1D) and absence (Fig 1E) of DMSO are thicker (4-16 nm) and usually
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Fig 1. Polymorphism of insulin amyloid-like fibrils formed at different pH* values. FTIR absorption spectra (second derivative spectra in the inset) of
fibrils grown in the presence (A), and absence (B) of 5% DMSO (spectra were repeated using different FTIR instruments in different labs, see S1 Fig). AFM
images of fibrils prepared in the presence of DMSO at pH*1.6 (C), and pH*2 (D) or in absence of DMSO at pH*1.6 (E), and pH*2 (F). Fibril height
measurements are shown in S2 Fig.

doi:10.1371/journal.pone.0136602.g001

straight. The structure of the fibrils at pH*1.6 in the absence of DMSO (Fig 1E) looks similar to
the case at pH*2, suggesting no clear morphological differences between strains.

Both types of fibril seeds induce aggregation of insulin at either pH* and 37°C (Fig 2). Seeds
grown at pH*1.6 fibrillate insulin at similar rates under both pH* conditions and faster than
seeds grown at pH*2. The latter seeds elongate faster at solution conditions of the same pH*.
As clearly visible, the fluorescence intensity of Thioflavin T (ThT), which marks formation of
fibrillar amyloid states, is seed-dependent: pH*1.6-seed-induced aggregates result in an about
double ThT intensity when compared to pH*2-seed-induced aggregates (Fig 2A). The light
absorbance data at 600 nm—as measure of formation of larger insulin aggregates due to light
scattering—show the reverse effect (Fig 2B). The pH*2-type fibrils induce aggregates which
strongly absorb visible light (600 nm), the absorbance being ~25% lower in the case of seeding
in the pH*1.6 environment. pH*1.6-type fibrils induce weakly absorbing aggregates (about 5
times lower than pH*2-type fibrils); however, the absorbance is strongly increased in the pH*2
solution.

The FTIR spectra of the seeded fibrils clearly demonstrate the superiority of the seed tem-
plate versus the pH*-environment in controlling the fibrillar structure (Fig 3). The spectra of
pH*2-seed-induced aggregates grown at pH*2 and pH*1.6 look identical. In case of the
pH*1.6-seeded aggregates, the spectral signature is similar for both solution conditions; how-
ever, in pH*2, the intensity of the band at 1631 cm™ is increased. These data confirm the ability
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Fig 2. Kinetics of seed-induced aggregation of insulin; followed by ThT fluorescence intensity (A) as maker of fibril formation, and light
absorbance at 600 nm (B). Measurements were repeated using 3 batch preparations showing similar results.

doi:10.1371/journal.pone.0136602.9002

of both types of insulin fibrils to self-propagate their conformational template in spite of unfa-
vorable environmental factors (here different pH conditions), suggesting the existence of two
different insulin amyloid strains.

Surprisingly, the FITR spectra of insulin amyloid-like fibrils spontaneously formed in H,O
at pH 1.6 and pH 2 look almost identical (Fig 4). Both spectra exhibit maxima in the amide I/T’
region at ~1628 cm™' (with the main minimum of the second derivative at 1628 cm™' and a
weaker one at 1641 cm™), and a small band outside of the amide I/I’ region at ~1730 cm™". A
different spectrum was obtained using fibrils spontaneously formed in H,O at a slightly higher
pH, at pH 2.4: it also exhibits a maximum in the amide I/I’ region at ~1628 cm™, but the sec-
ond derivative profile is different-two similar sized bands, at 1625 cm™ and 1636 cm™, respec-
tively. As the amyloid-like fibrils are highly protected from hydrogen/deuterium exchange,
most of the amide hydrogens stay unchanged despite resuspension of the aggregates in D,O. It
reflects in the blue-shift of the spectra compared to insulin fibrils, prepared in D,O.

