1 Protein Aggregation Prediction Systems FIELD OF THE INVENTION This invention relates to
methods for identifying aggregation-prone regions in structured (folded) proteins and to related
methods fovdetdlpinsyihe aggregation propensity of a protein, to computB€pieBrae/&ddssand
equipment for implementing the methods, and to related methods of identifying new drugs and drug
targets as well as protein toxicities. BACKGROUND TO THE INVENTION Background prior art is
described in Protein Science, Vol 15, 2006, JA Marsh et al, "Sensitivity of secondary structure
propensities to sequence differences between alpha-and gamma-synuclein: Implicationd for
fibrillation", 2795-2804; and in silk Biology, Vol 7, 2007, S Inicula-Thoma.s et al, "Correlation between
the structural stability and aggregation propensity of proteins”, 225-237. We have previously

described, in WO 2004/066168 ang -i&el\/%%zo%%%?ﬁrzdf&%?gus gnggr predicting the rate of
aggregation/solubility of proteins i ) . echniques are useful, for

example, in predicting aggregation-resistant mutational variants of unstructured polypeptide chains but
they are not ﬁ@ﬁﬂ%%l fﬁ@lﬁg@lﬁﬁoﬁ %Iprediction of aggregation in structured (folded) proteins.
However, the aggregation of proteins from their folded state is important for many diseases, and the
accurate prediction of this phenomenon is considered a difficult problem which, heretofore, has not
been solved Wi i 0 I IS Rroblem: there a ny, applications or the tool,
including rat%Yﬁ\l{agl l\évgé%i&ﬁ}%gﬁ%ﬁéﬁg@i@ﬁg@ 5{@? u%gtl)é f%lczgﬁln%ﬁ@f RY OF THE
INVENTIONstoeordifgftddadiratdspectnof ttheeimedntioth e e ferid ¢tvensifung provigidgatmethod of
identifying o r.more regions.in the ami ' uence rQtel ich, in.the .2 falded protein,
are predicteg %%Bglr[lgﬁ?o?e a %@%&%t%grﬁﬁgnr%ﬁgg% g@rﬁB@%ﬁ%& %ﬁ%@rﬁ%ﬁ& %girp ger%}re\%tlél | l|(3ositions M
along said seeibnde,aaddoatopensity doodglsyationn@d) dit gssaid dmndrior geisl gosioas, said local
propensity fqg,g%qgﬁé%epeing determined by a combination of a hydrophobicity value, an a-helix
propensity v fue, a 0-sheet propensity value, a charge value and a pattern value for said amino acid
position; determining local structural stability values for said amino acid positions, a said local
structural stabiify@ I?ﬂ'aﬂpf@'?glﬁ ﬁgﬁg@ﬁlﬁ@f\}ocal structural stability at a said amino position; and
combining said dete#nﬁjne local propensities for aggregation at said amino acid positions and said
local structural stability values at said amino acid positions to identify one or more regions in said
amino acid g Egﬁ insaigLfolded pratein..are predi iQ 0 tign. The local
structural stz%gﬁé _\1/a Ues ta 1Fe into account E’Hat %elprgct%?ncis’ci{ﬁo(lits fé%ﬁeég’s%qe\g nﬁfc?tm%’preferred
embodimentsStisiinfosnatiorrisiprediotetisuraipdnsiticthie aemiruecidEequendeofdtraipbtein. In
preferred empodiments & lecalistrHeRak ALY NBIHRGPCUMRlY measyres e amBlitys of thermal

fluctuations of th structﬁlre._ln some particularly pret%rre embodiments a local structuratstability
value at a positioh 29 the bagulenthofPik et alproperelatipthectimmote kirseua it {litygenkral
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substantially the. W&]ﬁiﬁﬂ&ﬁ [ok
propensity of the protein to fold and remain stable in its folded state, is detennined by the' CamP

method as d%@@ﬂi@ééhﬁ%ﬂdgli‘éﬁ@@é/wﬂdm; wd&ﬂqaﬁmfmsm@i,cm}gﬁmy@mcture 15, 139-143,
the contents, oL WIERLATE: NTRRY dPGRSRAMR I RIBIRNGR il EbACimaRta efha uslfied the local

structural stability values are determined without knowledge of the native fo structure of the
protein. The esibiratiorrobiceldetethvines degrgptoperesiite fordefiregativiraindthe local structural

stapilty valugssisu ihsEhlmets. BRIAUBELRY Medweing MelophriaRenollie fedigggeaation

with the local structural stability values although, potentially, Ination may be made in other
ways for exahpREIRgiEprasetitisiise toddséldottvalseH oviaiffetbaragsgaion giaphicals

representation, of the d3iged harsklIgd Rersanovilhaprigsiate that the determ 353%%?&18& agocal

propensity for aggregation need not comprise a linear combination of the hyd obicity, a-helix and

0-sheet propétisityciepiacgeraiic pamdered alddsio iqupidoprerbicbd ensbudin dasnpidksoal
solved. We will describe a tool to address this problem; there are many applications of

the tool, including rational design of drugs as well as protein production techniques.
SUMMARY OF THE INVENTION

According to a first aspect of the invention there is therefore provided a method of

identifying one or more regions in the amino acid sequence of a protein which, in the



3 propensities for aggregation modulated by the local structural stability data is used to determine an
aggregation propensity profile for the folded protein representing variations in the combined data with
position aloNgRe0seeRMAce. One or more regions which are predicted to b8EFEHR200843d98Hation may
then be readily identified by identifying local or absolute maxima, for example local peaks in the profile
or regions of the profile where the profile has a value greater than a threshold level. Preferred
embodiments of the method also take into account tBe concept of gatekeepers, in particular by taking
into accounttﬂ’; ct of local ch rge;qn the effect ofaming &%lgggﬁ%ﬁg%mqs whilst some amino

S111
acid patterns ore 5%661(% %ep%ttern aterrﬁ)ai)llrlmlcj) : a&r%pﬁahlco%n icamirs acids, in particular

with a Iengtrﬂ@mmeasg,sﬁammma@nié eomote(agdreg aamhsﬂqllseeﬁ@ca ]scsljpmle@mty Ibyrlocal charge
either flankin r |n {,Q a&tga[l aml %h I Jerrgqlgmgalgl{ngaq a? 8f éﬂ%tm%m%? trlronl{ne a total local
0

charge W|th|n elt er side o mino acid pattern use this va modlfy the
determined Ib@allamiopensmésbjoat a@gmgmmnoatadryémmotamw pekitioan Thesiinpofuatbiey a.spect the

nvention proyids £4neted SLARNIYIAG.ONE OLIOIB.AIENS s OO ACH FEAENGE 61 2 protei

which, in the tein, are predicte fo pro te aggregation, the method comprising:
determining, ﬁ@m‘aopl wietitynofipg sitehsiricalor gtehitl tyembersdor savhhrindpigy, nokdrepiagg represents

an ineineic aggeageiion RIAREraibALAAING A6I4 AL Raslien . snd earuprises. dmaienpfon. Fs

phyd and pc and ph, Ps, phy are, respectively, an a-helix propensity va ue, a
propensity vaiué aalhydwophobl@tydmmépang ﬂildhén@emam@malwmﬁme&fdm%@gmpns|t|on i

along seid seRMACE: AReCmRING o RN 05 NanNe 1 SIRNA SAASeANEGe A YElye of A

where Af is etermme rom gg +acc ere E denotes a first sum over amino acid positions in
a first windowqmteqmdpmdnd@fu]@delohpmmalpmémmwpﬁresmiglacpattem@f one or both

of folded protein, are predicted to promote aggregation.

The local structural stability values take into account that the protein is in its folded
sfate. In some preferred embodiments this information is predicted purely from the
amino acid sequence of the protein. In preferred embodiments a local structural
stability value effectively measures the amplitude of thermal fluctuations of the
structure. In some particularly preferred embodiments a local structural stability value
at a position 7 in the sequence (P;) 1s a property of the amino acid sequence (in general
substantially the entire amino acid sequence). A value for logarithm P; which is
determined by the propensity of the protein to fold and remain stable in its folded state,
is determined by the CamP method as described in Tartaglia, G. G., Cavalli, A. &
Vendruscolo, M. (2007) Structure 15, 139-143, the contents of which are hereby
mcorporated by reference. In embodiments of the method the local structural stability

values are determined without knowledge of the native folded structure of the protein.

The combination of the determined local propensities for aggregation and the local
structural stability values is, in embodiments, performed by modulating the local
propensities for aggregation with the local structural stability values although,
potentially, the combination may be made in other ways for example by representing
the two sets of values on different axes of a graphical representation of the data. The
skilled person will appreciate that the determination of a local propensity for
aggregation need not comprise a linear combination of the hydrophobicity, a-helix and

[3-sheet propensity, charge and pattern values. In some preferred embodiments the local



4 hydrophilic and hydrophobic amino acids at position i, Jr is a charge value representing a charge
flanking or inside a said pattern, and wherein at, apat and ;lc are scaling factors; and determining an
aggregationyPol9en8iisopiro lile for said protein from values of Afi for said plRGlitGRI0988RIONS | along
said sequence, said aggregation propensity profile comprising data identifying a variation of relative
aggregation propensity with position along said sequence. As previously mentioned, the skilled person
will appreciate that a wide range of Junctions of ph, p, phyd and pit may be employed and

embodiments of the.technique are not limited t linear ¢ inati e,value S
embodiment8 F the' r%%?f?é%gﬁlg%%%or%g%ﬁé g%t?%%ﬁeﬂ]s%%gﬁg%{r&rﬁl %?tﬁé};?aﬁi&%%g%%fe@ gg given in
Equation (1)datemnivs aremgipnediabgveppretfenalilthictar feded peoteipreseetimgizgcharge flanking or

inside a local pattern of amino acids,compri um af in id) ¢ch o] r a window at an
amino acid p\(/)%ltﬁltgﬁl}? E)I}S%rgﬁ?aj %h%%d(%%eté‘g%%ﬁv%ﬁ ow ﬁ%ol‘(é%?éer %ﬁ%%%é% '(ﬁ?sg%ﬁﬁlg)é%fgglgto
determine Awhitlerrbodédietsts thbefipstiwitdaggirgst miengshtisebbeaetidlly sotlialthe persistence

length of a )3 ‘ e e [No Acids; | ' e f window is
the point at wﬁ%ﬁ%g&%éﬁfﬁ@%ﬁgﬁ g']ft e{%h%r?gge%lﬂhﬁég%%?gar?ﬁ}@g tlv?eilglé I%s?%qogrﬂgxam ple at
more than theé&dipe Gteseliers dimipm Abidebeyoh groatentizany aotfhiisehfiidtlwindow. In preferred
embodiments the determining of the aggregation propensity profile takes into account structural
protection and aggregation propensity at a residue-speci fie level, in particular by multiplying by (
logarithm p £re{Bri¢drendRdintnB afd¢hsoakitiy fodtortabnththedogaritihn soeserioriegaehptpetse either to

base 10 or 9, bazer. (eogaiim ffeaNEl iakeaapepuL oL Measying. DRy BaRs/aghgbiity and

transfen-ing toa free energy representation w represents
patterns. Thus whilst some amino acid patterns, for example a pattern alternating

hydrophilic and hydrophobic amino acids, in particular with a length of at least 5 amino
acids, promote aggregation this effect is suppressed by local charge either flanking or
inside the pattern. Thus preferred embodiments of the method determine a total local
charge within a window to either side of the amino acid pattern and use this value to

modify the determined local propensities for aggregation at an amino acid position.

