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CAPSULE

Background: Altering the cepolymerization of
an

proteins into amyloid fibrils provides
opportunity for manipulating fibril assembly

Amyloid precursors and RNA aptamers

INTRODUCTION

Despte thearray of different proteins and
peptideswith distinct amino acid sequencésat

Results: NMR and kinetic analysis showed that anareé known to be able to assemble iatmyloid
RNA aptamer distinguishes between two highlyfibrils in vitro and/or in vivo (1), the precise

similar coaggregating proteins

Conclusion: RNA aptamers are specific and Proteins/peptides

molecular mechanisfs) by which thesedifferent
seffssemble into amyloid

discriminatory probes able to modulate amyloidfibrils, and how theassemblyprocess results in

formation

disease remairunclear (2). Amyloid formation

Significance: Aptamers can be used as tools tocommences with the generation of aggregation
differentiate amyloid precursors that are closelyProne monomeric precursors. These species can be

related and alter assembly

ABSTRACT

Whilst amyloid fibrils assembled in Vvitro
commonly involve a single protein, fibrils
formed in vivo can contain multiple protein
sequences. The amyloidogenic protein human
Bo-microglobulin (hf;m) can co-polymerize
with its N-terminally truncated variant (AN6)
in vitro to form hetero-polymeric fibrils that
differ from their homo-polymeric counter parts.
Discrimination between the different assembly
precursors, for example by binding of a
biomolecule to one species in a mixture of
conformers, offers an opportunity to alter the
course of co-assembly and the properties of the
fibrils formed. Here, using hp.m and its
amyloidogenic counterpart, AN6, we describe
selection of a 2’'F-modified RNA aptamer able
to distinguish between these very similar
proteins. SELEX with a N30 RNA pool yielded
an aptamer (B6) that binds hp,m with an ECs
of ~200 nM. NMR spectroscopy was used to
assign the 'H-"N HSQC spectrum of the B6-
hp.m complex, revealing that the aptamer
bindsto the face of hff,m containingthe A, B, E
and D p-strands. By contrast, binding of B6 to
ANG6 is weak and less specific. Kinetic analysis
of the effect of B6 on co-polymerization of hfj,m
and ANG6 revealed that the aptamer alters the
kinetics of co-polymerization of the two
proteins. The results reveal the potential of
RNA aptamers as tools for eucidating the
mechanisms of co-assembly in amyloid
formation and as reagents able to discriminate
between very similar protein conformers with
different amyloid propensity.

unfolded/disordered, partially structured or even
nativelike (3) and their structural properties, even
though potentially similar to their non-
amyloidogenic counterpartdictae the fate of
amyloid assembly4). This is exemplified by the
observation that the same amino acid sequence can
form conformationally distinct rayloid structures

in vitro by varying the temperaturajtering the
agitation conditions, addingco-solvents, metal
ions or other moleculesor even changingthe
surface properties of the incubation vessel
(reviewed in(5)). An extra level of complext is
added by the ability of different protein/peptide
precursordgo copolymerize resuling in new fibril
polymorphs with differenamyloid architectures,
stabilities and/ordifferent kinetics of assembly
than those formebly eachproteinalone(4, 6, 7)
Indeed, there are multiple examples of
amyloidogenic proteins that are able to- co
polymerize, such agslet amyloid polypeptide
(IAPP) and AP (6, 8) tau and a-synuclein (9)and
insulin and transthyretin(10). Although the
importance of identifying and characterizing
rarelypopulated amyloidogenic precurso is
widely appreted (3), this remains a significant
challenge because of the transient nature and
heterogeaity of assembly intermedig (11). The
development of reagents able to discringna
aggregatiorprone species among a pool of
structurally similar molecules is crucial to
decipheing the mechanisms of protein assembly
into amyloid and to inform the design of
therapeutic/diagnostic strategiesble to target
individual amyloid precursor§l?2).

Human B,-microglobulin (hp,m) is asmall protein
that forms amyloid deposits in collaggoh
osteoarticular sites, resulting in the disorder
dialysisrelatal amyloidosis (DRA) (13, 14)
Despite the propensity of hf,m to form amyloid
fibrils in vivo, conditions that destabilize the native
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structure of hB,m such as low pH(15), the hp.m monomer from which these fibrils were
presence of SDS16), or other cesolvents or formed(30). Here, we extend this approaaking
metal ions (17, 18) are required for fibrii SELEX to isolate Zluoro-modified RNA
formationon an experimentally tractable timescaleaptamers against native monomeric hf,m. The
in vitro. Removal of theN-terminal six residues selected aptamediscriminats in its binding to
from hp.m (the sequence IQRTBKcreating the hf,m or AN6 at pH 6.2, conditions in which both
variant AN6, disrupts the thermodynamic and proteins are folded, but onl\N6 is able to
kinetic stability ofhB,m and as a resultAN6 can assemble spontaneously into amyléilatils (19).
selfassemble into amyloid fibrils rapidly and Thehf,m specific aptamewas minimized ta 44
spontaneously without the need to add detergentsucleotidelong fragment and itbinding interface,
metal ions or othereagentg19, 20) AN6 retains  affinity and specificityfor hf,m determinedThe
a nativelike structure, displaying a backbone aptamer bingd tightly and specifically to thes-
RMSD of only ~1.5 A compared with3,m (19),  sheet ohp,m containing the A, B, ED B-strands,
andcontains a nomativetrans X-Pro32(Figures  but only weakly and less specificalljfo ANG.
1A, B) which has been shown be vital for fibril  Addition of the aptameto a mixture ofhp,m and
formation (21, 22). Isomerization of the-Rro32  AN6 under conditiongpH 6.2) that promote co
bond results in structural reorganization of the sideissembly(4) disfavorsthe interaction between the
chains in the apical region @f,m resulting in a two proteinsearly in assembly, makinbp,m to
protein with different surface hydrophobicity andremain soluble for longerThe results reveal the
electrostatic propertiegl9). Crucially, AN6 can  ability of RNA aptamergo discriminae and bind
promote theaggregatiorof hB,m even when added to a specificprotein conformer within a complex
in trace amounts (19), resulting in ce mixture of structurally similar co-polymerizing

polymerization of both proteins into hetero speciesalteing the course of amyloid assembly.
polymeric amyloid fibrils (4). This interaction

allows amyloid formation of hf,m to be
investigated in the absence of additivest EXPERIMENTAL PROCEDURES
physiologically relevant pH valugg).

