Formation and dissolution of hen egg white lysozyme amyloid fibrils in protic ionic liquids.
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The formadion of anyleid fihrids fron none- dis eas e related
proteins demu nenir ades that amy protein can adopit this

"rogue " form . YWe shoow that it is possible to wse prob Somic
Hopuids o fihaillize hen eg g white hysozyme, and duen
subsequendty to dissolve the filcils with up to 7 20 renboration
of enrymnadic aobiviby.

Grirer the gerwrallmoaledze that saline svmrrorenerds ave ho stile
to Hfe becanse of bioholemlk detability, “Gondc Hquide™ (i the
serge of bkt tevperabme liguids coneisting erdire be of ons)
wronald se et orve of the least lile b evwdroreends for succe sefinl
shadie = of biomolecule behanrior. Wet dopdc liguids (TLs) are
fhding MTeasig application ithe biochenic 3l field . Feports to
date frwhide ebumicermet of catabytic Teactivity |, uTeased
cobib ity ¥, thennalstabiline £ and lifetime in anbient

temtp erstire sobations *. Tondc liquids are ako being spphiedas
solverits for protein aystallication 57 amd for the sidy of prote in
folding &

Dlargr of the abomre smdies hanre froolee dthe protic
subclas s of dovdc liquids which are those fonme d by acid-to-base
protor fraster. Deciznated pILe  the ce huwe 4 chericalbmabilin:
wrhich makies thern partionlar ke usefiol for siadies of sobtes, ke
proteins whose Copf onhationhs i aqueoas s tions ate ceheitine
to pH. The tmability derives frormn the state of the tranef ermed
protor and it provides o way of condrollig the proton activity, or
“effe ctire acidity™, of the oni Liguid. We re cerdby demorsrate d
T ks car be mordored by HBE spe ctoo scopyr of e
traret erre d protory, and used ac an analog of pHfor controlling
Ecrm.ein i oldizdre fo Mg bebawrior s ravgge of differerdpILe

. Here e use # b cordrolle d smdies of protei oo digand
fhrillimation , and finalbly for sdy of fibril dissohrtion.

Frotein fibrillimation is idencelr sbadie dbecoise of it
role osoome of Tomnardiind s most deb ilitatig dise ases for
Instarce , Jacob- Erents, i 7z, Alzhedner’s and tpe IT
digbetes ', It e be st awovmn for its Tole I ‘tnad coe™ disease .
The fibrillization proce =g is o Tecoghdzed as free anergy-
fawared for allnative proteins ', and kinetica I probatble when
delberate b destab ilimed by ;astadied e kwation of terperatire (o
wrahae s near d.emmti:-nj,orh; turease of acidite fetich lovarers
the deramration terrperamre 1515

Fece L SOt positEre acpe cte of fbrillization e
been Tec ogrdzed 17, Awnrloidf fbrile pre et a mewr swerate for
hinte chawlogy ', dhe to e dTaoTdmaTy stah iline agaitet hath
temp erahme andpH changes. The Vomg s modabis is ectivate d
to be comparsh le to that of beta she et silk '*. The fmportance of
i der st ardivgs huear thee prote i fbrillize s avd the bio-proc e seing
of the e muateris 1s e fheref ore be far-re aching,

In this o cerernmdc stior e describe the fbrillizatio
process of the globukr protein hen e gz white hreomane , WL as
obzervred p ILs. Wk e the proton activity wariablk to celect an
acid pIL ard nse tenp ershare to reduace the lag tine for
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fibrillization. We the shonar hooar the fibrile foome d by this
process dd aleo by baro ofteer methods | can be redi oo keed nsing

w APPrOpTiste iomic liquids,ad wre test fhoe e diccole d brso mypre
for bio ar vty

Formation of ardeid fibadls
HWL ic o 14k Da protein that cordaine both alpha helices and
v beta sheetwhen i the naties conformation (Figure 1a). The
secofdary smichmre of proteins is coprenonby Gharacter e d by the
far- TV Cicular Drichro ke (CT ) spe cioamn of thee disso kred
prote it The thin dotted cureee of Fig. 1k is characteristic of
rative H'WL &2 pHT aqueos sohttior. & weny similat spectnmn
w ix obtaived for HVWL when discoled i triefhorlavanon dnm
mesy lite TEAMS (squares). Wh hawre previonshe shoonam that
HWL i thic pIL refolds 97% after themmal dspahmration ¥ | This
rormal globnlar HWL spectnmn is wvery different froem the
stracture less spe cmmm (thin line ) fhoat s obtained when HWL is
- dissolred i the acidic pIL medinn provided by boedrate d
arratot i bisatphoate (S0HHLH S04 20 He O bpwreigtd). The ladk
of sy characteristic alpha or beta sighatmes implies that in this
sobttion the prote i is fthe denabmred fonm.