Thus in a further aspect the invention provides a method of identifying one or more
regions in the amino acid sequence of a protein which, in the folded protein, are
predicted to promote aggregation, the method comprising: determining, for a plurality
of positions, i, along said sequence, a value of p;"**, where p;"*® represents an intrinsic
aggregation propensity of an amino acid at position i and comprises a function of pj, p;,
Piya and pe and py, py, prya and p, are, respectively, an a-helix propensity value, a §-sheet
propensity value, a hydrophobicity value, and a charge value for an amino acid at a said

position i along said sequence; determining, for a plurality of positions, i, along said

sequence, a value of 4", where 4’ is determined from

agg pat gk
aIZpI. +a, 1" +a, l

pat ~i gk *i
windowl

where Z denotes a first sum over amino acid positions in a first window to either

windowl

side of position 7, I/ is a pattern value representing a pattern of one or both of



stability); in embodiments the protection factor Pi represents protection from hydrogen exchange and
the free energy relates to the free energy contribution of creating a vanderWaals contact or hydrogen
bond. The 1A¥§s0t198682rithm Pi term the more unstable the native structuRCTHCB98@SAts a3 has
a value of approximately 15 since, experimentally, it has been found that values of logarithm Pi larger
than this correspond to unstable local structure. In embodiments of the method a normalized intrinsic
aggregation propensity profile ZiP may be determinetl, but the skilled person will appreciate that
normalization is not essential. Likewise is not necessary to explicitly determine such a normalized

intrinsic agg#@%HBWB%EQH@W%%%CWTO%%Eﬁé’ﬁ’ﬁﬂlw fotal §ﬂ1 raf éllaalBﬂity values. In
embodiments, ol aRoy e SCHRRRISANAES ORI AIME AR PERPENSINITAY, P
determined by summing aggregation propensity data, prefera’bly taking into account tfe local structural
stability valueeperféaiiing aheé dsipnming ove ﬁ@@l%m@m@gmgydﬁﬁﬁﬂi@%sap@me@m figrpromote
aggregation. TS 5} a further ASRRGHIDS MVSHAR Pravidesia testhackolastarmining fhe overall
aggregation propensity of a folded protein, the method comprising: identifying'one or more regions in
the amino aditPpeagibhpee Biccpranaisingslel idetidyiolged pietsin o4 rel pliadicestegsi®dmote
aggregation ?(gfﬂe%JRW‘&‘EBHBHBH%1‘8[1@9&%%@}&8?@4.hydroge” exchange and the suppression of an
nduci [

aggregation-i ng amino acid pattern by local charge; and then summing aggregation propensity

datq .determined from values of a local propensity for qggregatiqn (Ai) ata plurality of amino_acid
positions (0 AeRALSAINECAHERERMNREIN A SUBHTAG SARRIRES SIS ANE spibstantially only
said identified regions. The determined overall aggregation propensity of a protein, predicted from its
ammo acid ségabpreoiraybePusddd@identife £1pblopedtite sebedntatvhichesssariauiatty suitable (or
unsuitable) for MARKAGHES: ReFALELT R BElve(eriel) P psaitkigAegiegRes Having

identified polypeptides suitable for manufacture embodiments of th(g method may then be employed to
make a polypEptiele ¢pretian fodbasneefis thrspdyharalsuiationrdPed @ennimuaistion dn identified
polypcptide ig,§ manufactured using robotic polypeptide synthesis apparatus, for example under the
control ofcomputer program code to implement a method as described above. Additionally automatic
(robotic) laboratory equipment may be controlled by computer program code configured to implement
a method as desprisd bR (ogATBIM PR ShMALS KRAIRAS LI AMIABEIA SRGHEREe of a protein
which, in the fol_dedet)roteln, are predicted to promote aggregation. Such equipment may be employed,
for example,1Bgitsmdfesl R TaSHt R R AGH ta 8PS eS HrstEirP Afon atshhaliigity eysdentify a drug
which interacls,with Hﬂ%lp_aﬁ{ﬁ{e,amcpgs@ﬁwari,6151%_%a@ﬂyrnﬁfﬁ(&e&tﬂ&'f@ﬁ?c{wigqgfg&sthmteﬁe'” another
aspect the invention provides a method of |d9nt|fy|n a drug target’in a protein, in particular using a
method as dE§cHHEHAPBNSS iBEstRERR b .M deneptibadio: thendenilwaeigrgtiuence which
are predicted {9sEAMAIEAAH RO Havng seaipaRrediesion. AriienelyfRisisgn be tested by,
for example, mutating the sequence. Still further, having identified one or'more drug targets in the
protein, the Hfatlot! ra) ahsRcEEIhedtodte AEF)heiBenbik therpins ki idrsl theinterastwith the
protein, for eemp&gmé@mggm&mtéﬁaﬁ& slterrdhis A fems staighianesrd @sdopking in a

er

database to determine whether there are any molecules which are known to bind at the target site, or
a rational apPrSRFEESAERtIRATG AsReNEdE ko widarsohi@edigérvielpWe employed once the target site
has been identified, or an in-vivo/in-vitro screening approach may be employed. Again, such a
procedure may be implemented by automatic (robotic) laboratory equipment, for example under the
control of coMpUitdF HroGrahe daetd tha SRsBRR R SdtHs R a8 iR RSV prafils takahvention
further provigias gorpRrtel-RERGIRAM SREESOhLOANANRG B CHMPHET LA CORRLTRIZRE APRATALUS to
implement a method or system as described above. The code may be provided on a carrier such as a
disk, for exatifeiceiBr By BWBPRE® bSr in programmed memory for example as Firmware. Code
(and/or data) to implement embodiments of the invention may comprise source, object or executable
code in a conventional programming language (interpreted or compiled) such as C, or assembly code,
code for setting up or controlling an ASIC (ApplicatigmrBpedifi¢c Integrated Circuit) or FPGA (Field
Programmable Gate Array), or code for a hardware de&}cription language such as Verilog (Trade Mark)
or VHDL (Very high speed integrated circuit 7

Here o and o3 are scaling factors and the logarithm may, for example, be either to base
10 or to base e (the logarithm effectively takes account of measuring

populations/probability and transferring to a free energy representation which represents



Hardware Description Language). As the skilled person will appreciate such code and/or data may be
distributed between a plurality of coupled components in communication with one another. The skilled
person will ¥/aapgeardaat features of the above-described aspects and erRbddrBGB0614Ffe invention
may be combined in any permutation. BRIEF DESCRIPTION OF THE DRAWINGS These and other
aspects of the invention will now be further described, by way of example only, with reference to the
accompanying figures in which: Figures la and Ib shéw, respectively, a block diagram of a computer
system for im%]ée enting an embodiment of a method acggording to the invention: and.aqgregation
propensity p%‘ b%yff&gje%lg}eoé{t}i}ggg ?nngl\}gl%cgefﬁ lgﬁl”ly Gid' iélee%eé%:n?ﬁ ll?é)ep%lro ﬁln%oshllip gzra(?g%tﬁe intrinsic
aggregation grdpensignprbiilésc ZReagydrtha dovwethbfes theaygregaton propensitieg,aZPs, the latter
calculated by taking.into accou é@e tructyral protection provided by the, Iobu# r structure of the
folded form %ﬂhé’*&% elsn(fofitﬁf[_ 5 188%%%%%‘?0%%\?%@1%%30 a&% dat g%nﬂ%% cross-0 core
and the bar indicaiesltbaaegiotrecnrespoadibgdimtinespeptide Auito P2 ikb\iabaE) \Whiocbdhas been
shown to form highly reqular amyloid fibrils; glucagon; calcitonin; the second WW domain of human
CALS0 wher S B L Febich e e B A B e e e ST e
examples oftthenptadictechagiguegatiompnapedsityns offlde aictroat tunechpriatedsittheiregions of low
folding propensities, which are |ess protected from agg{r}egation, are id d as the highest peaks in

nifi

the aggreggﬂgﬁl'%iﬁ%]ﬁgﬁ%fﬁfﬂlégr&?@ﬁlfa%k‘ﬁ’ﬁ‘@é}ec‘_icﬁ TE%B%?"(&WE@%H{B‘?&%B%W%% structural
protections SRR IAISHICHL e IIUASLS e egaion AIoRRISIbHBI S LA e gy Tnes.
secondary structure elements are shown as bars200 (0 sheets) and the uppér bars 202 {a helices);
Lysozyme: tHetsinaided snleas pepredsedtithionsgirg s eoiasiduercrety 23adHe 321108, which are
important fo%?c%ﬂlrﬁg%%%”'1%%‘?943@&&5’?%&51%%‘?921%99 identifies a highly aggregation-prone peptide
fragment (residues 1 -fﬂ14).; 8 Figure 3 shows relationships between folding (logP score) and
aggregation (ZP.score) prop_ensities at the individual residue Ieve! (H=helix, S=strand, and T:turn);
unstructuredifegions ACGALAIRG, 0 WY FXRABL LIS ARG Hé%%ﬂ?%@f%‘l%@é?eéﬁ}dry&%ﬂé%we predict
the regions or residues 43-54 (helix), 73-76 (turn),_82-8q5 (strand), and"96-98, (unstructured) to have
simultaneousiiyow Setgorurarpreetionnaretietraoy mgaﬁm%@@mmﬁﬁe,raw thbmor?épbe particularly
prone to aggregate: wideLdestabilizing.aanejtionaue lso-ake! Wi Anumper s Resiions associated
to amyloidogenic mutations; the residue nurmbering in the figure follows that on the ExPASy web
server, and iffdisdesdenigirssid pecNigtadimptaay ¢ erIgaiebin: we predict the regions of residues
4-19 (helix), 21-35 (helix), 125-149 (helix) to have high aggregation propensity and low structural
protection; Figure 4 shows aggregation propensity profiles of two prion proteins for which detailed
structural in@lmat}m fartheaipabpst ﬂ_1@ mﬁp@mmgomd@aaenﬁbqﬁwm%eaggm@adﬁmmwensity profiles,
21 and the Iyt liges e AearrgRtantRsSIvNRialiRFoR CRIRHAIRY iiakAGIBIR geoount the
structural protection provided by'the globular structure of the folded fornt of the protein. (a)
Aggregationproperityprotie foritiveasibiraneacefHRAPYE32B cintindie foldflerzreandistfective ZPs
profile; the secondam sttty slements prepant IOREG A disaRd,P5 Rast AR (Qegheets) and
bars 402 (a helices). The position of the disulfide bond C179-C214 is indicated by a line 404. The
experimentaffyciatemairb the srrpioes ey driforeairg dipitivi e rivasne #3id Paitestiidegal by a gray
shaded area,jap eFéﬁ@h@ﬂ@tﬁﬂYﬁé@Q? ¥QH§?HF{eW§‘i g mRIeHTeUATBIEdigiRd By pur method to

y :

have a significant aggregation propensi 15>1). (b) HET-s: The regions corresponding to the four i3

strands identifiéd pRYIHLS tate REVIR AN dikaita dplund sha fa irsyie il Rosidops o ienghead-terminal
ragment whos, aipyi il stike amRreR AtBReiseR rovahaelstals, WMRspectroscopy.

