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Amyotrophic lateral sclerosis (ALS) is an incurable lethal disease that affects motor
neurons and its heterogeneity is reflected in various mutations among the sporadic ALS
(SALS) and familial ALS (fALS) disease types. Superoxide dismttaE&eOD1), as a

cell guardian, is an essential protein needed for the antioxidative céltutegostasis but

is many times a silent traitor in both types of ALS. The exact mechanisms by which SOD1
mutations contribute to ALS are still not fully understood, but structokadstigations

have interestingly revealed that the proteiamodimer. It is suggested that the most
severe mutations disrupt the dimer interface, causing dissociation, misfolding, and protein
aggregation, which are the main sources of toxicity. Adiddily, the aggregation
SURFHVVHV WULJJHU PDQ\ RWKHU PHFKDQLVPV DQC

structural damage and aggregation pathways remains a puzzle.

In this thesisin silico docking studies are done to design multifunctional ligands, whose
biphenyl core structures mitigate the aggregation of a severe dimer interface mutant. A
modular synthetic approachdsvelopedand different ligands are synthesized to anchor

the proteindimer while preventing protein dissociation. Protégand interactions,
affinity, and their behaviour are then investigated méroscale thermophoresis,
isothermal calorimetry, and aggregation assays. It is shown that synthesized ligands with
aromaticsubstituents have a higher binding affinity toward the protein, and that they
could reduce the aggregation of the SOD1 mutant. Additionally, the principl¢hthat
ligands can mediate a transfer of a fluorescent dye onto a target amino acid shows their
multifunctionality. The design of affinitpased fluorogenic probes is envisaged as an
extended approach and should assist to understand the mechanisms leading-to SOD1
related ALS.
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Communicationbetween nerve cells ithe human brairand musclenerves isa crucial

step needed foroluntarymuscle movement®espitethe high number of neurons and
their continuousmpressiveperformanceand signalling in the brajrdamageof motor
neurons can be fatal very quickljhese fatalities are seen in many neurodegenerative
diseases, and among thethme deterioration and loss of upper and lower motor neurons
is still themain characteristic of @yotrophic lateral sclerosis (A)$-2 When the motor
neurons stop sendiragsignal,the musclesareweakerd which leads tgaralysis And,
when the skeletal muscles tbfe diaphragm are affectethe outcome becomes mortal
very fast.Now, there are only two approved drugs for the treatment of Abh8while

the causeemainsunknown, here is no cure fahis diseasdt wasinitially thought that
ALS isanonly sporadic diseageALS), however, it ishown that some people inherited
the disease from their parentso known as familial ALS (fALS®! The research
identified different processes in the neurons by studying the modified genes from those
patientsthat might cause the disease. It is not cleackvprocesses are the result of the
disease and which could be causinghiso, different epidemiology and heterogeneity
involveddo not go hand in hand wiflast revelation in curing the diseag&sdowever,
since hat time, many breakthroughs in different areas of scieace alsa@ontributedto

the knowledge othe ALS disease

The most impacon ALS developmentvasthe discovery of the first gengod] related

to this pathogenic disease. Since then, more than 50 years ago, dijienestvere
discovered® However, researchasshown that SOD1 is still the second most present
protein involved in many processes related to the ALS as well as other neurodegenerative
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diseases. Moreover, uptumow, there are no treatments for SOBLS related disease.
With theresolutionof the crystal structure of the SOD1 protein, resedrasfocused on
the structural investigation of the protein and its mutatibasoccur in fALS and sALS
patients. Muiple mechanisms were indicated irttee toxicity of the SOD1, and as
protein involved in antioxidative regulation, initialljt was assumed that the main
problem isafunctional loss of the protein. However, now it is generally accepted that the
main @thogenicity of the SODMnutantproteirsis rather caugag toxic gain of function,
either in single or dependenprocesses maturation, misfolding, stability and
aggregatior! Lack of gability has been discussed aseason forSOD1 malfunction,
and sdfar, groups proposed that is possible to stabilize the protein its&fur approach
toward potential therapeutitly interesting targetis presented in the following chapters
firstly, throughanin silico design approach to structurally understand the SOD&iprot
and to identify potential sites for protein stabilization by smmallecule binding
secondlythrougha synthesiof potential lead structures and lead structure librasied
thirdly through testing obynthesized ligandfor their affinity to the proteinand their
ability to stabilizethe protein structur@and slow downALS relevant toxic protein

aggregation.
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2.1.1Disease patterns and epidemiglog