) _ _ Protein preparation - hf,m and AN6 were
The design ofmolecules able to bint,m orits  expressed and purifieds previously described
amyloidogenic counterparfyN6, would offer an  (19). For NMR experiment$®N and ©°C labeled

opportunity to increase understanding of the,g,m and AN6 were prepared as described(81).
interaction  between tBe co-assembling

monomersand explore the aggregation pathwayBiotinylation and
that leads to their epolymerization imo amyloid
fibrils. However such a task is hindered by the
high sequence and structural homolo@ygure
1A) of the two proteins and their dynamic nature
(19). In this study we usedin vitro selection to
identify an RNA aptamer able to bind hf,m
preferentially to AN6 and to alter fibril co-
assemblyNucleic acid aptamer selection Haeen
used previouslyo genera RNA aptamersable to
discriminate monomeric Pr® and recombinant
Pri (23, 24) and to bind to 8 monomergather
than fibrils (25-27). Oligomers of amyloidogenic
proteins have alsobeen used as targets:
DNA/RNA aptamers have been raised aghi
oligomers of a-synuclein (28) and Ap40 (29)
respectively

immobilization of hgom -
Monomeric hfom (~1 mg) was biotinylated
(EZLink™  Sulfo-NHS-LC-LC-biotin,  Pierce
Biotechnologies)at pH 7 usinga 20+fold molar
excess of biotin over the total protein
concentration, according to thmanufacturer's
protocol. The biotinylated monomer was then
immobilized on 1 um streptavidin-coated
microspheres (Dynabeads™fe Technologies)
using the manufacturer’s protocol.

In vitro selection - A Biomek 2000 laboratory
automation work station (Beckman Coulter) was
used toperform 12 rounds ofin vitro selections
with an N30 library of 2'F-modified pyrimidine
RNA, encompassing~10" potential sequences
andtranscribed using the Y639F/H784/Ariant of

Previously, we used SELEX to isolate RNA T7 RNA polymerase (32), using minor
aptamers against fibrillar hp,m that were counter modificatons of = the  protocols  described

selected against the low phartially unfolded, previously (30) Selections were carried out in 50
mM MES buffer containing 120 mM NaCl, pH
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6.2. Negative selections were carried out at eacdenaturing polyacrylamide urea gel stained with
round of SELEX using streptavidin Dynabeadsethidium bromide.The RNA was synthesized
coated with Trignactivatel linker. Stringency was using dmf-rG CPG to avoid incorporation of a
increased after round 5 by decreasing the numb pyrimidine with a ribose sugar atett8 end. Tls

of beads containingnonomeric hf,m by half and

additionalguanosine ha no effect on the

increasing the number of washes from 10 to lisecondary structuref 2'F B6min or2’OH B6min

The reverse transcriptaB&R products were
analyzed by native PAGHfter eachgroup of5

rounds of selection to confirm the isolation of g face Plasmon

products for the next round of selectiémdividual
aptamer clones were produced bn vitro

transcription usig 10 mM final concentrations of

each nucleotide triphosphate usi@d@ CTP and
2'F UTP for production of modified RNASRNA
concentrations were determined using
following extinction coefficents: B6 - 1026.3
mM™ cmi'; B6 minimised (B6min) - 553.2 mM
'em'andB9 - 1054.2 mM cmi™.

Synthesis of minimised B6 - B6min (5'-GGG AAU
UCU GAG CUA CUC CCU UUU GGG ccC
GGC UAU GAU UCC CG3’) was synthesize
with and without 2’F-modified pyrimidine
nucleotidegnamed 2F B6min and2’OH B6min,

respectivelyon an ABI 394 RNA synthesiser at a
1 pM scale using the protocols describedirinsic

previously (33). The phosphoramidites usddr
synthesis of2’F B6min were as follows N-
benzoylprotected adenoe, N-
dimethylformamidinylprotected guanosinédmf-
rG), N-acetylprotectee’-fluoro deoxycytidine
and 2-fluoro-deoxyuridineFor synthesis 02"OH
B6min N-acetylprotected-2fluoro deoxycytidine
and Z-fluoro-deoxyuridinewerereplaced withN-

acetylprotecteecytidine and uridine
phosphoramidites (Link Technologies Ltd.)
Cyanoethyl-N,N -diisopropyl) and t-

as predicted by Mfol¢35).