Figure 5 shows a relationship between folding (logP score) and aggregation (ZP score) propensities at
the individualiesifige Teg@for the human prion protein (H=helix, S=strand, and T=turn); unstructured
regions according to www.expasy.org are marked with stars; We predict that the region of residues
120-123 has the highest aggregation propensity and the lowest structural protection, followed by the
region of repEt Salmingd SKEIBINERISEATOBINRNIRCBSED SlaAdU A The CI ISR AR HS . aNATTY

2009/ 068909&@%@@%@&%@@%@ to identify a polypeptide sequence which is particularly

suitable (or unsuitable) for manufacture because it is unlikely (or likely) to form
insoluble aggregates. Having identified polypeptides suitable for manufacture
embodiments of the method may then be employed to make a polypeptide (protein)

identified in this way. In some preferred techniques such an identified polypeptide is



9 DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS We will describe a method of
predicting the regions of the sequences of peptides and proteins that are most important in promoting
their aggregdd@oPediebded yloid formation. The method allows such predictioMsi&Be0ggipaEFout for
conditions under which the molecules concerned can contain a significant degree of persistent
structure. In order to achieve this result embodiments of the method use only a knowledge of the
sequence of amino acids to estimate simultaneouslysboth the propensity for folding and for
aggregation, as well as the way in which.these fwo types of propensity. compete. We illustrate the
approach bynl}%nélp%ﬁltgé fgﬁs%ggal(s)% tcl) B‘é%ﬁ&%@‘faens g%tsélsnag%%lt tugégct}){c%taél%i%mng{ el{lsesociated with
disease. Theoesuits Sbawpnatrgnbgthat thécregiopicofeatpratethodith dekigihddtrimsie.aggregation

propensiy catybs SLAARST, UL A AL e StClyral SoRtGy.af sy regions in

%iqeﬂtiﬁqgoirrfwﬁi%? equn njay.be U
o(fu]%e}s orm is very important for Het%rnqlnlng their role In the a greggtlon process.

Specific regipnsafithendeninofapictdéguapbescof pohgtaptidedehaibsd shaomatimedektityonasr
"aggregation-prone" region (gawar, A. P., DuBay, K. F.. Zurda..J., Chiti, E., Vendruscolo, M. &
Dobson, C. MRC(00E o e et 7R o ottt i e ndbREERIERE: ey 1o
aggregate apdedititndtelpionfoterngggamized stuudterespsuatt s ahvtoigiyeds {Fawampie,P., DuBay, K.

F., Zurdo, J., Chiti, F., Yendruscolo, M. & Dobson, C. M..(2005) J. Mol. Biol, 350, .379-392 ; de Groot,
N5 Palaraliel7 RSSO b RO W BBl R
FernandezEscagnitlaciinvksaRte vaske dig, protSiohymkonitd ad s Seoranord id@00#) NiagBiotech 22,
1302-1306).1_%tri%gg support for this view has been provided by analyzing the effects of mutations on
the aggregatlo% propensities of specific peptides and proteins (Chiti, F., Taddei, N., Baroni, F.,
Capanni, C., Stefani, M., Ramponi, G. & Dobson, C. M. (2002) Nat. Struct. Biol, 9, 137-143) and
through the determination. of high-resoluti t : y! t ific segments of
polypaptde Ly COLEIL S R e end aes T S Ay Tk ap il et
aggregation{prgnmyeyiomsdids seggestedihe ssalesoribhit hbrattanatlentiBgenesiscan iegece the
problem of aggregatiop.in biot cIc \( [ 1S & Vi Icﬁx ree; th%g s Biotech. 24,
179-185). Ingf;l%gﬁ(%gsngifI flgsgg?jg%gglte%gt%égp%&}cc%térﬁgéf!es t%%dt sﬁle%%cal }é{f%]é%?ﬁ%se regions in
10 order to réduoestheid¢endengyadigromotsithe fyrimiation bé tasieddy inteenategislanaissemblies
(Tatarek-Nosgol Yan, i, . hnﬂ r, Teni '§ K S xS nioty, A. (2005)
Chemistry &§§Igoﬁ8 ;/E%L(%'7 1-8 %ﬁg%he%a%ﬁgis%ggheemigﬁl]%aétggsﬂ[ %%}Brﬁlgrgpgﬁgéﬁ%ég?egation of
unfolded polypahtidenchdins havemecknidgiiderocharavter deet@nédiftedIeefiztaia wilhdaei, N.,

Ramponi, G. 1, .C. -80 P, A, P., Chiti, F.,
Zurdo, J., Déﬁgt%%gés g\]ﬂe}%lglﬂéélé%%?ﬁﬁ%?ﬁ%%%%%p%%I@%ﬁ@lbéﬁls%l?%g%@%%%%hls basis
several algofithinsghave bedrgropdsednmprebiith ¢atigregationypropensity whafliest atventble the
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polypeptide chalns that are unstructured under physiological conditions, including the AO peptide
associated with Alzheimer's disease and a-synuclein, a natively unfolded protein whose aggregation
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to form the specific intermolecular interactions that lead to aggregation. Shielded in this Way, therefore,

they may besbieginamiedasayy fajprarppdnsiargosg dtoke frodesslathougn] tollewing
mutations thehdBaRliEedhe ORI RILAN GolEY PNt acis BisABIRGIR pidetq e able to take

into consideration the tendency of a given region of a protein sequence to adopt a fo
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Circuit) or FPGA (Field Programmable Gate Array), or code for a hardware description
language such as Verilog (Trade Mark) or VHDL (Very high speed integrated circuit



(2007) Structure 15, 139-143). In essence, given the amino acid sequence of a protein, we show here
how it is possible to combine the predictions of the propensity profiles for Forming ordered aggregates
and for foldiW®iPABO8ERINY structures. We illustrate this approach through itsE{(aR00%083 @
prediction of aggregation profiles for a range of peptides and proteins whose aggregation propensities
have been characterized experimentally in particular detail. Since the algorithm that we developed is
based on mutational data relative to the kinetics of amyloid formation, the results that we present

enable us to discuss how region that hav hi nsity to pramote th egation process may
be distinct frolgm RGSE that 11%103 ma]%lar%ele ?r?s?l%%lzl?rggi eel¥sotru\§ gr pcrg%%eo?q}%fé%r(r{]ylmd
conformationsadRnoded eyl mmdsmlbumbb’aW@wﬁm&bIﬁg@wgplmdmmhpmmhde sequences In the
approach described in hIS er, the i tr|n5|c aggregation propensities of individual amino acids are
defined as (IS mmmc oiBhy() Where ph and ps are the propensities for a helix and fi sheet
formation, respectlvely and phyd |s the hydrophobicity, and pc Is the charge.. These propensities are

then comblntﬁj in al Eﬁ}gr wa h coeffici r{lafa termlr%ef des rlbeqf Iow C']['he killed person

aeF] tl CI'§01 Ull erst l Ures o CSCI'l
will understand't an Ilnear models may be emp oye The pIva lies are com |ned to provide

a profile, Ap emhighdescriliebd hevintrinsia prbpeosity fod aggnegationtasefunction of the complete
amino acid sequence (1). In embodiments piagg may be scaled, for example to be between 1, using
coefficients a. At each position i along the sequence we define the profile AP as an average over a
window of se8RIEIEEIEGER P INRe e pat s EHeARBF N that takes into account the presence of specific
patterns of alternating hydrophobic and hydrophilic residues (1) andis the term that takes into account
the gatekeeping effect of individual charges ¢' 10 jgk =43) -0

These and other aspects of the invention will now be further described, by way of

example only, with reference to the accompanying figures in which:

Figures 1a and 1b show, respectively, a block diagram of a computer system for
implementing an embodiment of a method according to the invention; and aggregation
propensity profiles of four peptides involved in amyloid diseases: the upper lines
indicate the intrinsic aggregation propensity profiles, Z° and the lower lines the
aggregation propensities, Z", the latter calculated by taking into account the structural
protection provided by the globular structure of the folded form of the protein; AB,.4:
shaded regions indicate the segments that form the cross-g core and the bar indicates the
region corresponding to the peptide AB,4.2; (KLVFFAE) which has been shown to form
highly regular amyloid fibrils; glucagon; calcitonin; the second WW domain of human

CA150 where shaded regions indicate the segments that form the cross-f core;

Figure 2 shows examples of the predicted aggregation propensity profiles of structured
proteins: the regions of low folding propensities, which are less protected from
aggregation, are identified as the highest peaks in the aggregation propensity profiles
Z"™ (black lines) calculated by taking into account the structural protections in the
folded form; the intrinsic aggregation propensity profiles Z” are the upper lines;
secondary structure elements are shown as bars200 (8 sheets) and the upper bars 202 («
helices); Lysozyme: the shaded areas represent the regions of residues 26-123 and 32-
108, which are important for aggregation; Myoglobin: the shaded area identifies a

highly aggregation-prone peptide fragment (residues 100-114).;



The parameters a may be fitted according to the general procedure described by DuBay et ca. (16.
Dubay, K. F., Pawar, A. P., Chiti, F., Zurdo, j., Dobson, C. M. & Vendruscolo, M. (2004) J. Mol. Biol.
341, 1317-1823009/05R884 to compare the intrinsic propensity profiles we ndtGEER2NB/HIESNsidering
the average (AA) and the standard deviation (GA) of Al: at each position k for random sequences. We
thus obtain the normalized intrinsic aggregation propensity profile ZP = - p....(4) The aim is for Zit' to
have an average of zero and a standard deviation oB1 where we calculated the average p. and the

standard deviation a over ra ences 11A. N-4 P =E E Al k E (,42)(81.)- p)2 15) (N
-8) NskH |\ﬁ21%}3\LF 3’?‘I\fﬁ) i gsg% ormu %dm ﬁ " i eo}g ,&? r‘%\%rgg%osle %esr(lcce of length N,
and we verlf;ad}ilamlpgasaﬂtdla:améleshmmliaﬂytmollestam}lﬁdnamdu&ssmahﬂrang|ﬁgttmm 50 to 1000. The

values of p. anduu(gup%nd on the en%]h N for examgle for NH 00 Wgﬁga 7.3. Random

uns 10ns accordimn are maf
sequences were enera %% usin éamlno acl qu ncies o g: |:§?.%o-|- database

(BoeckmannLﬁpz@mm@m piedéqjvdmleafgllan,SBlateerdLMs Q; Es(ﬂnelbh)eﬁ%?ﬁ@mst)e@%ﬂi Martin, M..1.,
365.370). VO SOHo BB TS5 BE LR 13 Bt I Bs B ane
sequence high aggregation propensity, and therefore be particularly prone to aggregate under

destabilizing condition; we also label with a number the positions associated to

amyloidogenic mutations; the residue numbering in the figure follows that on the

ExPASy web server, and includes a 18-residue N-terminal tag. (b) Myoglobin: we

predict the regions of residues 4-19 (helix), 21-35 (helix), 125-149 (helix) to have high

aggregation propensity and low structural protection;

Figure 4 shows aggregation propensity profiles of two prion proteins for which detailed
structural information is available; the upper lines indicate the intrinsic aggregation
propensity profiles, Z* , and the lower lines the aggregation propensity profiles, Z™* ,
calculated by taking into account the structural protection provided by the globular
structure of the folded form of the protein. (a) Aggregation propensity profile for the
sequence of hPrP (;3.231y; intrinsic profile 7" and effective Z° profile; the secondary
structure elements present in hPrPC are indicated as bars 400 (8-sheets) and bars 402 (o
helices). The position of the disulfide bond C179-C214 is indicated by a line 404. The
experimentally-determined sensitive region for aggregation (residues 113-127) is
indicated by a gray shaded area, and it is shown to overlap substantially with the major
region predicted by our method to have a significant aggregation propensity (Z"°>1). (b)
HET-s: The regions corresponding to the four (8 strands identified by solid-state NMR
are indicated; the shaded region corresponds to the C-terminal fragment whose amyloid

structure has been characterised through solid-state NMR spectroscopy.