Different types of insulin fibrils were first mentioned more than 60 years ago [43], however
no structural or cross-seeding data were presented. In more recent studies, formation of differ-
ent strains were reported in the presence and absence of 20% ethanol (at pH*1.5-1.8)
[11,14,15], and using slightly different insulin forms (bovine insulin (BI) and recombinant
LysB 31—ArgB 32 human insulin analog (KR)) at pH*1.9 [19,35]. Spectral characteristics of the lat-
ter strains are very similar to our data. The spectrum of the fibrils formed at pH*2 is similar to
the spectrum of the BI strain, and the spectrum of the fibrils formed at pH*1.6 reminds us of
the one of the KR strain. So the effect of two additional positively charged amino acids on the
fibrillar structure is similar to the effect of ApH by -0.4 units. The change in net charge of the
protein due to such ApH is minor, and taking into account that in normal water at pH 1.6 and
pH 2 insulin aggregates into the same strain, we may conclude that ionization state of the pro-
tein is not the factor inducing formation of different strains. So what is the factor?

A possible answer to that question can be found by analyzing recent studies, which, at first
sight, seem to contradict our findings [44-46]. In these works, no differences in the FTIR spec-
tra of insulin fibrils formed at different pH values in the range between 1.3 and 3.1 are reported,
however, a marked change of the vibrational circular dichroism (VCD) spectra are seen
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Fig 3. Infrared spectral features determined by the seeding template. Absorption and second derivative (inset) FTIR spectra.
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between pH 2.1 and 2.4, which is explained by a different supramolecular chirality [44,45]. Fur-
thermore, it was shown that the chirality can be converted by incubation of preformed fibrils at
different pH, thus excluding the possibility of different strains [46]. The reported FTIR spectra
lack a detailed description, however, the shape of the amide I band looks very similar to the
amide I’ band of the pH*2 fibrils [44-46]. A closer inspection reveals one major experimental
difference, which can affect the mechanism of insulin fibrillation. The concentration of insulin
used in the aforementioned studies was 60 mg/mL (compared to 1 mM (~5.8 mg/mL) in our
study), which means a strong shift towards a higher oligomeric state of insulin in solution, as
even at much lower concentrations insulin tends to oligomerize [47-49]. Hence, the factor
which determines the formation of different strains could be due to a shift in the monomer-
oligomer equilibrium.

The spectral features of the insulin amyloid strain formed in the presence of 20% ethanol
[11,14,15] are similar to those of the pH*1.6 and KR strain [19,35]. In all three cases the second
derivative FTIR spectra in the amide I’ region exhibit strong minima at 1619-1620 cm™, and a
weaker one at 1630-31 cm, plus a small band outside of amide I region at 1728-30 cm "
Hence, it should be concluded that the same amyloid strain is present in all three cases. It is
known that the presence of 20% ethanol strongly increases the dissociation of insulin dimers
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Fig 4. Infrared spectra of insulin amyloid-like fibrils formed in normal water (H,0). Absorption and second derivative (inset) FTIR spectra.
doi:10.1371/journal.pone.0136602.9004

[50], leading to predominantly monomeric insulin at moderate concentrations [14,51]. The C-
terminal part of the B-chain of insulin is involved in the formation of intramolecular antiparal-
lel B-sheet that binds together native insulin dimers [19]. Thus there is a high probability that
two additional charged amino acids would lead to dissociation of dimers in case of KR insulin.
There is no data on the monomer-dimer equilibrium of insulin at pH*1.6, but the fact that dif-
ferent strains can be formed not only with increasing pH*, but also with increased concentra-
tion of insulin, suggests a shift of the equilibrium to the monomeric state. We may hence
hypothesize that the major factor which determines formation of different strains is a shift of
the equilibrium between insulin monomers and dimers (oligomers) (Fig 5). If the equilibrium

Higher concentration and pH

AWAWE N - —[ [ ]

Lower concentration and pH,

pH"1.6 strain, or Monomeric Addition of organic cosolvents Dimeric pH"2 strain, or
KR strain, or insulin insulin BI strain, or
20% ethanol strain water strain

Fig 5. Proposed scheme of insulin amyloid straining.
doi:10.1371/journal.pone.0136602.g005
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Fig 6. The effect of high insulin concentration (A), and organic cosolvents (B). Absorption and second derivative (inset) FTIR spectra.
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is shifted towards dimers (or higher oligomers), insulin aggregation would result in the
pH*2-like strain, and in case that the equilibrium is shifted towards monomers, growth of the
pH*1.6-like strain is fostered.