Resonance (SPR) - A
BlAcore3000 instrument was used with a
streptavidincoated goldsensochip (BlAcore SA
chip). A flow-rate of 10pul min™* was used with a
running buffer o60 mM MES, 120 mM NaClpH
6.2 50 pl of 50 pg ml™ of biotinylated monomer

the was injected oveseparatdlow-cells so that ~200

RU of protein was immobilized. RNAs were
dialyzed into running buffer before injection
across the surface to minimize bulk refractive
index effectsFlow-cells wereregeneratedising a
20ul wash of 5 M NaCl. Allsensorgrameere
corrected by subtracting the signals of an
equivalent injectioracrossan underivatized flow
cell. Data were analyzed using the manufacturer's
software (BlAevaluation).

fluorescence quenching - The
fluorescence ofryptophan residues ih uM hfi,m

or AN6 was excited at 290 nm and fluorescence
emission wasneasured between 300 and 390 nm
in the presence of increasing concentrations of
2'F B6min or2"OH B6min in 50 mM MES buffer
containing 120 mM NaCl pH 6.2 at 25 °C. Due to
the large extinction coefficient of the RNA
aptamer at 260 nm563.2 mM* cm?) the
absorbance of the hf,m/aptamer solution at 290
nm was measured after each addition of aptamer to
ensure thiathe absorbance of the solution was

butyldimethylsilyl TBDMS) groups were present pelow 0.05 au at 290 nm so that inner filter effects

on the 3 and 2 hydroxyl groupsTreatment with

ammoniasaturated methanalt room temperature emission
for 24 h was used to remove protecting groups anglechnology

to cleave RNA fromcontrolledpore glass @PG)

do not contribue to the data(36). Fluorescence

was measured using a Photon
International QM-1

spectrofluorimeter (PTIusing10 nm slitwidths.

resin. Methanol was removed under vacuum angthe chta for binding of 2'F B6min to hB,m were
the RNA pellet resuspended in anhydrous DMSO. normalized toa value of 0 in the absence of

One volume otriethylamine trihydrofluoridevas

aptamerand a fluorescencesignal of 1 obtained

added and incubated at room temperature tQpon saturaibn. The data were thefitted to the

remove TBDMS the deprotected RNA was

following logistic equation to extract the half

precipitatedwith butanl-ol and resuspended in maximal effective concentratiorECs,) using in

diethylpyrocarbonatéreated  water
Biotech) before beingpurified by reversghase
HPLC at 55 °C (34). RNA fractions were
collected, lyophilzed and desalted into 18.2 mQ
H,O. The RNA was anahed on a 10% \W/\v)

(Severn house scripts

max — min

14+ (x/ECSO)—Hill

f(x) =min+
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where max, min representsthe maximum and min. The supernatant was separated from the pellet
minimum fluorescencesignak, Hill is the Hill and both supernatant and pellatre frozen at20
coefficient f(x) is the fluorescence units amds  °C for subsequent analysis by SPSGE.

the concentration of the aptamer in nkbr 2'F _ o
B6min toAN6 and 20H B6min tdnBzm no Change DS PAGE - The effect of 2/ B6min on fibril

in fluorescence was observed over thdormation was  monitored using  15%
concentration range studied. polyacrylamide TrisTricine gels. Samples of the

supernatant and pellet were thawed and the pellet
NMR spectroscopy - Samples of °C-°N-labeled resuspended in 8 pbf 50 mM MES buffer
protein 60 uM) in 50 mM MES buffer containing containing 120 mM NaCl, pH 6.2. Both the
120 mM NacCl, pH 6.2, 0.02%\V) sodium azide, supernatant and resuspended pellet were added 1:1
0.1 mM EDTA, 90% y/v) H,0/10% ¢/v) D,O to loading buffer (50 mM Tri$iCl, pH 6.8, 100
were used for NMR experiment§ynthetic2F mM DTT, 2% (/) SDS, 0.1% W)
B6min or2'OH B6min was added into the protein bromophenol blue, 10%/{) glycerol) and boiled
solution from aconcentrated stock (typi¢al200 for 5 min before loading 15 pl into the gel. Gels
UM). Working at a concentrationof 60 uM  Wwere stained with Coomassie Instarilue
necessitai® the use of a sensitivitpptimized (Expedeon) and imaged by SnapGene software
strategy for obtaining assignments. his was (Syngene).
achieved using a reduced dimensionality approach _ .
based onHadamard encodin (37) Sequential El€ctron microscopy - At the end of fibril
assignments were obtained from analysis ofssembly, 10 ul of sample were applied to a
Hadamard encoded 2D H{,) CA and H(N carboncoated grid. The grid was thesarefully

H,)(CO)CA experiments where a 2 step Hadamaré"i‘?d with filter paper before it was negatively
matrix is introduced ofN to subdivide the peaks St&ined by the addition oDl of 4% (w/v) uranyl

into two subspectra where most signals can bgcetateas described in(39). Micrographs were
addressed from theirH shift alone and the '€corded on a Philips CM10 or a JEOL JENDO

dimensionality can be reduced to 2rtmximize €/€Ctron microscope.

sensitivity. Spectra were recorded at 25 °C on a

Varian Inova 750 MHz spectrometer equipped

with a cryogenic probe and were processed USINGESUL TS

NMRPipe and analyzedusing CCPN analysis

(38). To calculate thentensity profiles shan in  Selection of hf.m-specific 2'F-RNA aptamers
Figure 7, peak intensities were normalized to the

number of scans and the protein concentratioffO-incubation of AN6 and hf,m results in the two
used for each experimenhtensity profiles were Pproteins polymerizing into heteqmolymeric
calculated asthe ratio of the normalized peak amyloidike fibrils that are morphologically and
intensity of each resonanci the apo spectrum thermodynamicallydistinct compared witffibrils
(Io) versus the normalized intensity at teeme formed by AN6 or hB,m alone(4). In order to
position but in the aptamdmound spectrum (I). control the ceassembly of these proteinwe
Therefore, the loss of native signal plotted inattempted to select RNA aptamecspable of
Figure 7 does not require full assignment of thdliscriminaing betweematively folded h.m and

aptametbound spectrum. AN6 at pH 6.2 (_Figure 1A. HBgm was
biotinylated (predominanthat the Nterminusand