Figure 5 shows a relationship between folding (logP score) and aggregation (Z~ score)
propensities at the individual residue level for the human prion protein (H=helix,
S=strand, and T=turn); unstructured regions according to www.expasy.' org are marked
with stars; We predict that the region of residues 120-123 has the highest aggregation
propensity and the lowest structural protection, followed by the region of repeat 84-91;

we also label the positions associated to the CJD mutations.



We used the CamP method, by which the flexibility and the solvent accessibility of proteins are
predicted with high accuracy. This method enables the prediction from the knowledge of amino acid
sequence oMY UMeBIB8gions with more than 80% accuracy and of the pr&E€E{SRIaAMITOr
hydrogen exchange with an average 60% accuracy (Tartaglia, (1. G., Cavalli, A. & Vendruscolo, M.
(2007) Structure 15, 139-143). Prediction of aggregation propensity profiles for partially structured
polypeptide chains A region of a polypcptide sequenge should meet two conditions in order to promote
aggregation: it should have a high intrinsic aggregation propensity (ZP> 0) and it should be sufficiently
unstable to have a significant propensity to fonn intermolecular interactions. In order to describe the
latter we useldd SHHP MEFCR HSF Q& (poteBiERR tIsHNMBYIVIIETxchange, 1nP. For those
values that have t> 0 we modified the aggregation propensity profile by modulating with hiP 1nP, =1
15 ....(6) Absolute propensities )(Or aggregation of structured polyp eptide sequences Only residues
with low locaVétabilitiéss arbeconsidere dfasadoetin b thie gemothreod Vies alt augres atipeptidgsensity, Z,

resulting in tl?,?oft%fﬂglﬂ?at are nfokt %%olf)tﬁl?t &5 p:rojnjréghiaég@lléllr?z?gggg.a)don and amyloid formation.

The method allows such predictions to be carried out for conditions under which the
molecules concerned can contain a significant degree of persistent structure. In order to
achieve this result embodiments of the method use only a knowledge of the sequence of
amino acids to estimate simultancously both the propensity for folding and for
aggregation, as well as the way in which these two types of propensity compete. We
illustrate the approach by its application to a set of peptides and proteins both associated
and-not associated with disease. The results show not only that the regions of a protein
with a high intrinsic aggregation propensity can be identified in a robust manner, but
also that the structural context of such regions in the monomeric (soluble) form is very

important for determining their role in the aggregation process.

Specific regions of the amino acid sequences of polypeptide chains, sometimes known
as “aggregation-prone” regions (Pawar, A. P., DuBay, K. F., Zurdo, J., Chiti, F.,
Vendruscolo, M. & Dobson, C. M. (2005) J. Mol. Biol. 350, 379-392), play a major role
in determining their tendency to aggregate and ultimately to form organized structures
such as amyloid fibrils (Pawar, A. P., DuBay, K. F., Zurdo, J., Chiti, F., Vendruscolo,
M. & Dobson, C. M. (2005) J. Mol. Biol. 350, 379-392 ; de Groot, N. S., Pallares, I,
Aviles, F. X., Vendrell, J. & Ventura, S. (2005) BMC Struct. Biol. 5; Fernandez-
Escamilla, A. M., Rousseau, F., Schymkowitz, J. & Serrano, L. (2004) Nat Biotech 22,
1302-13006). Strong support for this view has been provided by analyzing the effects of
mutations on the aggregation propensities of specific peptides and proteins (Chiti, F.,
Taddei, N., Baroni, F., Capanni, C., Stefani, M., Ramponi, G. & Dobson, C. M. (2002)
Nat. Struct. Biol. 9, 137-143) and through the determination of high-resolution
structural models that illustrate that specific segments of polypeptide chains constitute
the highly ordered cores of the fibrils. The existence of aggregation-prone regions has
suggested the way in which rational mutagenesis can reduce the problem of aggregation
in biotechnology (Ventura, S. & Villaverde, A. (2006) Trends Biotech. 24, 179-185). In

addition it has suggested therapeutic strategies that specifically target these regions in



(7) where the function 0(x) is 1 for x>0 and 0 for x<0. We use a similar expression see "Systematic In
Vivo Analysis of the intrinsic Determinants of Amyloid Pathogenicity” Leila M. Luheshi, Gian Gaetano
Tartaglia, ANWOCHIINBBAorrsson, 14 Amol P. Fawar, lan E. Watson, FabriBGTERR2008i6F1ORS
Vendruscolo, David A. Lomas, Christopher M. Dobson, Damian C. Crowther, PloS Biology
(www.plosbiology.org), November 2007, Volume 5, Issue 11, e290) for computing the absolute
aggregation propensity without structural correction$0 17.1' (71)) Z aggN 8(Z1) /-1 (8) Example

computer Sygltggj i 1pe| 1o H%qugt%%%e%%(})/\{gﬂ%%%@?ﬁler?&%ggon of ordered intermolecular
assemblies (Tatarek-Nossol, M., Yan, L. M., Schmauder, A., Tenidis, K., Westermark,

G. & Kapurniotu, A. (2005) Chemistry & Biology 12, 797-809).

The main physico-chemical factors that promote the aggregation of unfolded
polypeptide chains have recently been characterized (Chiti, F., Stefani, M., Taddei, N.,
Ramponi, G. & Dobson, C. M. (2003) Nature, 424, 805-808.

Dubay, K. F., Pawar, A. P., Chiti, F., Zurdo, J., Dobson, C. M. & Vendruscolo, M.
(2004) J. Mol. Biol. 341, 1317-1326) and on this basis several algorithms have been
proposed to predict “aggregation propensity profiles” that enable the identification of
regions with a high intrinsic propensity for aggregation (Rousseau, F., Schymkowitz, J.
& Serrano, L. (2006) Curr. Op. Struct. Biol. 16, 118-126; Tartaglia, G. G., Cavalli, A.,
Pellarin, R. & Caflisch, A. (2004) Protein Sci. 13, 1939-1941; Thompson, M. I,
Sievers, S. A., Karanicolas, J., Ivanova, M. 1., Baker, D. & Eisenberg, D. (2006) Proc.
Natl. Acad. Sci. USA 103, 4074-4078; Trovato, A., Chiti, F., Maritan, A. & Seno, F.
(2006) PLoS Comp. Biol. 2, 1608-1618; Conchillo-Sole, O., de Groot, N. S., Aviles, F.
X., Vendrell, J., Daura, X. & Ventura, S. (2007) BMC Bioinformatics 8). We have
previously shown the strength of this approach for predicting the aggregation-prone
regions of polypeptide chains that are unstructured under physiological conditions,
including the A@ peptide associated with Alzheimer’s disease and a-synuclein, a

natively unfolded protein whose aggregation has been linked to Parkinson’s disease.

We now extend this approach for predicting the regions that promote the aggregation of
structured and partially structured globular proteins. In such an enterprise we consider
the possibility that regions with a high intrinsic propensity for aggregation may be
buried inside stable and often highly cooperative structural elements, and therefore be
unable in such states to form the specific intermolecular interactions that lead to
aggregation. Shielded in this way, therefore, they may become unable to play a major
role in the aggregation process, although, following mutations that destabilize the native
structure, they might acquire this ability. In order to be able to take into consideration
the tendency of a given region of a protein sequence to adopt a folded conformation, we
exploit the possibility of predicting the local stability of the various regions of a protein

from the knowledge of its sequence (Tartaglia, G. G., Cavalli, A. & Vendruscolo, M.



Referring now to Figure la, this shows a block diagram of a computer system for implementing the
above-described method. A general purpose computer system 100 comprises a processor 100a
coupled to PMsYy2EIMIEEAMemory 100b storing computer programme code toR€ipleR28of/eatFhethod, to
working memory 100d, and to interfaces 100c such as conventional computer screen, keyboard,
mouse, and printer, as well as other interfaces such as a network interface, and software interfaces
such as a database interface. The computer systeml 100 accepts user input from a data input device
104 such as ard, in i network interface, and provides an output to an output
device 108 e L e A o I SR TR O B 1o, o
example a. netvsbokviterface, riesgivestaa timpombamphisingdetiansinb thciprspepseiyqe dbilahéprotein as
well as optiopal pH and temperature val appropriate t environment of the polypeptide. The
output deviot TR B BELocRbt Sh e e S For example
an aggregatiarppragetisity girafilepptiantiag gedgatioed propensitygyegpomayobéep foviden ¢forfexample as
shown in Iaterefi%gggs N dl&'lqo%%t{gr\;vql%aéhellj%( %%eq.gitglg E%.S( Eelz‘(,aeii;)%lolvv N %Q%ecpzaer@e data. This data
is stored for Bach amino aci iresi&ue ; %%tl nally pPura ity of sets of each of these data types is
stored corresppadingntelfiffe emtivalusdtfip Niacior séenpérattret Whdomhopedes dpstémnpin the
illustrated example, is wn, interfacing,with.an a-heli ensity determinatign /'system 106 and a
local structurnalr!&glé nlﬁ%)sf%éltreerlnafﬁ‘é?i%n@%gtlg%iso . g(ogcr{%%? %!f%{?égjee r’ﬁéﬁn%eg?%%p & %eﬁ?(le% asa
separate maeinhg;, fiortedanpehcouplediottarputer Isphtenabaigvieraamediediic; grgmaytcomprise a
separale or ipleqraled DiCIAMMEAUANRA.oN SPmRHIC YStem. 100 Whisheyer melhodis employed
these systen]i)s receive sequence data and provides a-hels propensity data nd local structural stability
data On Pi) ieoresurhith&sullystrdted fcompoter system 100 may also provide a data output 110, for
example Z"ggs or Z,,gg , to an automated peptide synthesiser 112. In this way computer system 100
may be programmed to automatically compare the properties of a number of' polypeptides and select
one or more Bfdberbarehich are predicted to have favourable properties for automated synthesis. An
example of a suitable automated peptide synthesiser is an AB1 433A Peptide Synthesiser (from
Applied Biosystems). a-helix propensity The a-helix propensity may be detemnined by simply looking
up a propendity vafae fopeadh parifesdeidigithecyuginee irepltédblepiqprmepensity values for each of
the amino acids. Alternatively an a-helix propensity calculator program may be used, for example the
AGADIR code available from http://www.emblheidelberg.de/Services/serrano/agadir/agadir-start.html,
or GOR4 code thvaifatitedtomashtipodnpshiphibeib e ntegislyingawsgaionmatepkipeefrip sa
gor4.111m1. ! ly p1- m r y be taken into account. 13-sheet propensity,
hydrophobic|1t1§/%,{l?z\ati}lrtla(gl %Lé%ﬂje#ﬁgc%a%g%%qe{%%vﬂ g?\l;g scales of hydrophobicity, fl-sheet propensity and
charge for the 20 natural amino acids. 16

agg
pi - a/lpll +asps +ahydphy(1 +acpc (1)

where p;, and p; are the propensities for o helix and § sheet formation, respectively and
Piya 1s the hydrophobicity, and p, is the charge.. These propensities are then combined in
a linear way with coefficients o determined as described below. The skilled person will
understand that other than linear models may be employed. The pi®*® values are
combined to provide a profile, 4,, which describes the intrinsic propensity for
aggregation as a function of the complete amino acid sequence (1). In embodiments
pi*®¥ may be scaled, for example to be between *1, using coefficients c.. At each
position 7 along the sequence we define the profile A4” as an average over a window of

seven residues

i+j pat™i

1S e
AP =2 X P, I o I (2
j=—3



Scales of hydrophobicity, p-sheet propensity and charge for the 20 natural amino acids amino acid
residue hydrophobicity (kcal mol1-1)3 [3-sheet propensity h charge Arg (R) 3.95 0.35 +1 Lys (K) 2.77
0.34+1 WO 2009/068900 PCT/GB2008/051055
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where I, is the term that takes into account the presence of specific patterns of
alternating hydrophobic and hydrophilic residues (1) and I is the term that takes into

account the gatekeeping effect of individual charges ¢

10
I£=%"c,, (3)

Jj==10

The parameters o may be fitted according to the general procedure described by DuBay
et al. (16. Dubay, K. F., Pawar, A. P., Chiti, F., Zurdo, J., Dobson, C. M. &
Vendruscolo, M. (2004) J. Mol. Biol 341, 1317-1326). In order to compare the
intrinsic propensity profiles we normalize Ap by considering the

average (i) and the standard deviation (04) of A/ at each position £ for random

sequences. We thus obtain the normalized intrinsic aggregation propensity profile