In the early 19" century neurologist JeanMartin Charcot reported to his medical
colleaguesafter reassuring his patient @fcovery,3«ZH FDQ DQG PXVW VSHD
ourselves in total frankness. The progndsigeplorable; alas, he is a lost s@ud” This
followed from theirearlier studies in which life of other ALS patients fromfirst
indicationsuntil the end was not more than three years. Furtherntioeg, found that
lesions in different pastof the spinal cord, lateral and frontal horn, have distinct
manifestation chronic progressive paralysis, musctstractures and spasticiyithout
atrophy whereasin the latter one paralysis with muscle atrofhyUntil today,
fundamental descriptian theclinical pictureof theamyotrophic lateral sclerosis (ALS)
alsoknown as Charcot, Lot H K U bidifidtor neuron disease (MNDid not change
much!"®IBl However crucial patternsand characteristiosvolvedthroughout the years,

like weakness, muscle wasting, fasciculationgakness in angjravity muscleor
spasticity which could be attributed to the upper motor neufdis/en though that only
approximately 27-28% of disease onsetshow bulbar symptoms which combine
difficulty of speaking and swallowing (dysarthria and dysphagia), WsB80% is
usually manifested ithe limb-onset and theremaining8-23% isa combined onsethe

effect on bulbar functions usually have more detrimertahsequences’ %
Additionally, patients with bulbar onset are usually diagnosed earlier than the. others
However because of nonspéic early symptomsdelay iInALS diagnosisstill ranges

3
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from 9 to 24 month8% Usual disease onset is between 51 and 66 years, and only 10% of
diagnosd patients live 10 years or longer, whilee majority has only 24 50 months to
live after diagnosi&® A yearly incidence of 0.6 to 3.8 per 100 000 individuals worldwide
is reported however onlyin Europe the initial range rate is two times high&ven
though the incidence and prevalence narslvary significantly between the continents
and counties mostly becausdhereare not enouglreal population studiesutside of
Europe,the numberof diagnosed patients is increasirand risks emergealso from
different environmental factorshat are still poorly understodt:®!! ALS diseasds
divided into two major groups, sporadi&sLS (sALS) that covers 90% of athe cases,
and familial ALS (fALS) with 10% of all cases. Wile sALS occurs with no familial
history, in fALSat least one additional faljy memberhas inherited disease eitheran
autosomal dominant or recessive marth&i!! So far,clinically it is not possible to
distinguishbetween these two typdsowever advanced research in molecular genetics,
ensure a better understandingf familial ALS, which on its ownprovides also a little
more insight intocaseswith sALS4 Today, withmore than 50 genes classified as
potentially causative40-55% of all fALS casesare attributed tofour genes and their
pathogen variantsodl, c9orf72, fusandtardbp!*?14 Additionally, as shown irFigure

2.1, metaanalysis among diverse studies shows that in European popuahbiiost 346

of fALS cases are linked wBorf72gene 3-4% to fus andtardbp respectivelyand 15%

to sodl while the res is still unknown. However, thenumbersfor the two most
represented genes linked to fALS are qdiféerent forthe Asian population30% are
attributed tothe sod1geneg andonly 2.3% to thee9orf72genel*l The aatomy of SALS
remains unknown, as only 118anbe attributed to the most common genes classified in

fALS. Thereforethedifferenceacross populations negligible!*2

Up to date research wasnductedoward understanding and correlation of genetic risks
for SALS, yet a huge part remains undiscovered, beside complexity distese itself,
lack in more advanced technologies and some environmental factors also play a role that

is not easily correlateldf15!
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Figure 2.1 Distribution of fALS with most common gendic variation in European (left)
and Asian (ight) population. Adapted from 2, Copyright © 2019with permission from
Mejzini, Flynn, Pitout, Fletcher, Wilton and Akkari.