Assembly of amyloid fibrils - 40 uM hB,m and 40 on Lys7 and/or Lys923nd immobilized as a target
uM ANG in the presence or absence of two molar ~ on  streptavidircoated magnetic beads as
equivalents of Z B6min were ceincubated irb0  descrbed previougt (30). The initial SELEX
mM MES buffer containing 120 mM NaCl, pH protocol sed an N30 2’'F-pyrimidine substituted
6.2, 0.02% \{/w) sodium azide at 600 rpm, 37 °C RNA library, in order to create aptamers resistant
in a Thriller Thermoshaker incubator (Peglab).to nucleases(25, 32) and included counter-
Each sample 100 pl) was incubated in 0.5 ml selection against AN6 monomers immobilized as
plastic Eppendorf tubesAliquots of 8 pl were for hp.m, as well as longtraight and wornlike
removed atifferenttime points during incubation amyloid fibrils formed fromhf,m at acidic pH
and immediately centrifuged at 14,000for 20  (40). This protocol resulted in theemowal of most
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have several equivalently stable structures that are

with the differentprotein conformers having many all identical in the selected regiowhich forms a

epitopes in commaonWe therefore abandoned
counterselections, except against biotlimker-
blocked streptavidin beads alone. In addition,

structure very similar to that of B&round one of
the bulges(Figure 3C) B9 differs radically at the
terminal loop howeverwhich iscomposedf six

the final round of SELEX, aptamers bound topurine nucleotides. It appesathat the loopis the

beadimmobilized hf,m were competed ofthe
beads usingionbiotinylated hf3;m in solution, in

motif that provide much of the binding energy for
the interaction of B6 with hf,m. Further

order to ensure that the selected aptamer pocharacterizationvasthereforerestricted to B6 and

contained ligands for native epitop&ELEX was
carried out at pHb.2 as this is both optinal for
hB.m/AN6 copolymerization §f.m does not seilf

assemble spontaneously on a relevant timescale R#cleotide full-length  B6

this pH whilst AN6 assembles rapidly®) and is
physiologically relevant foamyloid deposition in
patients with DRA(41, 42). Intotal, 12 SELEX
rounds were performed, with roundsl® having

increasedstringency (Experimental Procedures).

From the final pool 11 RNA clones were
sequenced and aligned using the progrdinBee
(43). These were then clustered using the
phylogenetic software Clustal Ome@&t) (Figure
2A).

Isolation of 2'F B6 and characterization of the
binding affinity to hg,m

Two aptamers, B6 and B9, contained the mostrpgs

frequently occurringsequence motifs withithe

its derivatives.

A truncated 44nucleotide version of the 110
was produced
encompasag nucleotides 22 to 5%vith 2°OH
(termed 2°0OH B6min) (Figure 3) or 2F
pyrimidines(termed 2°'F B6min) (Figure FE), i.e.
all of the selected region defining the stéaop
with some stabilizing additional bapairs. W&
examinedthe solution binding of 2’'F B6min to
native hp.m and AN6 using fluorescence
spectroscopy. pbm has two tryptophan residues
Trp60, which lies in tke DE loop (Figure A) and
is solvent exposed, and Trp9Bhich lies towards
the Gterminus of thelOO+esidueprotein and is
buried. Typtophanfluorescence of hf,m can be
used to probechanges in conformation or
chemical environmenipon aptamer bindingvith
reporting on alterations within the
hydrophobic cor¢46), whilst Trp60 is sensitive to

sequenced clones and showed some motifgand binding (at least in proximity to this

similarities (Figures 2A and 2B. In order to
identify which aptamer toutilize for further
studies an initial binding assaywas employed
using SPR Biotinylated hf3;m, AN6 or the non-
amyloidogenic murine B,m (MPB.m) (45) were
immobilized on separateflowcells and aptamer
binding monitored at pH 6.22°'F B6 binds to
hp.m with an apparent affinity of ~500 nMed
trace in Figure ), but did not bindAN6 (dark
green trace) ormP,m (light green trace) In
contrast, binding of 2’9 was so weak that k&
could not be determined (data not showrfihe
secondary structuref B6, computedvia Mfold to
be a stablestemloop (AG® ~ -16 kcalmol) (35)
(Figure 3A) was confirmed using enzymatic
solution structure probing (Figure 3B) This
analysis suggests that the selected regmmsists
of an extended basgmired stemoop interrupted
by several singlstranded bulgewith a terminal
loop consisting of a pol tetraloop(highlighted
in red in Figures 2B and 3ANote, both Mfold

residue) at the protein surfacéhe fluorescence
emission spectmi of monomeric h;m (1 pM)
was nonitored uportitration with ZF Bémin. The
results showed a decrease in tryptophan emission
intensity (with little change irkmay), consistent
with binding of 2’F B6min to the protein surface
adjacento Trp6Q Fitting the normalizedintensity
of Trp fluorescence ersusthe concentration of
2’F Bomin added Figure 4A) Experimental
Proceduresyielded a Hill slope of 0.99 + 0.06,
suggesting a specific orsite binding eventwith
an EG of 223 + 10nM. Similar assayausing
2'0OH B6min showed no bindingo hp,m (Figure
4B), indicatingthat the 2F modifications to the
pyrimidines are required for tight binding,
consistent with thecontribution of the polyU
tetraloopto affinity. The fluorescence assayso
showed no binding of 2'F B6min to AN6
monomers(Figure 4C), consistenwith the SPR
data with fulllength aptamers. These results
indicate, therefore, that’F B6min is capable of

and enzymatic probing were of transcriptsdiscriminating between hf,m and ANG6. 2’-fluoro-

containing natural pyrimidine®89 is predicted to

6

ribose isknown to prefer different sugar pucker
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conformatons comparegith unmodified residues and 5F) In this samplethe large changes in
(O4’-endo versus C3’-endo, respectively (47)). chemical shifs observedpreviouslyin the hf3,m-
This could alter the conformation of the telimap  2'F B6min complex(Figures 5A and 5Bjvere not
andhence its interaction with the protein. detected €.9g. compare residuekys4l andAla79
in Figures 8B and 5F) For somaesonancesmall
Determining the binding interface of B6min with  changes in chemical shift were observemiyéver,
natively folded hf;musing NMR in those cases the chemical shiflid not saturate