AP -
e (4
o

The aim is for Z! to have an average of zero and a standard deviation of 1

where we calculated the average y and the standard deviation o over random sequences

1 N, N-4 ) 5 1 Ny N-4 » 2
'Ll:mgl f§4 A7(S4) o :mlzl EZ <Ai (S")_’u) )

In these formulas, we considered N, random sequences of length N, and we verified that
u and o are essentially constant for values of N ranging from 50 to 1000. The values of
p and o depend on the length N; for example for N=100, y=6.9 and 0=7.3. Random
sequences were generated by using the amino acid frequencies of the SWISS-PROT
database (Boeckmann, B., Bairoch, A., Apweiler, R., Blatter, M. C., Estreicher, A.,
Gasteiger, E., Martin, M. J., Michoud, K., O'Donovan, C., Phan, 1., Pilbout, S. &
Schneider, M. (2003) Nucleic Acids Res. 31, 365-370).



Asp (D) 3.81 0.72 -1 Glu (E) 2.91 0.35 Asn (N) 1.91 0.40 0 Gin (Q)
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Prediction of folding propensities from the sequence

We used the CamP method, by which the flexibility and the solvent accessibility of
proteins are predicted with high accuracy. This method enables the prediction from the
knowledge of amino acid sequence of the buried regions with more than 80% accuracy
and of the protection factors for hydrogen exchange with an average 60% accuracy

(Tartaglia, G. G., Cavalli, A. & Vendruscolo, M. (2007) Structure 15, 139-143).
Prediction of aggregation propensity profiles for partially structured polypeptide chains

A region of a polypeptide sequence should meet two conditions in order to promote
aggregation: it should have a high intrinsic aggregation propensity (Z"> 0) and it
should be sufficiently unstable to have a significant propensity to form intermolecular
interactions. In order to describe the latter we use the CamP method for the protection
factors from hydrogen exchange, InP. For those values that have 7> 0 we modified

the aggregation propensity profile Z” by modulating with InP

1nP.

Zr =7 1-—"+ ....(6
) o

Absolute propensities for aggregation of structured polypeptide sequences

Only residues with low local stabilities are considered as contributing to the overall

aggregation propensity, Z, , resulting in the formula

‘NZ‘ z"9 (Z,’” )
z:, = (7
> 9(z")

i=1

where the function &(x)is 1 for x>0 and 0 for x<0. We use a similar expression (see

"Systematic In Vivo Analysis of the Intrinsic Determinants of Amyloid 8

Pathogenicity" Leila M. Luheshi, Gian Gaetano Tartaglia, Ann-Christin Brorrsson,



1.30 0.34 0 His (H) Ser (S) 0.64 (2.87) d 0.37 0 (+1) d 1.24 0.30 0 Thr (T)

WO 2009/068900 PCT/GB2008/051055
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Amol P. Pawar, Ian E. Watson, Fabrizio Chiti, Michele Vendruscolo, David A. Lomas,
Christopher M. Dobson, Damian C. Crowther, PloS Biology (www.plosbiology.org),
November 2007, Volume 5, Issue 11, €290) for computing the absolute aggregation

propensity without structural corrections

i zr9(zr)

A — . (8)

agg i 9 (Z’_P)

i=1

Example computer system implementing the above-described method

Referring now to Figure 1a, this shows a block diagram of a computer system for
implementing the above-described method. A general purpose computer system 100
comprises a processor 100a coupled to programme memory 100b storing computer
programme code to implement the method, to working memory 100d, and to interfaces
100c such as conventional computer screen, keyboard, mouse, and printer, as well as
other interfaces such as a network interface, and software interfaces such as a database

mnterface.

The computer system 100 accepts user input from a data input device 104 such as a
keyboard, input data file, or network interface, and provides an output to an output
device 108 such as a printer, display, network interface, or data storage device. Input
device 104, for example a network interface, receives an input comprising an amino
acid sequence for the protein as well as optional pH and temperature values appropriate
to an environment of the polypeptide. The output device 108 provides an output
comprising one or more of: A7, Z/, z R Z{,ggS , and Z,gq. For example an aggregation
propensity profile or an aggregation propensity graph may be provided (for example as

shown in later figures).

Computer system 100 1s coupled to a data store 102 which stores hydrophobicity data,

$3-sheet propensity data (either as propensity data per se or in terms of free energy),



1.00 0.06 0 Tyr (Y) -1.47 0.11 0 Gly (G) 0.00 0.60 0 Pro (P) -0.99
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optionally a-helix propensity data (see below), and charge data. This data is stored for
each amino acid (residue); optionally a plurality of sets of each of these data types is
stored corresponding to different values of pH and/or temperature. The computer
system, in the illustrated example, is shown interfacing with an a-helix propensity
determination system 106 and a local structural; stability determination system 107.
One or both of these may be implemented as a separate machine, for example, coupled
to computer system 100 over a network, or may comprise a separate or integrated
programme running on computer system 100. Whichever method is employed these
systems receive sequence data and provides a-helix propensity data and local structural

stability data (In P;) in return.

As illustrated, computer system 100 may also provide a data output 110, for example
Zage O Zagq » to an automated peptide synthesiser 112. In this way computer system
100 may be programmed to automatically compare the properties of a number of
polypeptides and select one or more of those which are predicted to have favourable
properties for automated synthesis. An example of a suitable automated peptide

synthesiser is an ABI 433 A Peptide Synthesiser (from Applied Biosystems).

o-helix propensity

The o-helix propensity may be determined by simply looking up a propensity value for
each amino acid of the sequence in a table of propensity values for each of the amino
acids. Alternatively an o-helix propensity calculator program may be used, for example

the AGADIR code available from http://www.embl-

heidelberg.de/Services/serrano/agadir/agadir-start. himl, or GOR4 code available from

http://mpsa-pbil.ibep.fi/cgi-bin/npsa_automat.pl?page=npsa_gord.html. Optionally pH

and temperature may be taken into account.

[-sheet propensity, hydrophobicity, and charge
The table below gives scales of hydrophobicity, B-sheet propensity and charge for the

20 natural amino acids.



n.d. 0 Cys (C) -0.25 0.25 0 Ala (A) -0.39 0.47 0 Trp (W) -2.13 0.24
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Scales of hydrophobicity, B-sheet propensity and charge for the 20 natural amino acids
amino acid residue hydrophobicity (kcal mol™) B-sheet propensity ® | charge °
Arg (R) 3.95 0.35 +1
Lys (K) 2.77 0.34 +1
Asp (D) 3.81 0.72 -1
Glu (E) 2.91 ' 0.35 -1
Asn (N) 1.91 0.40 0
Gln (Q) 1.30 0.34 0
His (H) 0.64 (2.87)° 0.37 0 (+1) ¢
Ser(S) . 1.24 0.30 0
Thr (T) 1.00 0.086 0
Tyr (Y) -1.47 0.11 0
Gly (G) 0.00 0.60 0
Pro (P) -0.99 n.d. 0
Cys (C) -0.25 0.25 0
Ala (A) -0.39 0.47 0
Trp (W) -2.13 0.24 0
Met (M) -0.96 0.26 0
Phe (F) -2.27 0.13 0
Val (V) -1.30 0.13 0
lle () -1.82 0.10 0
Leu (L) -1.82 0.32 0
? hydrophobicity values of the 20 amino acid residues at neutral pH based on the partition
coefficients from water to octanol. The data are from column 6 of Table 4.8 in ref. 30.
® B-sheet propensities of the 20 amino acid residues normalised from 0 (high B-sheet
propensity) to 1 (low f-sheet propensity). The data are from column 4 of Table 1 of ref. 29. The
B-sheet propensity of proline is not reported due to the difficulty in determining it
experimentally. The B-sheet propensity of glycine is from theoretical calculations.
¢ values of charge are at neutral pH.




0 Met (M) -0.96 0.26 0 Phe (F) -2.27 0.13 0 Val (V) -1.30 0.13 0
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9 values in brackets are at a pH lower than 6.0, when the histidine residue is positively charged

With proline, no f-sheet propensity value is available and so a proline residue may be
skipped when evaluating equation (1) above, an arbitrary value (eg 1, if [P-sheet
propensity is expressed in terms of free energy), or one corresponding to another amino

acid may be employed.

Pattern value

A pattern value for each amino acid of the sequence may be determined, for example,
by counting the number of polar/non-polar alternations until this reaches 5 or more and
then allocating a pattern value (") of, say, +1 to each amino acid in the alternating
sequence (these values may be normalised so that, say, each amino acid in an alternating
sequence of length 5 has a value of +0.2). Alternating hydrophilic (“P”)/hydrophobic
(“NP”) patterns give rise to an increased propensity to aggregate. Use of five or more
residues is preferred because it appears to be the minimum number of alternating
residues that can differentiate between B-sheet promoting (A ¢ A ¢) and o-helix
promoting (*Ae A A) patterns. Longer alternating sequences may be given larger values,
say +2 for a length 9 alternating string of amino acids. Optionally /”* may be given or
adjusted by a negative value, say —1, for an aggregation inhibiting pattern (for example
a string of hydrophilic amino acids, or a string of some particular amino acids such as

prolines).