2.1.2Pathophysiology and neunsechanisms

The @mplexity of all pathophysiologicamechanisms, geneticnfilingsand symptoms
related tathe ALS disease ivast even sq thatis preferably namedjeurodegenerative
syndrome, rather thatiseasé'®! Generally, g@neticmutationsareassociateéhto mostly
three pathophysiological process disturbance in RNA mechanism, protein
degradation pathwaymdimpairedaxonalfunction andranspori!?7lyet, these are just
part of the mechanisms proposed to influence Al&wv exactlythey are correlated, and
what is more causative, remaias unsolved puzzleHere somemechanismsare
described, and shown iRigure 2.2.81 A gain of toxic RNA speciesintracellular
aggregateand nuclear transport defastusually caused by mutatioasd depletionsf
c9orf72, tardb@ndfus genes, which alter transcriptioandtranslationprocesseg213:16l
Williamson and Clevelantf! showed a&onalimpairedfunctionof SOD1 mutants, early,
beforethe onset ofsymptoms Now it is known thaaccumulation of neurofilamesitas
well as loss or gain of function in glial cellisruptcytoskeletal architectur@ndimpair
axonalfunction271 Mutations inSOD1and other gendsave interference with protein
degradation pathwaysand destruction of proteostasis, mostliye to aggregate
accumulation and disruption of the protein clearance mechaHista¥! The processes
related toSOD1 will be discussed further in Sectidr2. Glutamateexcitotoxicity is a
pathological response ontitie impaired functionof EEAT2 receptor and reduced
clearanceof glutamate fronthe synaptic cleft, whicHeads toan increasd damage of
AMPA and NMDA glutamate receptors and indsmeurodegeneration througn

increased flow ofC&*1*2!8 This processtriggers mitochondrial gsfunction and
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oxidative stress, btheaccumulation of Cd in mitochondriawhichresults ingenerating
neuronal toxic hydroxyl and free radicals yet the effecs of SOD1 mutants on
mitochondrial gsfunction seem to result from misfolded prossiather than impaired
enzymatic activity*®2% Other mechanismsuch as oligodendrocytelysfunctionand
neuroinflammationhave also been implicated in ALS pathophysiology, contributing
axonal impairment, and neuronal loss bycmoglia and astrocytes inflammatory

responsgt?17:18.21]

Figure 2.2 Some pathophysiological mechanisms involved #imyotrophic Lateral
Sclerosis neurodegenerationAdapted from™8, Copyright © 2016, Springer Nature

2.1.3Therapeutic approachasdALS treatments

Currently, there are only two drsigvhich are approved astreatment for ALSandonly
Riluzole?? reachedhe market worldwid¢seeScheme2.1). It was approved in 1995 as
a first drug for ALS and in the first trial, showed improvementf limb function in
comparison withthe placebo grouphowever it only prolongs patients survivabout
three month&?222%IRjluzole influencesglutamate excitotoxicity pathway Nowadays
thetheory ofblockingmechanismontheglutamateeceptog?¥ is not accepted anymore,



2.1 Amyotrophic Lateral Sclerosis

yet it is proposed thaheeffect is mostly obtained bstimulating glutamate ugke from
the synaps&®2% Edararond?”, is a drug which has beempproved as a free radical
scavengeand antioxidative agef 2017 for the US and Japan markét® One of the
reasonswhy the drug still dichot reach EU markeas due tathefailure in afirst clinical
phase 3rial. Two additional triad rowed impactin treatedpatients compared to the
placebo controHowever thetrials werecompletednly on Japanegmpulation which,
epidemiologeally, differs from European countri€d! In the 25 yeardrom first drug
approval more thasixty compounds have been reseaathand mostly testedr antt
inflammatory, antioxidative or neuroprotective treatment, howeydre mostcommon
failure of efficiency was in human clinical trials, which is another indicatanthe
complexity of the disease and fitsterogeneity?® Masitinibis potentially next in lin¢o
be approved aa drug for ALS treatment It is known asa selective tyrosine kinase
inhibitor, and in preclinical studies showedn impact on neuroinflammation
mechanisms, as well as prolonged survival in mutstedmice, evenif delivered after
the disease ons&®! The secoml largerphase 3 clinical trialor Masitinib was approved

andstartedthis year (2020) with an estimated duration of two y&ars.