. o , even in the presence af2-fold molar excess of
To determine whether bindingf 2'F B6 tohf.m - ge (e.g.presiduesSerZO and Cys80 (Figure
induces conformational changes in the progaid

- N o . 5F). Th Itsth fi ignificantly |
to map the binding site iresiduespecific detail ). Theresultsthus confirma significantly lower

2'F BGmin was titrated intd*N, °C labeled hpym 2ty of this aptameror ANG.

at 0, 0.25, 0.5, 1.0 and blarequivalents at pH 1o obtain more detailedinformation aboutthe
16-21§‘”d H-"N HSQC spectravgrert_acorded. The position of the 2ZF B6émin binding site onthe
H-"N HSQC spectrumof the 2:1 mixture of2'F g itace ofhg,m the intensity of each resonance
B6min andhp,m is shown in FigureSA andsB. a5 determinedh the presence of afald molar

Addition of 2'F B6min results inhe appearance of oy ~acs of aptamandcompared wittthe intensity

new peaks in the spectrum and the loss Ofy iis apocounterpart. The results this analysis
resonances assignedrativeapohf,m indicating 41 shown in Figur@A. Resonances arising from

that t_he complex is in slow_excha_ngéh the ape residues in the A, BE, D B-strands, the AB and
protein as expec_ted for E."gh affinity complex. DE loops residues3-6 in the Nterminal regon
The chemical shift changésvolve some, but not and the @erminal 6 residueged in Figure7A)

all, resonances,ndicative of binding of the I o G
’ e ose >80% of their intensity in the spectrum of the
aptamer to a specific surfackhe 'H-"N HSQC complex. These residues form a contiguous

spectrum of the hp,m-2'F B6min complex was surfaceon hp : -
: . S .m (Figure 7A) and includethe N
assigned using a combination of 2D and 3D NIleerminal 6 residues ofpam that arelacking in

techniques (ExperimentalProcedures) (Figure . - . .
6A). The low sample concentration (60 yM) andANG and cpnfenncre.ased aﬁlnltyconS|sFent with
these residuesforming part of the interface

relatively large size of the complex (25.6 kDa) : : :
made assignment challenging. Of the B&in beftweerthe. R.NA and the proteJrC'on_S|sten.t with
this, there islittle or no change in intensityor

chainremnancesn the'H-*N HSQCspectrum of . o ,
hf.m, 55 were successfully assigned. The assignr;rt?s'dues that lie ithe Q' loop, F andG p-strands

spectrum of the E B@min-hf,m complexwas ©N theopposite facef h.m (grey in FigurerA).
thenused to map the binding sifer 2’F B6émin By contrast with these resultgjdition of a 2fold

on the surface of the proteinefidues with the Molar excess o2’OH B6min to hf.m has no
largest chemical shift differences upaptamer Significant effect on the intenss of the
binding are located orthe face of hf;m that resonances of native,m (Figure7B), consistent
contains the A, B, E, and Pstrands (Figures 68 With itslack ofbinding.

and 6G. A significant number of residues |n_th|s A similar analysis was performed to assess the

regioncould not be assigned unambiguously in the, <qjhe interaction betweenF2Bemin and ANG.
Spec‘f”m of the comp.lex, Su'gge'stlng thatytheAS expected based on the fluorescence titration
experience large chemical shift differences UPORagylts shown in Figure 4C, little change in

aptame binding or are not detecteddue 10  jyengity was observed for the vast majority of

exchange line broadening (Figures 6B and'GC)residues in this samplgompare Figure3A and

The titration was also performed usirRjOH . . oo

. . . 7C), consistent with weak bindingo ANSG.
Br?mnlw? (Tlgﬁi:‘fsfic and ). tl)\lo chzamge m;:e Furthermore, the residues that do show a
g_ le tca S' hS)m EfrTaV:(:;?.g cf)irfyrem"nevar;t tf?e difference inresonancentensity differ from those
:1 aptamer: hg,m mo loconfirming involved in the 2F Bémin-hp,m interface. For

presence of ‘E modified pyrimidines is vital for exam . . -
: S : : ple, while resonances belonging to residues
high affinity binding. To investigatewhether 2F in the AB loop, the E strand and thet@minal6

B6min is able to recognizeAN6, 2 molar . : L .
. ' residues of nativéi,m diminish in intensity b
equivalents of the aptamer were added tqusD >80% upon intera[?:ztion with ‘€ Bemin, t?\/ege

N-labeled AN6 and binding gain asessed by -
monitoring changes in chemical shif@igures 58 resonancearelargely unaffectedretaining> 60%
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average intensi)ywhenANG is incubatedwith the

aptamer. Moreover, the residu@sAN6 showing

the largest decrease in intensity upon addition
2’'F B6min (red in Figure 7C) are spead

throughout the structure of the protesuggesting
that binding of 2= B6min to ANG is less specific
than tle 2F B6hB,m interaction. These
differences in binding presumably explathe

insensitivity of tryptophan fluorescenabserved
upon addition of Z B&min to ANG.