When this latter soition isheated to » G0°C 4 soichral
an TR AITAMERIRENE OC Oars Tesi kg in the spe coam represerded e the
thidk solid omye i Fig, 2b. This specoum is characteristic of
heta cheet smachre mprote s, shoarie only & dhgle propom ed
MINITT 0 cOIT kg w2l5mm'. This specmmm is aknost identical
vrith fhuat for the £boillised WL of '™ whihore will
reproduce hter. Ohar imdtialhye clear sotion giving the thick 1w
spectninof Fig, 3b quick b be corties opaque white when
mairtaied at 60°C ) as fibrik groer to the miron dineanecions that
soatter wicihle light. The specmum is not deperdent onthe fibril
ditters ion.
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Hg.1 (a) Bbban stoachme of HAL, dwomdres that i fhe watire state
aphakhelices ard beta cheet are preserd | taberfram *7) (b)) Far -TT07

v piectra of hatira FIATL, e, (thin detted Te 1, in fhe bopdrred pIL,

TEAMS (sqaares ), n B0 HHEL R O, - 20 HH,0 at 25°C, ithin e )
ard e spe cinm of FAL after heativg (thick: solid Tie ). CDspecm
were Tecorded o a Tasc o T150  path Exgth 0 01on | terscans HIATL
copreriration of #0m Fml

Held at rocm termp erabmre  hooareter the fbrillimation
process tabies wreekis ard e le cron micrographe talien at differert
tities after the fitis] he st (see Figure 20, showr the goonart of
fibrils fo Lo g fhe sane pattemn of detes lopenent reported m the



v Drobson, groap soadie s B oum gy asante that the me chandan of
fhrilliation is sinilar oeach cage . Fimme 2 provides ¢ lear
eviderice that the HVWL has fibrillized rather tha mere by
aggregated. Further proof of fhe fibrilar soacbire was obtaded
nsing Corygored acsae and Th T fhaorescece (see beloar],

. cd =
e e e
&]F‘j" i ) -
s "{"-F ) i_:
& k
-

.- C
Fig I: Scanning elecronmicrographe 40 the se - accemmb by dage
of fibrillimatioe, b)) The mabire fibril, O magnification of the
fhrl Scale bar 200ren for a) adb) |, Slran for o)

v D s o of arnylodd fhcils
W noear i attentionto the dissolution of fhrils — of
wrhich wery fevar Metarce £ have beenreported . Goto et al
reported that avnyloid fibrils of fy-amicroglobolin can be dissolwed
using the common solrent DRS0 ™% Rediso ntion of HWL
has aleo been rep orte d usihg high conc entrations of GrdnHC1, e
Indeed GrdvH Clat GBI has sorme of the character of fhe pIL s that
wre sndy, aswre willbe demoretrating by IR  lewarkere | W
fidthat diso ntior, of breo mne fibrils is e drermelye facie i
sotte pILs bt shggich and e cevplete i others. — To testthe
v geheraliye of onar dis so ntice, ob e atione for HWL , dry £ ibrils
wrere prepare dby thoee separate methods taro fromthe lieratme
atd the one desaibed abowe Gabuick we nooar call blethod 13, B
Method 2 ' the prote i is fibrillized by additions of pire ethanol
to fhie aquecus protein while n Metvod 3 27 the pH of the
wn aque s 0 ntion is adjasted to 2.0, using 1M HCI, and then
mildly heated. [t snlition R
Corfimmation that aveeloid fibrils foome d i each case is
provided in Figre 3 ueing far TV (CD0) spectra for B cheet
stachmre (Fig. 3a,cf. Fig. b, ad corggo red (CF) fhuore scen e
-+ spe cira for £ibrils = (Fig.3b). CF offers a fast aceaye for fiboils as
the CF dye moleoile binds specifically to the beta plated cheets
cansig 4 gpectral shift, and yie Bivg ye Monar- gre e £ home sc et e
wder po brice d hght .
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Fig 3:2) Far- 10 CDr speectra of fhrik from Iethods 2ard 3, shomdg the

v sk W ddmam at21520rm characterktic of Fdweet cecandary
siouchre . b ) CRbindis asery duomityzthe pectral shift i the preserce
of oz e firik, from each preparation medhod . Thick omre i for the
CR soltiohakoe ).

wn Inthe frwrestigation of bl @ssolutioes fibrils from each
preparatioroarere Centrifioged fromthe sohitionwache d and
waonmb-dried at 25°C, Weighed canp les (Imgparere placed i
wials ahd s aliqaot (1ml) of anboedrons pIL wras added. Sfter 20
i at arvboerit the sobitions were centrifnged 3 e, decarded ,

am rashed | dried and wreighed, and the % dissolred & gimern in Table
1.