Scheme2.1 Drugs approved for treatmentin ALS, Riluzole (left), Edaravone ¢entrg and
drug in phase 3 of clinical trials Masitinib (right).

New approabes for ALS treatmentevolved particularly in RNA thergeutics, with
antisense oligonucleotidiugs,in whichthe firstdrug forthetreatment of ALS is already
in clinical trials with estimated primary results in summer 262%% So far, there are still
many pathophysiological mechanisms unexplored in ternmseatments of ALS, and
because of thdweterogeneity and complexitywvolved it might be requiredto act

simultaneously on different mechanisand pathway$o achieve notable results.
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2.2.1Structure andunction

In the late 1960s McCord and Fridoviatliscovered the enzymesuperoxidedismutase
The main breakthrough walse attribution of the function tothe ubiquitousblue-green
copperprotein(erythrocuprein)which, until that time wasassumed to benly acopper
storage without angnzynatic function®%32 By studying the reduction alytochrome ¢
with theenzymexanthine oxidase (XD they confirmed thanhibition of the reaction is
notoccurringvia thebindingsite ofXO as originally thoughtrathera superoxideadical
is the product ofthe xanthine oxidase and inhibition occurs a competingreaction
between th&OD enzymeandcytochrome &3 They concluded thaheenzyme SOD
catalyse the dismutation of superoxide to hydrogen peroxide amxiygent!
Furthermorethe catalytic cyclein which SOD catalysethe disproportionatiorof two
superoxidenolecules ZDV ODWHU -BRQO HPG F &I p 435

Scheme2.2 Disproportionation of superoxideanion in SODL catalysed mechanism

Theimportanceof the SOD enzyme wasecognised very quickly asdbuld not be found
in anaerobic organisms, yat almost all biologicalaerobicorganisms to serve asa
bodyguardrom reactive oxygen speci¢ROS of the oxygen metabolist® £7-371With

a 10* higher rate than spontaneous dismutatitime SOD1 catalysed reaction is also
regarded as diffusienontrolled(2 x 1¢ M1s1).B8SOD enzymsare dvided in different
families according to their metals in the activessite humansthere are three different
forms of SOD SOD2(Mn-SOD)is localised inthe mitochondria and contains Mn as a
cofactorin theactive site TheCu and Zrfamily is subdiviaged intwo forms EC-SOD is
foundin theextracellularspaceandthe Cu,ZnSOD1 protein idocated intracellulae.g.
the cytoplasm and nucled®:*°4% Today, SOD1 is known as a ¥Da homodimec
protein which consist of 153 amino acids per monomerom theeaty crystallographic
structure®f the bovinelater humarsOD1it wasfoundthat each monomer urgontains

an eightstrandedanti-parallel R-barrel forming the hydrophobic cor&*4! (seeFigure
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2.3) In the active centre cdach monomercopper and zinc coordinatirgitesarelinked
by His63in theoxidized Cu(ll) stag, Figure2.3 (bottom) They arebalancecamong two
loops which are both contributing to the active sitiee electrostatic loop/Il (amino
acids 122143) shown in orangeed andthe zinc looplV (amino acids 4$4) in blue
Furthermore, the zinlbop has also a structural roby which thel3-barrel sheeis
stabilizedvia a (Cys5#Cys146) disulphide bonghown in yellow,Figure2.3 (top). In
the catalytic procesdoth loops areénvolved by forming the active site and enhaimg

theinteraction with a substratéa electrostatic forces.