The ZF Bémin-hp.m interfacedefined by these
experiments (Figures 8A-C) includes a large
number ofaromaticsidechains {10, F22 Y26,
F56 Y63, Y66 andY67, green in Figure3C), as
often foundin protein:RNA complexe$48). The
residues involved in the binding interfacgght
also be expected to be positively chargdalt
there appears to ba &qual balance gbositively
chargedresidues R3, K6, H13, K19, K48H51,
K94 (blue in Figure &)) and negatively charged
sidechains E16, D38, E50, D53, D59, E69 D98
(pink in Figure 8C)) Analysis ofthe NMR data
shows thatresidues & are clearlypart of the
binding site This sequenceis absent inANG6,
which binds very poorly, and contaitvgo positive

Amyloid precursors and RNA aptamers

aptamer toone of the fibrillating monomeysthe
two proteins were mixedeéchat a concentration
o6f 40 uM) in the presence or absence at-fold
molar excess of & B6min (16QuM) at pH 6.2
Assembly wasmonitored by separating soluble
and insolubd material by centrifugation and
subsequent anadis of each fractionby SDS
PAGE (Experimental Procedureffigure 9) In
parallel,a sample othe assemblyproducts were
monitored using transmission EM (TEMijo
confirm whether amyloid fibrils were produced
The results of these experiments showed that in
the absence &'F B6min eachprotein remainsn
the solubldractionup tothe 24 htime point after
which time insoluble materialcontaining both
proteins forms (Figure 9A). After 166 h of
incubation bothproteirs are alsofound in the
pellet presumabhdue totheir co-polymerization
into fibrils (4). By contrast,n the presence &'F
B6min aggregatioroccurs more rapidlywith >90
% of AN6 and ~ 40% of Bym forming fibrillar
material after24 h TEM images of the samples
after 166 h confirredthat the insoluble material in
the pelles containamyloidfibrils (Figure9A, B),
although the precise locatioof each protein
within eachfibril (i.e. the extent to which eo

charges(R3 and K§, but no negative charges. polymerization occurredjould not be ascertained

This regionis therefore a candidate for a favorablef,om

these experiments Presumably, the

electrostatic interaction with the aptamer. Indeediyteraction between soluble AN6 and hf,m is

mp,m which does not bind this aptamer (Figureinhibited by 2F B6émin, leading to rapid
2C), has a GIn substituted for Lys at residue 6 (thﬁolymerization of AN6 which in part ce

N-terminal sequenceof mB.m is IQKTPQ),
implying that Lys6 is a likely key recognition
element for B.m.

2’'F Bémin alters the co-assembly of AN6 and
hﬂzm

The NMR and fluorescence dgpeesented above
indicatethat ZF B6min binds tightly tohp.m, but
only weakly and nosspecifically toAN6. At pH
6.2 hp,m does notself-assemble into amyloid

polymerizes withhp.m.

DISCUSSION

In order to derive a structural mechanism of
amyloid formationthe identity and structure afl
assembhg componentsnust be define@gnd how
these speciesinteract and form the cross}
structure of amyloiddetermined Here RNA
SELEX hasbeen used tgenerate specifi¢ high
affinity aptamer (Z B6) againstmonomeric

fibrils in vitro over a timescale of several weeks atthm- Importantly, espite only subtle differences

a concentration ofl0 uM, even usingsignificant
agitation(13, 49, 50)In contrast ANG6 rapidly and

in the structures of monomeric hf;m and its N
terminaltruncation variant AN6 at pH 6.2 (Figure

quantitatively forms fibrils under these conditions1p  B), 2’F B6 is able to discriminate between
(19, 49) When the two proteins are incubatedthese structures, showing tight and highly specific

togetherat this pHthey cepolymerize,forming
heterepolymeric fibrils with distinct structural
properties compared witkither of their home
polymeric counterpartéd). To determine whether
2'F Bomin is able toaffect the ceaggregation of

binding to thep-sheet containing the A, B, E, D
strands ofhp.m. By contrastweak nonspecific
bindingis observd to ANG6 that is detectable only
at the high protein and RNA concentrations used
for NMR (60 uM protein) The discrimination

hp.m andANG6 (due to preferential binding of the panyeen hB,m and AN6 by 2'F B6 can be
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explainedat leastn part, by thepresencef Lys6
in the binding interfaceHowever,given that the

Amyloid precursors and RNA aptamers

amyloid Given the complexity of amyloid
formation,whereselfassembly can be initiated by

binding interface appears to involve an extendedne or more rare conformers that may differ subtly

region spaningthe A, B, E and B-strandspther
residues mustlso contribute to affinity. Indeed,

in structure and that different oligomeric species
may exhibit profoundly different cytotoxicit{s4,

differences in the organization of residues on the55), RNA aptamersoffer unique potentials as

surfaces of hB,m and AN6 that result from th
isomerization ofthe X-Pro32 peptide bondrom
the nativecisisomer n hf,m to thetransisomer n
ANG6 (19), and/or the decreased stabil{}3) and
increased conformational dynamics okN6
compaed with hpf,m (19), may alsocontribute to
2'F B6 discriminaing between these otherwise
similar structures For example, although the
structure of the backbone ikighly conserved
between h3,m and AN6 (Figure 1B), the
orientation of the sidehains of aromatic residues
involved in theaptamer bindingnterfacediffers
significantly (Figure 10A). Furthermorethe
organization ofydrophobicand charged residues
on thesurface formed by the A, B, E, D B-strands
in hpm differs significantly fromAN6 (Figure
10B). Accordingly, the apical region of this
surface inhp,m is more highly positively charged
than its equiglent inANG (this regioncontainsthe
N-terminal six amino acids including Lys6

reagents for the analysis of, and interferenig,
amyloid formation.