Residues with hydrophobicity values <-0.5 on the Roseman scale [Roseman, M.A.,
Hydrophilicity of polar amino acid side-chains is markedly reduced by flanking peptide
bonds. ] Mol Biol, 1988. 200(3): p. 513-22] may be considered hydrophobic and those
with values = 0.5 hydrophilic. Alternatively the following categorisation may be
employed: hydrophobic: ala, val, phe, ile, leu, met, tyr, trp; hydrophobic: asp, glu, lys,

arg, his, ser, thr, cys, gln, asn; glycine can be hydrophobic or may be considered neutral.



lle (1) -1,82 0.10 O Leu (L) -1.82 0.32 0 El hydrophobicity values of the 20 amino acid residues at
neutral pH based onhe partition coefficients from water to octanol. The data are from column 6 of
Table 4.8 inWé&X 2800/1$89@-sheet propensitiesof the 20 amino acidresiduesn®¢TaiBa008/051055
fromO(high[3-sheet propensity) to 1 (low [3-sheet propensity). The data are from column 4 of Table 1
of ref. 29. The
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Local structural stability (protection factor)

The protection factor of a residue i may be defined as the ratio of the intrinsic rate &
observed in an unstructured peptide, to the observed amide hydrogen exchange rate, k;,
P; =k /k;. The local structural stability data (In P;) may be determined by
determining coefficients of a Fourier transform of the InP profile from a trained neural

network, trained to fit structural data to equilibrium hydrogen exchange measurements:

In P;= b, Nf + by N/'

where N represents the protection from hydrogen exchange from burial, N/ is the
number of hydrogen bonds for the amide hydrogen of reside i and the parameters b, and
by, respectively give the free energy contributions of creating a van der Waals contact
and a hydrogen bond. Details can be found in CamP; http://www-

almost.ch.cam.ac.uk/camp.php.

Results

Experimentally, aggregation-prone regions have been identified by a range of different
techniques, including mutational analysis of the kinetics of the aggregation process or of
the stability of the amyloid fibrils high-resolution structural analysis of the cores of
amyloid fibrils, fluorescence techniques, and the study of the aggregation of peptide
fragments extracted from the wild-type proteins. These probes report on different
aspects of the dynamics of the aggregation process and of the thermodynamics of the
amyloid states. Since the predictions that we perform are based on the analysis of
mutational effects on the kinetics of aggregation, we are interested both in

assessing the quality of the predictions of the regions that are most important to promote
the aggregation process and in exploring the relationship between such aspect and the

other factors that may affect the formation and stability of amyloid fibrils.



[3-sheetpropensityofpralineisnotreportedduetothedifficultyindeterminingit experimentally. The [3-sheet
propensity of glycine is from theoretical calculations. 3 values of charge are at neutral pH. 17 values in
brackets ar@v&l 20¢A468%8r than 6.0, when the histidine residue is positivelyREERAOS/FL¢Dline, no
13-sheet propensity value is available and so a proline residue may be skipped when evaluating
equation ( 1) above, an arbitrary value (eg 1, if 13-sheet propensity is expressed in terms of free
energy), or one corresponding to another amino acid9may be employed. Pattern value A pattern value
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profile fi-om a trained neural networ struc 0 equiibrium Hydrogen ‘exchange
measuremenise aggregation plOpGllSlty profile 7 , which takes into account the tendency of the

monomeric form of 46,4, to adopt a persistent conformation in solution, reveals that the
region of residues 33-38 has a significantly lower propensity for aggregation than that
predicted from the intrinsic aggregation propensity profile Z”. This result is in good
agreement with the conclusion presented in a recent study in which NM residues 34-37

form a (8 turn between two short 8 strands in the monomeric form.

Calcitonin. Human calcitonin is a 32-residue polypeptide hormone involved in calcium
regulation and bone dynamics that has been shown to be present as amyloid fibrils in
patients with medullar carcinoma of the thyroid. In addition, fibrils can also form in
samples prepared in vitro designed for therapeutic use, and represent a considerable
limitation on its administration to patients. By calculating the aggregation profile 7,
we predict a high aggregation potential for the 12-residue N-terminal region and for
residues 18-19 and 27-28. Experimentally, K18 and F19 have been identified as key
residues in both the bioactivity and self-assembly and the region 15-19 (DFNKF) has
been shown to play an active role in oligomerisation and fibril formation in vitro. We
did not predict an intrinsic tendency for the monomeric form of this short peptide to
form persistent structure, which is consistent with the available experimental evidence.

The intrinsic aggregation propensity profile Z” is therefore close to the Z°™ profile.



in Pi= be Nee + bh N where Nirepresents the protection from hydrogen exchange from burial, N in is
the number of hydrogen bonds for the amide hydrogen of reside i and the parameters be and hi,
respectiveyWgiya0t989¢88e0energy contributions of creating a van der Waals €6it&d240f10a105@Irogen
bond. Details can be found in CamP; htttwwalmost.ch.cam.ac.uk/camp.php. Results Experimentally,
aggregation-prone regions have been identified by a range of different techniques, including
mutational analysis of the kinetics of the aggregatio@(process or of the stability of the amylo id fibrils
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been shown to play an active role in oligomerisation an il formation in vitro. We did not predict an
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;:r(])enrzifs;(re;tc }/(\;Eger%gtﬁg@glgf}% %%g‘?gyﬁ%a{)iagfﬂgyggg% %liyltrli)r}%i&ﬁggregation propensity profile ZP is
The approach presented here is specifically designed to include the prediction of those
regions of the amino acid sequence of a protein that promote its ordered aggregation
starting from a globular state. In such cases it is normally necessary to destabilise the
structure to enhance the accessibility of the polypeptide main chain and hydrophobic
side chains in order for the aggregation process to occur. In this section we discuss two

proteins that have been shown to aggregate under such conditions.

Lysozyme. The aggregation propensity profile Z™ calculated by taking into account the
structural protection in the native state as predicted from the sequence (lower line in
Figure) does not exhibit any region above the Z™=1 threshold. This result is consistent

with the observation that lysozyme must be destabilised in vitro in order to aggregate



20 Ghia:Egon. Glucagon is a 29-residue hormone that participates in carbohydrate metabolism and
assists in the regulation of the levels of glucose in the blood and thus has been used in the treatment
or hypoglyc¥ia0@i@asn has been shown readily to form amyloid fibrils R¢JeGB2M$0sHditions and
the N- and C-terminal regions appear to be important for fibril formation, while the central region
(residues-13-18 and 22) plays the major role in determining the morphology of the fibrils themselves.
As in the case orAf31-47 and c,alcitonin, glucagon i not highly structured in its monomeric form, and
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to destabilise the structure to enhance the accessibility of the polypeptide main chain and hydrophobic
side chains in order for the aggregation process to occur. In this section we discuss two proteins that
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protection bytséddagPrgdoleyvwiichglosdtesgee prtidiction oidine dod ahslabitity ofuberdgion comprising
a particular residug (Fig, 3a). ha this i i gregation propensity and low
structural sté%ility in_thel%o%)?a %tz’te?%{v%|ggﬁé%§é§gm%g§tﬁgll§%g h‘)ﬁgﬁﬁr%rggﬁs r?f%lo\/IGgYn first stages
of the aggregatieieprokethr Hrerfddhidon ithpatightsbutienngonoer ahheidsts Wiecprédjchresidues Leu25
(helix) and Hig48,(urRd tonave JheRiohest A9 I nsity and the lowest structural protection.
Interestingly, fésiEl ugeséll&%a d &5%967 (s?rar?{ sg,%%%%{g}% espectively mutated into Thr56 and
His67 in patients suffering from amyloidosis type VIII, show high aggregation propensity and low
structural staility; Myoetobin..I0e Agoregatin PIOReNsHys profi alculated by, considering the
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likely that _th'&u%éﬂefh?ﬁhf%gi%@?ﬁ%ﬁ{‘&?ﬁﬂﬁg‘f?cP{Hé?lggo@%%t YERF é“s,%ﬁ\.é\‘%#‘%'aﬁ?t'ﬂgsqaﬁ%ﬁr Jggions with
a high intrinsic aggregation propensity, i.e. those above the ZP =1 threshold for the uppersllne in
Figure 2 (resitosioi 2e3eR8:. dbistkelyd pogh iy s of eenichopdrialiivvenapmsvithsa peptide

fragment (regigh s 00 L1 e RIMAH Ha Y k%ﬂrtpeg&ﬁﬁ%% RS }Rtﬁggée%agtriggatigl% propensity,
i.e. those above the Z” =1 threshold for the upper line in Figure 2 (residues 9-12, 31-33,
65- 70 and 108-114), one of which partially overlaps with a peptide fragment (residues
100-114) found in vitro to be highly prone to aggregation.

In Figure 3b we compare the aggregation propensity (2° score) and the structural

protection (logP score) at the individual residue level. We predict residues Asp5, Glyo,



(helix 4-19), Ala23 (helix 21-35), Gly125, Alal26, and Asp127 (helix 25-149) to have particularly high
aggregation propensity and low structural protection. Prediction of the aggregation-prone regions of
prion proteiNsQ-ROAIAe§IMDN protein. A range of human and animal neurode§E€R&rBANSAREO8Ses, the
transmissible spongi rom encephalopathies (1f SES), is associated with the misfolding and aggregation
of mammalian prion proteins, The human prion protein (hPrP) is involved in sporadic, inherited or
infectious loans of' Creutzfeldt-Jakob disease (CJDRZXserstmann-Straussler-S heinker disease (GSS)
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Furthermore, hPrPse itself appears to mediate the transmission of TSEs by promoting the conversion
of hPrPc intdPitsdiwitified tndaggilegatinic magre gegizah st pridihipe dignechanism of conversion of
hPrPc to hPrPse is not known in detail, specific regions of the 11PrPc sequence appear to be
particularly important in modulating the interaction with EPrPse and promoting the process of amyloid
formation. InfEigme]ﬁeowmen@w R eaimgri Mihtegmgregdﬁmmmnmmsﬁygpmtﬁﬁ@afmaﬁ&e siegluence of
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Peptides hP 1&%&46 6 hPrP1 13-1 B 147 of rec nt bPrP all have
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can be cytotoxic.to. g yt)eﬁe'ﬁ% S%J{%Q f%n&% eﬁl atI a§1tl aBat tehe1 de%%ﬂ 11ﬁ5 128 of the
sequence (Figure 4a). T e calculations crl % ere o protein support the view
that structuratcfh@tersoér’@mmﬁa@@mﬂbmgi@t@dwmngmhém@g@gatmmmteep@ﬂmfems that self assemble
via aggregatigp:psons, nartiallydo tﬁé e all the mutatl oc urrin
S e%e\ttg gﬁgﬂg"%% P eI 88&3?%%608/051

(http://www.expasy.org/uniprot/PRIOJIU AN , With exception o
055 scope of the prediction method that we described previously for unstructured

polypeptides (our previous patent applications, ibid, incorporated by reference). The
aggregation profile predicted by considering only the intrinsic physicochemical factors

(Fig. 4a) identifies the region 180-186, corresponding to o-helix II, as the most



24 D1787°,1 and V1801, have higher agaregation propensity agg guano 7) than the wild type (Table
1). Table 1.Vv1801 D1731T., WT V2031 3200K , R208K M129VvVv2101 3196K E211Q 26,,,s8 0.96
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prominent amyloidogenic region. However, this region is highly structured in the hPrPC
form and does not appear from experimental data to be as important for aggregation as
the region of residues 113-127. The similarity in the Z” and the Z* profiles for residues
1-125 is in agreement with the experimental observation that this region is not
structured. In addition, the presence of the disulfide bond C179-C214 appears to play
an important role in stabilizing this highly aggregation-prone region and inhibits the
formation of intermolecular interactions. We also calculated a significant propensity for
aggregation in the vicinity of the copper-binding region comprising the four tandem
repeats of the octapeptide sequence PHGGGWGQ), in agreement with the observation
that this region may play an important role in the oligomerisation process of this

protein.