The mechanisnof the reactionstarts by water displacemeat copper(ll) when the
superoxide enters the cavigndbindsto acopper,stabilized byArg143 Copper(ll) is
thenreduced to copper (Iandoxygen isreleasedsimultaneouslyConsequentlyHis63
is protonatedand binds teB second superoxidehich also forms hydrogen bosdo
Arg143, due tobond rearrangements aagrotontransferfrom the water in the active

site, copper (l)s oxidisedand hydrogen peroxide is releas8dheme.3.[42:43.43]

Scheme2.3 SOD1 mechanism cycle in the active site, taken fraH?!
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Figure 2.3 Human SOD1 homodimer andits active site top and bottom.Zinc and loop 1V
(blue), Cu and electrostatic loop VIl (orange), disulphide bridge between strand 8 of thg-
barrel and loop IV (yellow). PDBcode2VOA, modelvisualizedvia UCSF Chimera*4l,

The fully metallated SOD1 protein with an intact inrtreolecular disulphide bond is a
very stable homodimer with melting temperatureanging from 77C up to 100°C,

which is alsdikely to bebuffer influenced3*45:46]
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2.2 Superoxide Dismutasg (SOD1)
2.2.250D1 infamilial ALS

A new eran ALS diseaseesearctbegan almost 30 years ago wikte discoveryof the
21g22.1 chromosomal locus of thed1gene 11 mutationdn the primarysodlsequence
were associatedith familial ALS.®) Now 187mutationsin sodlare known to béinked
to ALS disease, as last accessed from the ALSoD database (Octobef2eR@yever,
it is not confirmed if allof them arealso pathogenicMany groupsshowedthat the
mutatiors influencestructural integrity othe -barrel,thedimer interface antheloops
leading to an overatlestabilizatiorof the protein structurdaterknown as¥ramework
GHVWDELENDWLRQ"

Uniform argumentsvere observed throughouhe years frommany experiments that
mutations indeedhfluencethe unfolding propertiescausingdimer destabilisatiorand
the formation osoluble and insoluble oligom®rAggregédon was also correlated the
lack of theintramolecular disulphide bridge aodcofactors in the active sit:50.5153.5]
Interestingly the most common mutations Ala4Val (A4V) and Ile113TI1A3T) are
located at the dimer interfacdhe survival of patients with A4V or [113850D1
mutationsis very short with 1.2 to 4.3 yeasdter onset. Other mutations such as H46R
go along with a survival rate of 17.6 years in averj&urthermore)113T can also
appear as sporadic phenotype and can have a different onset ahtlityamdnere more
than 90% people that carry the mutatiail havedevelogdthediseaseafter the age of
seventy Characteristicamongthe mutations throughouhe protein aredifferent even
among those in the same regi@n the otheihand,similaritiesare showramong the
mutationsat particular sitesuchasthedimer interfacethemetal region,W K-barrel and
theloops They allinterferewith the structual integrity,andthe protein isot possible to
mature into the wildtype struatire. Although, many destabilisation processare
involved in structural perturbatiomcludingremoval of hydrogen bonding, salt bridges
or disturbance of hydrophobic interactignspulsive steric clashes induced by mutations
are shown among all of themndit result in varying but relatively short survival tisye

as shown irFigure2.4.5°

11
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Figure 2.4 ALS mutants at different SOD1 dimersites Taken from®® Copyright © The
Author(s) 2019

Houghet al. showed differences ithe conformation between wildtype and A4V and
1113T, respectivelywhere the opening of the dimer interface is observed for both mutants
and even more pronounced in the latter one, where the observed conforofdtien
dimer is elongated Their conformationdifference dictatesghe orientation of the
monomers$>t! Both mutationshaveaninfluence on the hydrogen bobetween lle151
Gly114;, however variation in hydrogetbond distance is more observed tihe A4V
mutation. Another importamffect ofl113T was that the influence on the nearby residues
was minimal,yet the major perturbance was obsende to theloss of hydrophobic
contactat dimer interfacebetweenthe carbon atoms ofle113 and Ala4®Y Different
findings and crystal structures of the mutawitshe zinc-loop dimer interface can have
significantimpact on the destabilization of the dimeand the -barrel structurethus
trigger aggregatioprocessedA similarity to dimer interface mutanegdtheimportance

of preserving hydrophobic interactionan be observed in Leu38Val mutatianwhich

the side chaims usuallyinserted intahe hydrophobic cor@and has stabilisingvan-der
Waals interaction wih Valll4 and nearby residues at thdéurn. However those
interactions are disrupted in the mutapedtein®®! Cardosoet al. observed the same
effectwith the A4V mutation, which res@tlin a movement of the subunitbus caused
structural openingn the otheside of the -barrelatLeu106 Depending on the mutation,
interactionswill be reduced or clashes and repulsion inside-berrelwill interfere with
thestructuralintegrity and initiate aggregatidt!! Generally, findingsndicatethat ALS