The specific and tight binding of 2 B6 to hf,m
altersthe course of amyloidssemblyin mixtures
of hf,m and AN6 at pH 6.2 Thus, aptamer
binding to h3;m disfavors the incorporationof
hp,m into amyloid fibrilsduring ceassembly with
ANG6 and results in more rapid fibril formation. In
the presence dahe aptamerhff,m molecules will
become incorporated into fibritmly after aptamer
dissociation possibly by crossseeding with
preformedANG® fibrils (4, 49) Alternatively, AN6
may promote conversion of fam to an
amyloidogenic conformation once 'R2 B6min
dissociates(4, 19, 53), pulling the equilibrium
towards ceassembly into fibrils. Given that
amyloid formation is under kinetic control, the
development of aptamerbla to bind their targets
with slow offrates (even for the same apparent

(Figure 10B). In addition, the organization of K« would provide an effective strategy twntrol

negatively charged residug@volving the AB
loop, theEF loop and the @erminus)also differs
betweenthe two proteingFigure 10B).In total,
therefore,the balance between electrostatic an
hydrophobic residuescrucial for nucleic ad
binding (51),is distinct in IB,m andANG6, partly
due to the removal othe Nterminal six amino
acids, andpartly due todifferences in solvent
exposure of hydrophab residues in the DE and
BC loopsin the two proteinsthat occur as a
consequence of -Rro32 isomerization.

The role of AN6 in DRA is not currently
understood Whilst AN6 is present in the amyloid
deposits found in patients with DRAS2), it
remains unknown whether the N-terminal
truncation of hf,m occurs pre- or post fibril
formation. Additionally, the interaction between
hf,m and AN6 in vitro is complex, withAN6
possessing the ability to convert monoméifiem

into an amyloidogenic conformation (4, 19, 53)be to create an aptamer linked to doxycycline such

and to actas a fibrillar seedble to be elogated
with hB.m monomers (19, 49) The aptamer
selected here may be useful as aalgical probe

assembly. Such aptamerscould be isolated by
increasing the length of time of the elution steps in
SELEX as stringency is increased. Alternatively,

foupling of the RNA aptamer to molecule with

known affinity to the target could provideraute
to achieving this godly exploiting avidity effects.
Doxycycline, a small molecule tetracycline
analogue has been shown to modulatde
formation of hf,m fibrils in vitro (56), to reduce
articular pain and improve movement in DRA
patients (57)and tocorrect docomotory defecin
C.elegans expressing p.m (58). Analysis of the
hp,m-doxycycline complexusing NMR suggests
that thehighest affinity binding sit€lCso ~50 uM
(56)) involves residues that lie in the-t€minal
regionof strand A, theN-terminal regiorof strand
B andthe central residues of the AB lo@p6). A
secondlower affinity, bindingsiteinvolvesthe N
terminal region and residues inthe BC and DE
loops An intriguing possibility, thereforeyould

that the relatively tight and specific binding dF2
B6 can be exploited to enhance binding of
doxycycline to its target interface. Creation of

to derivegreater clarity in understanding the earlysuch bipartite molecules have been showibe a

stages of hB.m and AN6 coassembly into
9
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effectiveness of RNA aptamers as delivery
vehicles (59-61), but in many other applications
(62-64).

In conclusion, the biophysical aniochemical
studies presentedhere demonstrate that RNA

Amyloid precursors and RNA aptamers

AN6  co-polymerization. Understanding this
process further may shed light on the molecular
mechanisms of fibril formation and how the
protein precursors of hetepmlymeric assemblies
can be modulated to tailor the extent, rate, and
structureof amyloid fbrils.

aptamers can be highly specific and discriminatory

probes, modulating epolymerization reactions
and controlling the course of amyloid assembly
How the 2F B6-hf,m complex changs as fibril
formation proceedand tre effect of the aptamer
on hetergpolymorphic fibril structure and stability
will require further studies, for example, by
exploiting the powers of soligtate NMR to
analyze fibril structures (65, 66). Further
characterization ahmodification of 2F B6 will
potentially allow the affinity of the aptamer for
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Figure 1. Comparison of the structures of h,m and ANG6. (A) The structure of fym (grey ribbon
PDB code: 2XKS19)) andANG6 (red cartoon, PDB code: 2XK[19)). Thetwo 3-sheets of the proteins
comprising théA, B, Eand D-strandsandthe C, FandG B-strands arehown.Pro32 is shown in space
fill. (B) Perresidue RMSD chart for the backbone atomdii3im andAN6 (overall backbone RMSD
~1.5R). Thepositions od thg-strandsin these proteins are shown on top as grég,M) and red AN6)
ribbons.
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B6: 5' - GGGAAUGGAUCCACAUCUACGAAUUCUGAGCUACUCCCU
UUUGGGCCCGGCUAUGAUUCACUGCAGACUUGACGAAGCUU - 3
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Figure 2. Aptamer selection. (A) The relationship of B6 to th&0 other sequences from the SELEX
pool. (B) Sequencesf aptamerB6 and B9. Theselectedregiors areshown in redand th& common

sequence motifs are underlingd) SPR tracegenerated upon incubatiaf 1 uM 2'F B6 60 mM MES
buffer, 120 mM NaCl, pH 6.2ver flow-cells immobilized witthp.m (red), AN6 (darkgreen or murine

B.m (light greern).
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AG = -15.8 kcal/mol AG = -15.5 kcal/mol
_ @)
A S