Tablel : Percevdage of fbrils discolred i celected pIL

Sobrend (ihils prepared byy | Vo dissohred

EAH (Mlethod 1) T2x3

EAH (lefhod 27 100

EAH Tlefhod 37 100

TEATE (Method 2) Elxd

TEATE (Method 3] weseghatiof oot 10 0% ¢ Jear bt
Cabit fepaTate writh Certifuge

TEAME [ hlethod 2) Tixh

TEAMS (hlethod 3) 100

an With solvent etherlarenonion ynirate , B4, disohition wras
conp kte and drevediate (clear within oxe miroe ). Hoarerer
binartivity e seayrs (eee beloar) conld detect dfferen es bebare e
fibril preparationes . D issobation resutts for EAH ame compared
writh fho se for taro oftuer andbeedrons pILs , TESARIS — selected for

1 the abiliby of H'WL to refold sfter thennal denatiration i this
sobition ” and trietkylavmmondnn riflate , TEA T be canse of its
higher effective acidiy % Onky S0% of the proteiirefolds i this
sobation (at 2001z dnl) after thermmal deraharation.

Th T hinding fhiorescenie intensity 2 & ensitive to f
an sheet dmaciare ahd b partionlar it & thenght that the bindine
ocoms whet the aggregationhas proceeded to the organiced
oligommeric stage ¥ Whennative HWL is dissolved in e ther
EAH amd TEAT cordaiing 20wt Ho0 1o f haore scence iz
ohserved at all.

2 The fhaoresc e e Tdereities for native HWL sobitiones,
ardfor fibrillized sobationes fromm diff ererit soaces, are
anrnarized d Table 2. The Th Tfhworescace frdensiy has e
set o 100 for the hoedrated HH4H S0 4 (Method 1)fbril sample
(86, The hitencity of the aheorhance for the hiefod 2 (EXLOH)

ax fibrdls (877 is looarer which suggests drawahme fibrile. [ This is
core late dwarith ahigher Te storab le bicactiviy , e e be koar),

Entries ¥ and 10,5y covdrast, cordimm the complete
dicapp earatwc e of fibrilbr character from samples owhich fbrils
wwere diseokred in EAT. Cther cases ate aleo dhonam in Table 2.

Table 2 : Th Tfhioresc et e dereitie s for varios samples
rurtalize d to that of camnple 3, before and after red ¥ oo ntion
plLs.

Sample | Descxiphion gnouondeers nowt 259) ThT

# indensity

1 Hatige HWL diss . i S0ELI0H.0 0

2 Hatiwre HWL diss . b S0ELI0H,0 1}
after therrmal denahar ation

3 Hatie HWL diss inneat K4 0

4 Hatiwre HWWL diss . i 80 TES T2 0H.0 0

5 Hatiwre HYWWL diss . i 80 TES TE20H0 1}
after therrmal denahar ation

G Mlethod 1 prepare dfibrils 100

T Mlethod 2 prepare df ibrils o]

g Mlethod 3 prepare dfibrils 100

El Fibrils from Method 2 redics, i EAN 0

10 Fibrils from Method 3 redics in EAH 0

11 Fibrils from Mlethod 2 redics. i 12
TEAMS

12 Fibrils fromm Mlethod 2 redics. in TEATE | 24

a ThT birdivg was recorded orwa BS551 fharescene @ spectrophotom eter.

an The exciltion was cet at 450mm and the emiscion recarded at 485%m .
20pI Thicflrin Twms added to each ample . Brotei cote entration
1imz/m] Eearks are the amerage of 5 meaamem exds
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Bivactivity of Ty so rymne foom redissohred fhrils