To further test the hypothesis we carried out several additional experiments. First we
checked if an increased insulin concentration would explain the differences observed between
the pH*1.6 and pH*2 data. As seen in Fig 6A, and Table 1, the spectrum of 10 mM insulin
aggregates, prepared in the pH*1.6 environment, is slightly different from the other spectra.
The blue shift of the amide I" maximum, when compared to the spectra of the pH*1.6 strain,
and the absence of the band around 1728 cm™ suggests that the increased protein

Table 1. Summary of FTIR band positions of insulin amyloid-like fibrils.

Insulin agregation conditions Amide I/’ band (21"“I derivative), Additional bands, cm™
cm
Beta-sheets Turns/loops Carboxyl groups®
1 mM insulin, pH*1.6 1619/16312 1665 1728
1 mM insulin, pH*2 1628/1615 1665 absent
1 mM insulin, pH*1.6, 5% DMSO 1619/1631 1664 1728
1 mM insulin, pH*2, 5% DMSO 1628/1615 1665 absent
10 mM insulin, pH*1.6 1623 1662 absent
1 mM insulin, pH*2, 20% ethanol 1620/1631 1663 1728
1 mM insulin, pH*2, 20% DMSO 1619/1629 1661 1731
1 mM insulin, pH 1.6 1628/1641 1672/1661 1729
1 mM insulin, pH 2 1628/1641 1672/1661 1729
1 mM insulin, pH 2.4 1625/1636 1673/1661 absent

8All FTIR measurements were repeated at least three times showing similar results.
bBand assigned to carboxyl groups according to Surmacz-Chwedoruk et al [19]

doi:10.1371/journal.pone.0136602.t001
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concentration leads to formation of different strain. Nevertheless, the spectrum is also different
from the pH*2 strain, so this data does not add much to strengthen our hypothesis. It is worth
to mention that at high insulin concentration insulin aggregates form gel-like substance (which
is not the case at lower insulin concentrations). It may point to the different aggregation mech-
anism thus explaining difference in FTIR spectra.

We also repeated previously described data on insulin aggregation in the presence of ethanol
and examined the effect of higher DMSO concentrations. As seen in Fig 6B, the presence of
20% of both organic cosolvents during insulin aggregation in the pH*2 environment leads to
formation of aggregates exhibiting pH*1.6-like IR spectra. This confirms that ethanol and, to a
lower extent DMSO shifts the equilibrium towards formation of pH*1.6-like insulin amyloid
strains.

Finally, we used dynamic light scattering (DLS) to determine the size distribution of insulin
under the various solution conditions. The data reveal that average size of insulin, dissolved in
pH*1.6 is lower than in pH*2 (Fig 7). The measured diameter of insulin in pH*1.6 is 3.4+0.7
nm, which is bigger than monomer, but smaller than dimer, while in pH*2, the diameter is
4.0+0.6, which is a little bigger than insulin dimer. Owing to the polydispersity of the sample,
the method does not allow the exact estimation of the monomer and oligomer content, how-
ever the shift of the equilibrium towards dimeric/oligomeric species at higher pH* is unargu-
able, hence supporting our hypothesis.

Taken together, our data indicates different factors inducing polymorphism of insulin amy-
loid-like fibrils. However it seems that all the presented cases can be reduced to the formation
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of two amyloid strains and possibly explained by the differences in the equilibrium between
insulin monomers and dimers (oligomers).

Materials and Methods
Preparation of insulin fibrils

Recombinant human insulin was purchased from Sigma Aldrich (91077C). Insulin amyloid-
like fibrils were prepared as described previously [52]. Briefly, fresh 1 mM insulin solution (in
100 mM phosphate buffer (PB), at different pH (in H,0) and pH* (in D,0) values was incu-
bated at 60°C for 24 hours with 300 rpm agitation (using a MHR 23 thermomixer, Ditabis, Ger-
many). The secondary structures and morphological signatures of the aggregates obtained
were tested using FTIR spectroscopy and AFM.