1 10

O~

D 2'0HB6min
AG = -19.3 kcal/mol

-

Figure 3. Secondary structures of the B6 and B9 aptamers. (A) The Mfold secondary structure
prediction of the full length B6 aptamer with the nucleotides withe green box showing the region
truncated to create the B6min aptamer sequence. Nucleotides circldddefiree the random regio(B)
Enzymatic solution structure probing of the full length B6 transcrigt thie random region highlighted
in red. Cleavage sites by thedpecific RNase T1 (green arrows), U anépecific RNase A (blue
arrows) and singlstranded RNA specific S1 nuclease (purple arraws)shown(C) The Mfold of the
full length B9 aptamer with the selected region highlighted as inT{#¢.dotted red boxes in (A) an@)(
showed the conserved sequences and secondary structure elements of both aptamesondB)yS
structure of 2°0OH B6min and (E) 2'F B6min stem-loops. Thesehave additional 5'-GGG and 3-CCCG
sequences added to increase their folded stability. 2'F pyrimidines are circled in green in (E).
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Figure 4. Binding of 2’0OH B6min and 2'F B6min to h,m and AN6 measured using intrinsic
tryptophan fluorescence. (A) Normalized tryptophan fluorescence @b (1 M) upon addition oR'F
B6min (0 - 1.7 uM).The data are fitted to Egistic equation(solid line) The data are normalized
between 0 (no aptamer) and 1 (fherescence signal ithe presence of 1M aptamer) (Experimental
Procedures)(B) Titration of h,m (1 uM) with 2°0OH B6min. (C) Titration of AN6 (1 pM) with 2'F
B6min. No fluorescence change was observed over the concentrations of aptamer addlethéh((®.
These data were normalized between 0 (no aptamer) and 1 (the fluoresceslogrsgnl.7uM of 2'F
B6min was added tbp,m. All experiments were performed 50 mM MES buffer, 120 mM NacCl, pH
6.2.
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Figure 5. Chemical shift changes upon the addition of aptamers to hp,m and AN6. (A) The 'H-"*N
HSQC spectrumof N, **C-abeled hp,m (60 uM) alone (grey)or in the presence dfwo molar
equivalents of & Bémin (magenta)(B) Expansion of the region boxed in (A). (C) Th&N HSQC
spectrum of°N, *C-labeled B,m (60 uM) alone (grey)or in the presare of two molar equivalents of
2'0OH B6min (orangd. (D) Expansion of the region boxed in (C). (E) The®™N HSQCspectrum of°N,
13CJabeledAN6 (60 pM) alone fed) or in the presence ¢fvo molar equivalents of B Bémin (green.
(F) Expansion of the region boxed in (Elhemical shift changes (B), (D) and (F)are annotated with
arrows All spectra were olained at 25 °C, pH 6.2.
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Figure 6. Chemical shift changes upon binding of 2’F B6min to hf,m. (A) Zoonedin regions ofthe
2D HNCA spectrumof **C, *N-hp,m with 2 molar equivalentsof 2'F B6min. Theassignmentvalk on
the Ca’s is shownfor the four residues(B) Chemicalshifts change=f hf3,m uponinteractionwith 2'F
B6min. Total chemicalshift changewas calculatedas +[(5H)? +(*N)2. Residuesfor which assignments
werenot possiblessa consequence ekchangeéroadening otargechemicalshift perturbatiorare given
anarbitraryvalue of 5 ppm andare shownin red. The dashedine representswo standarddeviationsof
the meanover theentiredataset (C) The structuref hp,m coloured accordintp themeasurea¢hemical
shift changeshownin (B).
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Figure 7. 2’'F B6 distinguishes between two highly similar proteins. (A) Plot of the loss of signal
intensity of resonances in natig,m upon binding to a -2old molar excess of ‘B Bémin using da&
shown in Figure A. Profiles were calculated as the ratio of the peak intensity imprissence (I) or
absence {) of a 2fold molar excess daiptamerintensity profiles were normalized to residues4&dthat

are not involved inthe interface Residues with a ratio of <Bare colored red, those showing a ratio

between @ and 04 are colored yellow, and those with no significant decréasetensity are colored
grey.The structure ohf,m drawn as a surface representation is shown ongiecolor-coded using the
same sale Residues witno assignments (na) are shown in bi(&) As in (A), but for the interactioof
2'0OH B6min and i,m. (C) As in (A), but for the interaction of B Bomin with AN6. The secondary
structure elements of the proteins are show as ribbons on top of the panels.
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Figure 8. Mapping the 2°'F B6min-hf,m binding site. (A) The residues imB,m that show the largest
decrease in intensity upon interaction with 2°F Bémin are shown in red on the structure of hf,m (grey
cartoon) and predominantly involve residues in the A, B, B;drands ohp,m. By contrast, the C, F, G
B-strands show relativel little change in intensity (bottom). (B) Surface representatiorhfiam
highlighting the interface residues (red). (C) The 2'F B6min-hp,m binding interface involves 7 aromatic
residues (light green), 7 positively charged residues (blue) and 7 negakiseded residues (pink).
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Figure 9. 2'F B6min affects hp,m-AN6 co-polymerization into fibrils. (A) The course of aggregation
of mixtures of fi,m andAN6 (each 4QM) in the absence of ardolar excess adiptamerdeterminedy
SDS PAGE. The morphology of tlaggregateformed after 166 h is shown by TEM. (B), fas (A) but

in the presence of a-fdld molar excess of ‘B Bémin. (S), supernatant; (P), pellet. Incubation was
performed in 50 mM MES, 120 mM NaCl pH 6.2 with 600 ragitation at 37 °C. The scale ban the
TEM images represeB00 nm For the inseTEM images the scale tsare200 nm.
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Figure 10. Structural differences between h,m and ANG6 in the aptamer binding surface. (A) The
aromatic residues located in the interface betwéErBBmin and I8,m (see Figure 8) are highlighted
sticks onhB,m (black ribbon) and AN6 (red ribbon). Zoomin expansion of four residuesre shown
alongside (B) The structure ofi,m (left) and AN6 (right) shown as a surface representation colored by
its electrostatic potentidblue positive, red negativelhe Ntermiral regionis highlighted in a circle and
the DE loop regiolis annotated with a black arc
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