12
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correlated mutations are mdileely to occurin thefunctional partssuch as thenterface,

the metal bindingthe -barrel root andhe disulphide region as part tfie zinc loop,
while more solvenexposed ath not protected regionare less likely to be mutaté&!
This indicatedthat SOD1 involvement in ALS is not only through reduced activity and
loss of furction but ratheto many correlated processes that could heagain of toxic
function. This all correlats well to the earlier findingfrom thecomplete knoclout of
SOD1 in mice that did not show any sympsoofi ALS.585° Moreover, it was already
shown by Bruijinet al.that formation of aggregates in G85R milnereass the progress

of the diseas€? All this led tothe conclusion that SOD1 toxicity probably results from

gain of furction resultingin misfolded, oligomerised and aggregated species of SOD1.

Therefore, SOD1 related ALScorrelateswith aggregationas a hallmark of many

neurodegenerative diseases

2.2.3ALS and SOD aggregation

To expand and understatite underlying mechanismsf the aggregation observed and
implicated in SOD%elated disease, many celndin vitro models were developed.
Rakhit et al. reported pronouned aggregationof the zinc-deficient wildtype as a
consequence of oxidation, while in the other mutants the effect was much less
pronouncedLight scattering ofthe metal deficient wildtype at 350nm showedthe
formation of big aggregatesven with the copper present in the active Sf8.
Furthermorethelack of oxidants still showeasmall amount of aggretian inthezinc-
depleted control, indicatinthe importance of metal ithe aggregation procesMany
aggregates confirmed in correlation with SGBPUS resembledan amyloid fibril
structureas knownfrom other neurodegenerative diseaé&s!-®!! Interestingly,rather
amorphous than amyloiike aggregates have been observedthe spinal cord
resembling unfolded and monomeric structures SOD16? This is also an indation
that formation of aggregates SOD1 not necessarily k& be typically fibrillar asit is
PRVWO\ RE \‘gyruideinGr atRethggregation prone proteins. Theustures might
highly differ depending othemutations and procesdegwhichthey occur.lt was shown
that mutations within different protein sites have generally different influencthen
overall structuré®® Additionally, thelack of metalsiffects aggregation of the SOD1 and
theformation ofsoluble oligomersThe gotein structuref theapo form is perturbed and

much more flexiblewith the buried Cys6 and Cys111 more likely to be exposed and

13
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oxidized to form soluble oligomers, either by disulphide bendr noncovalent
interactions between thesheets®*¢55 Furthermore, similarities between aggregates
observedin vitro versusin vivo were confirmed in which they share similar fibrillar
feaures®® Yet, the aggregateseterogeneityand initiation of fibril formation werealso
shown inselfassembling peptidgsarticularlythe segmentsfahe -strand 8 (144153),
andthe loop VI (101107), in which the hydrophobic sidehains induce a zippering
effect!®”] This also suggesthat thesolvent exposure ahe dimer interface can hawe
significant effect onthe aggregationof the SOD1 protein Even more if the internal
disulphide bond is brokerilexibility is inducedin the loop, and the dimer contaeire

loosenedwhich can easily triggeaggregation, ashown for thepeptide segments.

Unfolded monomeric SODdas also shown timfluencetheaggregatiomained byeither
oxidative response or dimdissociation by whichcellular toxicity due to formation of
solublelow molecular aggregategasconfirmed!#®51:5268\ onomerformationcan result
in monomer association with a dimeric ndisulphide bonded SOD1to first form

trimers, andater highertoxic oligomeric specie$?7

Different mechanisms and pathwaly which the mature protesrmggregatdave been
described, which occ@ither dependent or independent of each ofkeshown irFigure