The predicted aggregation propensity profiles Z° and Z™ correlate well with
experimental data on the in vitro aggregation behaviour of hPrP fragments. Peptides
hP1P06-114, WPTP06-126, hPTP 113,126 and hPrP27.147 of recombinant hPrP all have high
propensities to form amyloid fibrils. hPrPjgs.126 has a particularly high intrinsic ability
to polymerize into straight and unbranched fibrils and induces apoptosis in primary rat
hippocampal cultures (25). hPrPy 3156 is also able to aggregate readily although the
fibrils in these preparations are less abundant at equal initial peptide concentrations and
are reduced both in length and diameter relative to hPrPigg.126. hPrPigs.114 and hPrPq,7.
147 have a lower tendency to aggregate than hPrP1o6.126, although the former converts
into fibrils that are morphologically similar to those formed by hPrPygs.126 whilst the
latter forms twisted fibrillary structures. A recent report has identified two other peptide
fragments, hPrP19.126 and hPrP;;.127, which can readily form amyloid-like fibrils and
can be cytotoxic to astrocytes. These fragments include, at least in part, the region 118-

128 of the sequence (Figure 4a).

The calculations described here for the human prion protein support the view that
structural factors are important in determining the aggregation rates of proteins that self
assemble via aggregation-prone partially folded states. We found that all the mutations

occurring in CJD (http://www.expasy.org/uniprot/PRIO_HUMAN), with exception of
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D178N and V180L, have higher aggregation propensity Z: (Equation 7) than the wild

type (Table 1).

Table 1

V1801 | DI78N | WT | V203I | E200K | R208K | M129V | V2101 | E196K | E211Q

Zagg | 0.96 0.96 0.97 | 0.96 0.95 0.97 .10.98 0.97 10.94 1.00

Zagg | 0.46 0.50 0:51 1052 0.54 0.54 0.60 0.61 0.62 0.66

Overall aggregation propensity, Z*,,,, for mutations associated to the Creutzfeldt-Jakob disease
(http://www.expaasy.org/uniprot/PRIC-HUMAN). All the mutations except D178N and V1801
have higher aggregation propensity than the wild type.

We predict mutations D178N and V1801 to increase the protection of helix 172-189,
resulting in a decrease of the overall aggregation propensity of the protein. The
.comparison of the aggregation propensity (Z” score) and the structural stability (logP
score) at the individual residue level is shown in Fig. 5. We observe that the region of
residues 120-123 has the highest aggregation propensity and the lowest structural
protection, followed by the region of the repeat 84-91. We also label the positions

associated to the CJD mutations reported in Table 1 above.

HET-s. HET-s of the yeast Podospora anserine is 2 prion protein involved in
heterokaryon incompatibility and which is not associated with disease. HET-s has been
shown to form amyloid fibrils, whose structures have been characterised through solid-
state NMR, 1n conjunction with site-directed fluorescence labeling and a hydrogen
exchange protocol. In the resulting structural model of the fibrils from the C-terminal
fragment of HET-s (residues 218-289) each molecule contributes four 8- strands, with
strands 1 and 3 (residues 226-234 and 262-270) forming a parallel S-sheet and strand 2
and 4 (residues 237-245 and 273-282) forming another paralle] S-sheet located about 10
A away. These f-strands are connected by two short loops between £1 and (2, and 53

and (34 respectively, and by an unstructured 15-residue segment between 82 and £3.



0.66 Overall aggregation propensity, Zsagg, for mutations associated to the Creutzfeidt-Jakob
disease (http://www.expansy.orgiuniprot/PRTO-HUMAN). All the mutations except D178N and V1801
have highervaggfegan#propensity than the wild type. We predict mutationB{I1GBNEAINIBOL to
increase the protection of helix 172-] 89, resulting in a decrease of the overall aggregation propensity
of the protein. The comparison of the aggregation propensity (75 score) and the structural stability
(logP score) at the individual residue level is shown1s Fig. 5, We observe that the region of residues
120-123 has the highest regatian propensity and the lowest s ral protection, followed by the
rogion of the 1AL 58 S/ L8 AR TRE B COR L BEOTYS oo HE ELTE KRR Feorten in
Table 1 abowgghtEdiien HopchstofithtyeastRadospdiaahieerine B4a-paonTrotetmdnvateed in
heterokaryorn).inco ibility and which is not associated with disease. :s has been shown to form
o o D T A S L LA LR Dol vt ST RIRTAT conjunction with
site-directeddlisonesasnice ihbetnpand @diyuroges 23¢ (@n gepictaady. witththeastdtimigs stvacniral model
of the fibrils f(qotm the g{-termipilofrapment of HET-s (residues.2 2C8%g eachl molecuyle coqltributes four
3- strands, with Strands 1 an Wgspdﬁgg l%- A28 ?annlﬁlglgapéer’%%} YSH&et and strand
2 and 4 (resithee? 28245 Bigdr2 AB)282) dbmainkysan perefrpar sliel 8- giel ionatachhpoutdDA away
These 8-strands.are,connected.by two short Igops between .31 and.$2, and 03 and 54 respectively,
iR s S RS S e

and by an ubstructired 15-résiue ent be on insic
aggregation pe8pdsitytipnefitecep(Bijeiel 4bp eaiie alsreibid h ggggetatignopropeisityTihighe regions of
residues 5-22 and 245-289. The mpnomeric foal) of HET-s.appe stu%%str ctured in the region of
resicuo 1255 kP Uy oL R e gt TS B DS o oy B ity with these
results, we detetysicsed@cronth lonweygpegpensity fidi-bggtedaidrs imthe @termindhcegiosnthrough the
Zs profile (Figure 4h), which resplts in part from the very high structural protectio dicted for this
rogion by thd LS o Cont AL LA LR by S e S P R et
to be the prindipaldggratais -prondedgiohcdrhis Fragamdiheifooo Btraistndth deagfivent 1-227, retains

the ability to form. florls In. oy catalyses effisiently ing. aogregalion ob {l-engih HELs and s able to
induce prion propagation’in vivo. in addition; Timited proteqlysis expériments indica & thatme region of
residues 21828913l thesfidritoarerd toeespbthketdatic Q:stoaridsdgenkifi @t vt periti2itafly (residues

226- 234, 237-244,262-271 273-282) as those forming the cor p@%os -0 structure
correspond ?%ﬁ% %gf%)%r %zr%ee o aks l(?élg g %‘féﬂﬁ%’ﬁ?ﬁﬁbl?ﬁ%@%gd - 93 fﬁlﬁ%lereag) regation
propensity pMditbez®srofshitgtss tifaigiretiindl Vdaserefarpostaggdsirthad Miastiamdld iplays an important
thermodynam)ig rele in stabilising the, structure of.the amyloid fibril, it is not likely to ?e irectly involved
in the processnéa%% g&é%é%%fq%lﬁ?t\l)\?% %\ﬁg gutf:’%é)e% |r§1 ’th@ﬁ%&ﬁ%i‘%%%ﬁ%é% 8?%%%‘{8 i‘ﬁ%gt]ﬁle regions of
the sequencts pfbotis stragguegetiand partially structured proteins that are most important in promoting
their aggregation. Our analysis reveals that the regions that promote aggregation, even from globular
states, can be identified on the basis of the knowledge of the amino acid sequence. The methodology
that we haveVpedsentéesisigehar dhiampdpstbasethod fivepicid e tingt thversgigue nt éhefseqoroteinadetermines
1s behavioup I e Gaze. SLRIAIINI ARG L IIRING i, oSS RIoNiad Dy Meihods such as
the one that we have presented hereto predict the aggregation-promaoting regions for na%vely
unfolded pol§epticle clains, for glolwar ereminddnbicforgsysiehas phanoonigir dyativfglcesh and
unfolded domans, iy e ol tanifisantivalle indakeloping ional approachis o he avpjdance of
aggregation in bioteclmology and to the treatment o]feaggregatlon diseases as tidentnés'the major
factors deteswiniiyagdregationdatrgeihaswiecnegipresant wihcetiveskeafatiotssnd prévaldat. 26 No

doubt many giheresgtive alenatves wlagmiin Be skiled Rafson. L ile Hgaisipad that the

invention is not limited to t odiments and encompasses modifica lons aa|loparent to
those skillednvsthédang lyitg natsihilie ppisiidaddgcopbaktheklainis appémdedhenato.
presented here to predict the aggregation-promoting regions for natively unfolded
polypeptide chains, for globular proteins and for systems that contain both folded and
unfolded domains may be of significant value in developing rational approaches to the
avoidance of aggregation in biotechnology and to the treatment of aggregation diseascs

as 1t identifies the major factors determining aggregation as well as the regions in which

these factors are prevalent.



MCSLLP 27 CLAIMS: 1. A method of identifying one or more regions in the amino acid sequence of a
protein which are predicted to promote aggregation, the method comprising: deteimining, for
amino acid Ppasiivag¢pelong said sequence, a local propensity for aggregdtoFGBR08%/858e08 amino
acid position, said local propensity for aggregation being determined by a combination of a
hydrophobicity value, an a-helix propensity value, a B-sheet propensity value, a charge value and a

pattern value for said amino acid position; charaeterised in that said protein is a structured or
partially stru ur d r?t%lln a % 1iré, oxté CE&he e%g 19 furtt‘ﬁar comprises, ﬂ . ifjeet:resrm|nkngjlﬂt;oal structural
stability value 531‘ MiNG Aci posItions, a said Jocal's ruc?uraﬁ value comprising a

measure of imiadlstbudttlral thtabilibnad@isaiok ammmﬂmﬁmﬂbedmhsdmmtpmpensny of said
structured or 1[3art|al struct%ir{a roteln at as ?ldﬂa(grs%ns ) § glpqﬁgla%n 1tomrem in Qh% 1;0|1£111 15 éate and
combining s&ig detérinined iocal ﬁ)?gs i8S 10r ég gregation at sai 0 acd osﬁ)ons and said
local structusabﬁtabﬁltnewuaszqtmmdi-dmmrm(ﬁmd positions to identify one or more regions in said
amino acid sequence of said structured or partially structured protein predicted to promote
aggregation. 2. A method as claimed in claim 1 comprising determining an intrinsic aggregation
propensity profile Zir from said local propensities for aggregation at said amino acid positions and
wherein said combining comprises modifying said determined local propensities for aggregation at
said amino acid positions using said local structural stability values at said amino acid positions to
determine a modified aggregation propensity profile ZiPs. 3. A method as claimed in claim 2 further
comprising selecting, for said identifying, only regions of said aggregation propensity profile es having
greater than a threshold local propensity for aggregation.



MCSLLP 28 4. A method as claimed in claim 2 or 3 wherein said modifying of said determined local
propensities for aggregation at said amino acid positions comprises modulating said determined local
propensities for aggregation at said amino acid positions by logarithm P1 where Pi comprises a
structural protection factor for the amino acid at position i in said sequence. 5. A methi@$asklaimed in
any one of claims 1 to 4 wherein each said local structural stability value at a said amino acid position
is determined from said amino acid sequence of said protein. 6. A method as claimed in any
preceding claima¥hesein a said local structural stability value at a said amino acid position includes a
charge gatekeeping value dependent on a total local charge within a window to either side of said
amino acid position. 7. A method of identifying one or more regions in the amino acid sequence of a
protein which are predieteddo promofyinggregationrsvisaieis thehsrotahe iecl saanauredicr partially

structured protein, the method CoMBISING:, CISRININGI0he AR AResions. | along said
sequence, al/&fie 6¥p,agg, ere’pigg represents an mtrinsic aggregation propensity of an amino acid
at position i and comixpeises:a fifiotioniofPimd® soRhyd it drsdishs i g i apeh i ok St pectively,
an a-helix propensiiae, A Eshesh HIgRenail yBUEoR WA ARAPRIGIRGYRIE, apaaweharae value for
an amino acid "t s& position i along said sequence; determining, for a plurality of positions, i, along
said sequente;jra dataeroh &t byherentfiisdeterfiidedhphe kigyvayewn a-aelk RIRIEMESWI where |
denotes a flrgg u%[na S p'Po%%%!&3}392%1'&'8rhsc%i{fge%g@%@a%ﬁ%mﬁ&%r said amino acid
position;
characterised in that said protein is a structured or partially structured protein
and in that the method further comprises
determining local structural stability values for said amino acid positions, a said
local structural stability value comprising a measure of local structural stability at a said
amino position and a measure of propensity of said structured or partially structured
protein at a said amino acid position to remain in a folded state; and
combining said determined local propensities for aggregation at said amino acid
positions and said local structural stability values at said amino acid positions to identify

one or more regions in said amino acid sequence of said structured or partially

structured protein predicted to promote aggregation.