4 vatars 1 question 1e garditg the rediscoleed HWL corucemms its
hinlogial activdty. Hawe the four disalfide bonde - which st
have been at least transierd by napare dto pennit the f-dueet
stoachare the fibrl to fonn - beet ghle torefomn to the extent
that HWL regaine it normalbiologic al actriy ¥ To anearer this
critical question, standard biologic al assay tests (lfusing

microc occns kreodedions celle ob sermred at 4501m Jarere
pedfonted ot cobions after dihion kowrater o perfonn the
asegy . The remks are giverin Table 3. 0 neefnl o omparizson
be made writh the actErity of hreomyrne which has negrer be s
fhrllimed bt has Bste ad beer dissokeed i anbygedrons pIL
befors dihdtion to biological copcerdr dtione for the bioactirity:
test HWL iz denatmed when dissolred ithe anbyrdrons pIL atd
refolde during diltion to differant exterds depending onthepIL
iwhich it wras dksokred. Such wabaes are given i the st three
lines of Table 3.

The mostretiark able re qalt ic the one for te clear
sohitioh cbtadied from e venr rapid redi oo ntion h EAH of
firils fomre d by Riethod 2 fooen the BLOH s hton. The
biogotivity lewel, T3% of aqueos HWL, & little d ff ererit fromm
the case of HWL dissolved e st EAN and then dibtted ie. fhe
case Which hadrewer been fhrillized (Table 2 Sample 310 ThT
frterciy observred). B starh cortrast i fhe bioactivity reaalt for
the ©lear sobation obtaied fom di oo hton of the Method 3
fhrle im EAH. Thic cobrtion registered no Th T fhaorescence ,
herwc e vwras free of oligooreric orbeta sheet aggregates Tt yie Hed
4 fow bioactivdty omby 22% of aqueoas hreomane, This & pmch
lessthanthe 60% obtaived i sobaticre of Method 2 fibrik
redizcokred i TEATE, noterithetand g the reddasl Th T
fhorescence hitereity shown by thos e sohatione [ Table 2.

By each pIL stadied, the method 2 (B0 H) £ brils were
those that rediscolned most and gawre greatestb i actiriy
Testoration, EAM being the most saoc essful co krevt by each case.
To explai thiswre note fhatthe CR spe o of the fibrils for the
Mleduod 2 case (zee Fig 30 is melative by charp, sagzestivgs 4 more
regnlar stmactre. & leo , ac cordivg to fhie TER shady of Tef 14 the
fbrile produc ed by this method are “protofileneade™1e. aTe “less
matare ™ Method 3fibrils were the leas sohible and pielded kast
biogotivity writh eqch solrert, TESBIS the leact acidic of the
plLs smdied Fhedg the least successfulsolrent i each case. The
sohib lityhioa ctivdty Te laticrchips will Tequire 4 lotmore shidy,
hoarerer, fhe possibility of facile firil dis soltion and, i sorme
caces considershle bivactivdte restoration, has been o leathe
wrtghliche d by this shady.

Tahle 3: Enmyrnatic Secar of Ly oo mrme 3 Walies ame activities
Telative o that of ngtive besomane i pH 7 phosphoate taffer.

Sample and i eatmnent ° A clivity w 5%
H'WL i EAN _diss fireat pIL (denat ) 0%
HWL in TEATE diss nneat (denat.) 3%
H'WL i TEAME  diss nest wplL (deraty | 53%
Fibrils from Method 1 e diss. i EAN 46 %
Fibrils from Method 2 rediss. 1 EAH I
Fibrils from Method 3 e dice . i BAN %
Fibrils from Method 1 rediss. i TRATE 20%
Fibrils from Method 2 e dise. 7 TEATE B0 %
Fibrils from Method 3 e dice. i TEATE 5%
Fibrils from Method 1 re diss. i TEAMS 0
Fibrils from Method 2 e dise. i1 TEAME 10%
Fibrils from Method 3 e dice. i TEAMS 0

a allsamples dibted toxomm al aguecmis coltio ste for acacy.
Reoilte are amerages of three hdeperderd acsays

Fimther experiments willbe atmed o understan ding
swhether or not this re activation behavior is wmigue to hrsogerme
fonr disulfide bords peed comect Loc atior), ot pre Eminarye
indic ationes are fhat & denot. ¥ restoration of bisactivdhy comild be

an Bhade Telinble foen £brilization ¢ oald offer atone 1, ad ey
e xpected , spproach to by term storaze of prote ihe.

We are qumerthe exploring the poss b iline of pIL
solmett bmdnge to cordition s where fibrils can be gromm
meversihly a posshility whichhas aleady be e ayzze sted o

we ohgemmratione o ot erdration e poalation of the protic sak
aanidindmn chloride ™ For materials scince marpase s, such
cordral of the fibrillimation proce sswillbe frperative.
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