Seeds were prepared as described previously [52]. Briefly, 1 mL of fibrils were sonicated for
10 minutes using a Bandelin Sonopuls 3100 ultrasonic homogenizer equipped with a MS73 tip
(using 50% of the power, cycles of 30 s/30 s sonication/rest, total energy applied to the sample
per cycle, 0.56 kJ). The sample was kept on ice during the sonication procedure. Right after the
treatment, one part of the fibrils was mixed with 9 parts of the fresh 1 mM insulin solution in
the appropriate buffer and incubated at 37°C for 24 hours without agitation. The secondary
structures of the aggregates obtained were tested using FTIR spectroscopy.

Elongation kinetics

To follow the seeding kinetics, samples were prepared as described above, with addition of

50 pM ThT. Right after the mixing the fresh insulin with seeds, samples were divided into

200 pL aliquots, in 96-well plates. The plates were sealed using clear polyolefin sealing tape.
The aggregation kinetics was followed at constant 37°C temperature using a Biotek Synergy H4
plate reader without agitation. ThT fluorescence intensity upon fibril formation was observed
using 440 nm excitation and 482 nm emission with simultaneous measurement of absorbance
at 600 nm.

Infrared spectroscopy

To avoid overlapping of protein amide I and water bands, D,0O is used as solvent in FTIR mea-
surements. At equal concentrations of D" and H¥, respectively, the pH-meter reading with a
glass electrode is 0.4 pH units lower in D,0 than in H,O [53]. However, isotopes affect the pK,
of protein ionizable groups, and for solutions of globular proteins the ApK, was found to be 0.4
pH units in the acidic range, thus the isotope effect on the glass electrode and the ionization
constant cancel each other, so that an identical pH-meter reading (in the acidic range) refers to
an identical ionization state of the biopolymer in D,0 and H,O solutions [54]. To prepare
samples for the FTIR measurements, insulin fibrils prepared in H,O were separated from
water by centrifugation (30 min., 15000 g), and resuspended in D,O0, the procedure was
repeated three times. All samples were sonicated for 1 minute using a Bandelin Sonopuls 3100
ultrasonic homogenizer equipped with a MS73 tip. The FTIR spectra were recorded using a
Nicolet 5700 spectrometer from Thermo Scientific equipped with a liquid-nitrogen-cooled
mercury-cadmium-telluride (MCT) detector, and using Bruker Alpha spectrometer equipped
with deuterium triglycine sulfate (DTGS) detector. For all measurements, CaF, transmission
windows and 0.05 mm Mylar spacers or 0.05 and 0.1 mm Teflon spacers (with Bruker instru-
ment) were used. Spectra were recorded at room temperature. For each spectrum, 256 interfer-
ograms of 2 cm™" resolution were co-added. A corresponding buffer spectrum was subtracted
from each sample spectrum. All the spectra were baseline-corrected and normalized to the
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same area of amide I/T’ band (1700-1580 cm™) before further data processing. All data process-
ing was performed using GRAMS software.

Dynamic light scattering

For DLS experiments, freshly prepared insulin solutions at different buffers were filtered using
0.22 pm syringe filter. The size measurements were performed using Zetasizer uV (Malvern
instruments) with low-volume quartz batch cuvette at 60°C.

Atomic force microscopy

For AFM experiments, 1 mM insulin was diluted 100 times with deionized water, 30 pL of the
sample were deposited on freshly cleaved mica and left to adsorb for 1 min, the sample was
rinsed with 1 mL of water and dried gently using airflow. AFM images were recorded in the
Tapping-in-Air mode at a drive frequency of approximately 300 kHz, using a MultiModee
SPM microscope equipped with a NanoScope IIla controller. PointProbe NCHR aluminium-
coated silicon tips from Nanosensors were used as a probe.

Supporting Information

S1 Fig. Example of the repeatability of FTIR spectra. Red and blue spectra were collected
using Thermo Nicolet instrument in TU Dortmund University, black and green-using Bruker
Alpha instrument in Vilnius University.

(PDF)

S2 Fig. Fibril height measurements.
(PDF)
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