2. A method as claimed in claim 1 comprising determining an intrinsic aggregation
propensity profile Z" from said local propensities for aggregation at said amino acid
positions and wherein said combining comprises modifying said determined local
propensities for aggregation at said amino acid positions using said local structural
stability values at said amino acid positions to determine a modified aggregation

propensity profile zZ"s.

3. A method as claimed in claim 2 further comprising selecting, for said
identifying, only regions of said aggregation propensity profile 7" having greater than

a threshold local propensity for aggregation.



MCSLLP 29 representing a charge flanking or inside a said pattern, and wherein ai, aga, and agk are

scaling factors; and
for said plurality of pos

. Qetermining an aggregation propensity profile for said protein from values of Al
itions i along said sequence, said aggregation propensity pltifd.tBmprising

data identifying a variation of relative aggregation propensity with position along said sequence,

wherein said determini

ng of said aggregation properisity profile comprises determining from each

value of Al a v_alue of ZS for said positions i where Zfs is determined by multiplying a value dependent
on A, by logarithm TA a:t@dvsereiaRdiriciBrareoséanhgreitoid Bndlibyisgmprrdddgnittdral

protection factor for
structure of sa&f’cf%f)r%{%e%

sitlon.b gpid strustralprateciondaciar esine:HeRansent enadagrge to which a

n at position T Is protected, in its folded state, from aggregation. 8. A method as

claimed in claiwi7dstesrsindhicabipteneinings SPEARERSARHIS PRI IPTEHIN BFEEROGERR N ing a value for
Echargewherecharge dengies »SeGona sl Qe AMEISRG WVIRAeWRWIRE AW Ko acid at

position i

n said sequence.

3. A method as claimed in any one of claims 1 to 4 wherein each said local

structural

stability value at a said amino acid position is determined from said amino

acid sequence of said protein.

6. A method as claimed in any preceding claim wherein a said local structural

stability v

alue at a said amino acid position includes a charge gatekecping value

dependent on a total local charge within a window to either side of said amino acid

position.

7. A

method of identifying one or more regions in the amino acid sequence of a

protein which are predicted to promote aggregation, wherein the protein is a structured

or partially structured protein, the method comprising:

determining, for a plurality of positions, 7, along said sequence, a value of p,***,

where p;"%¢ represents an intrinsic aggregation propensity of an amino acid at position i

and comprises a function of ps, Ps, Pavd and p. and py, ps, Prya and p, are, respectively, an

a-helix propensity value, a B-sheet propensity value, a hydrophobicity value, and a

charge value for an amino acid at a said position / along said sequence;

determining, for a plurality of positions, #, along said sequence, a value of A7,

where 47

: ; agg pai gk
is determined from o, Z P o, T oy

windowl

where Z denotes a first sum over amino acid positions in a first window to either

winrdowl

side of po

sition 7, 17" is a pattern value representing a pattern of one or both of

I

hydrophilic and hydrophobic amino acids at position i, I# is a charge value



positions in a second window to either side of position i, said sum comprising a sum of charges at said
amino acid positions in said second window. 9. A method as claimed in claim 7 or 8 wherein said
value dependent on 241 comprises a value for Zir for said positions i, where ZI repre ({]ﬁi'}
normalized intrinsic aggregation propensity for position i. 10. A method of determininﬁée ggregation
propensity of a structured or partially structured protein, the method comprising using the method of
any preceding claim to identify one or more regions in the amino acid sequence of a said structured or
partially MCSptdReatistruchmed frofcimewhictyides: préditée o prometecagyragatidd, andthen
summing eitheria%rgtregatipn %ropensity data determined from said local propensity for aggregation or
values of AiP &t %Iési’dagumming comprises summing over substantially only said identified
regions. 11. A metdetofiniaking spsiemtivedmppastialyaitadursddpotsia BawngBivamifo acid
sequence, the method comprising.using the melhied.ofany. oe oleleinisy 9.8 10967 ivssaid one or
more region inthe Bminoad sequence ot g protein which are predicted to promote aggregation,
using said identifieidinndas ider fisgionyao dtentif el golypeptiors Sey DEmeasikith e aricylarly
suitable for mf;mufacét&lrg %rgdcrg]aking said identified sequence. 12. A method of determining the
toxicity data forg &adtred or’partially structured protein, the method comprising using the method of
any one of claims Ivtbe9ein iddhtifysaithoneodsaid AEFEGISHEL ARSI GERICSBUEREe of a protein
which, are predicted to promote a&gbe%gyon and ther}.L?s}mg%lsaid idgnt(ified r ig]%sg_@sqgtermine said
S

toxicity data A STAREHETLFIGR a/%ﬂprL?gV élfﬁgt ifia SO Re or partially stitictured protein,

said drug tar@&gﬁgmg&igng@ lg,ﬁ{§9ggggeq{€%@r§{éﬂpg@@jq,§equence of said protein, the method
comprising using the method of any one of claims | to 9 to identify said one or more regions in the

amino acid sequence of a protein which are predicted to promote aggregation, and then using said
identified regions to identify a said target poytion O}‘Osai’gt%%n}g acid sequence for targeting by a drug.
14. A method of identifying a drug which int mzctsaﬁﬁé\we%e n, the method comprising using the
method of claim 13 to identify a drug target in said prof&in, and then identifying a drug which interacts
with said tar%}e?g géoarr]u? gfg{% s?crgflrrll?g gc':gc;%se g jg’?gc')mprises a structural protection factor for

position i, said structural protection factor being dependent on a degree to which a

structure of said protein at position i is protected, in its folded state, {rom aggregation.

8. A method as claimed in claim 7 wherein said determining of said charge value

1% comprises determining a value for

Z charge where Z charge denotes a second sum over amino acid

windew?2 window?

positions in a second window to cither side of position i, said sum comprising a surn of

charges at said amino acid positions in said second window.

9. A method as claimed in claim 7 or 8§ wherein said value dependent on A,

. . o . P N ) .
comprises a vatue for Z for said positions i, where Z; represents a normalized

intrinsic aggregation propensity for position 7.

0. A method of determining the aggregation propensity of a structured or partially
structured protein, the method comprising using the method of any preceding claim to

identify one or more regions in the amino acid sequence of a said structured or partially



15. A method as claimed in claim 14 wherein said identifying comprises screening candidate drugs
against said drug target. MCSLLP 31 16. A carrier carrying computer program code to, when running,
implement the method of any preceding claim. 17. Apparatus for identifying one or m(?rﬁﬁ:gions in the
amino acid sequence of a structured or partially structured protein which are predicted to promote
aggregation, the apparatus comprising: an input gevice for receiving an input comprising an amino
acid sequence for said protein;  a data store storing hydrophobicity data, a-helix propensity data,
B-sheet propensityddtpraiihchbideadaraedisted to ArepRiSRBESPSIR. WhicHSE SoUpIEEEESTd store
data and which ASGERIS RUL I EACIRHL Aese Fdompp SIS Obsacnfgured t
determine, for &mino acid positions (1) along said sequence, a local propensity for aggregation (Al) at
a said amino edid:pokitiornybeiditoual sropersty FODEGYT SGRIH HEITs TRERRHIREY BBa¥mbination of
a hydrophobicf&té/n%@%% an géhelix propensity value, a B-sheet propensity value, a charge value and a

CEIO . .. . - . .
pattern value Tor sai ino acid position; determine local structural stability values for said amino

acid positions, a said local structural stability value comprising a measure of local structural stability at

a sald amino ppsiton g3 ETSHER 1 RIOREDSIYR LSRG ATHFIERLeLRACIRI SiGiuEad Rrolein at a

said amino acid position to remain in & folded state; and combine said determined local gropensities
for aggregationidssaidramite avithpdstions 4ng wine Ibeansthosiafarstasmsf vhinRs hisdily amino acid

positions 1o ‘%'gé‘ﬁ@‘ R MOre IeiAnSs R Said ARkt Seguanee,phsridsirveheestor partially
structured protein predicted to promote aggregation. . . , )
predicted to promote aggregation, using said identified one or more regions to identify a

polypeptide sequence which is particularly suitable for manufacture and making said

identified sequence.

12. A method of determining the toxicity data for a structured or partially structured
protein, the method comprising using the method of any one of claims 1 to 9 to identify
said one or more regions in the amino acid sequence of a protein which, are predicted

to promote aggregation, and then using said identified regions to determine said toxicity

data.

13, A method of identifying a drug target in a structured or partially structured
protein, said drug target comprising a target portion of an amino acid sequence of said
protein, the method comprising using the method of any one of claims 1 to 9 to identify
said one or more regions in the amino acid sequence of a protein which are predicted to
promote aggregation, and then using said identified regions to identify a said target

portion of said amino acid sequence for targeting by a drug.

14. A method of identifying a drug which interacts with a protein, the method
comprising using the method of claim 13 to identify a drug target in said protein, and

then identifying a drug which interacts with said target portion of said amino acid

sequence.

15. A method as claimed in claim 14 wherein said identifying comprises screening

candidate drugs against said drug target.



18. A method as claimed in any one of claims 1 to 15, wherein the method is computerised, the
method further comprising outputting the results of at least one of the steps to at least one of a display
and a memory.

MCSLLP
31
l6. A carrier carrying computer program code to, when running, implement the
method of any preceding claim.
17. Apparatus for identifying one or more regions in the amino acid sequence of a

structured or partially structured protein which are predicted to promote aggregation, the
apparatus comprising:

an input device for receiving an input comprising an amino acid sequence for
said protein;

a data store storing hydrophobicity data, a-helix propensity data, B-sheet
propensity data and charge data; and

a computer system which is coupled to said store data and which accepts mput
from said input device; said computer system being configured to

determine, for amino acid positions (7} along satd sequence, a local propensity
for aggregation (4;) at a said amino acid position, said local propensity for aggregation
being determined by a combination of a hydrophobicity value, an a-helix propensity
value, a B-sheet propensity value, a charge value and a pattern value for said amino acid
position;

determine local structural stability values for said amino acid positions, a said
local stroctural stability value comprising a measure of local structural stability at a said
amino position and a measure of propensity of said structured or partially structured
protein at a said amino acid position to remain i a folded state; and

combine said determined local propensities for aggregation at said amino acid
positions and said local structural stability values at said amino acid positions to identify
one or more regions in said amino acid sequence of said structured or partially

structured protein predicted to promote aggregation.

I8. A method as claimed in any one of claims [ fo 15, wherein the method is
computerised, the method further comprising outputting the results of at least one of the

steps to at least one of a display and a memory.
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