25 those aggregation processean be roughly divided ito three pathways.
Demetallaibn and reduction of the internal disulphide bond effectstadility of the
proteinby leadng to solventexposure of altysteineresiduesand henceto oligomer
assembyl. Additionally, the induced structural perturbation align -barrel sheets ian
ideal position forfibrillation and aggregationFurthermore they all affect the dimer
interface, which leads to destabilization of the intact dimentuced disulphide bosd
induce flexibility into tke zinc subloop at the dimer interface causing clashes, while
demetallationinitiates barrel perturbationand hence, dissociaibn into monomes.
Dissociation of the folded wiltlype, on the other hands very unlikely on its own, as the
binding dissociabn constant is very lovin arange of 1§ to 10 M.["%72 However,
mutationson the dimer interfacenfluence dissociation and destabilization of the dimer,
subsequently causing aggregatiGri®! Furthermore, demetalted wildtype and mutant
SOD1 proteirhaveaneven highepropensityto dissociaté’*!

14
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Figure 2.5 Discussed ggregation pathwaysof SOD1 protein(from left to right: disulphide
(Cys5*Cysl146)bond reduction, demetallation anddestablization of the dime).

2.2.4Insight into current SOD1 therapeutic appraegh

In the last fifty yearsof SODZALS related esearchmany structurabnd functional
properties have beemevealedand knowledge was gained. With the first approved drug
for the treatment of ALSherapeutic approachasd investigationen SOD1 were also
directedtowardthat areaconsidering all structural and functional properties as well as
the ubiquity d the protein in many ALSelated mechanism¥.et, until now there is no
drug or therapeutic approvad correlation withthe SOD1 protein.On the other hand,
several approachdsave beerdeveloped toaddresscritical structural and functional

properties implicated in ALS

Regulation of coppeand zindevelsin the metal active sitis importanfor thefunctional
protein,yet the mutants usually reveal impaired ability to correctly metalate in the folding
processResearcharshowed that zinc dose dependency in transg@8®A mice has to

be carefully balanced to haegeneficial effecton deficiency and survival rate, but it
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shoutl notexceed more than Ihg per day’® Others showed that promoting copper
increase might have more influence, especially when taken into adteurgduced
ability of mutants to interact with copper chaperofor SOD1protein (CCS) Studies
indicater a  scavenging capability of CUuATSM (diacetylbis(N(4)
methylthiosemicarbazonato) coppeyfbward peroxynitritea product othe reaction of
superoxide and nitric agidhatdamagescells inthe process of protein nitratidffll’”]
Furthermore, mutated G93A, G3dRd G93A mice ce&xpressing human CCGHowed
anincrease in survivalpon controlled treatment with CUATSM, which resulted in &rgh
copper leved and activity inthe majority of mutant$’®’® In cellular experiments,
CuATSM resulted inincreased cell survival and lower aggregation levels, howéver
was only specific for mutants with wildtype similarities and not for rigitadling region
mutants®! The mechanissinvolved arestill nat clear and areurrentlyinvestigated,
yet treatments with CUATSM are already in phase | and Il of clinical trials in AudtPalia.

Rayet al.showedhatinstability and dissociation ¢tfie A4V mutant S 1 proteincould

be minimized by harnessintipe amino aci@ at the dimer interfaceby a disulphide
bond®? While engineeringa V148C substitution they were able to retairimeric
structurecomparable tohe wildtype protein In the low concentration range the A4V
mutant was confirmetb bemonomericand inanamyloid porelike aggregatedpecies.
Similarly, Auclair et al. showedcovalent bridging of monomers by maleimide functional
groups They usedsmal-molecule approach to creek two exposed cysteine residues
(Cys11l)and stabilize G93A and G85R mutarity approximately 20 and 4%,
respectively®!! Additional approaches were shown to targeflventexposed and
oxidationsusceptible Cys111 sitén 2012 Banciet al. confirmed the influence of
cisplatin,a known therapeutic in cancer treatments, aassitive effect on apo SOD1
proteins.Even though crystallographic data revealed steric clasitee dimer interface
anda distortion ofthe structure between the Cys111 residpestein thermal stability
was improved by 8C with abinding affinity of approximately37 uM. Besides dimer
stabilization andaggregation inhibition, already formed SOD1 aggregates were

dissolved?®?

Two years agoCapperet al. showedantioxidative ebseleand ebsulphuto act as a
chaperone ir5OD1 folding by increasingthe dimer affinity. The effect of increased
dimer affinity was most pronounced ftire A4V SOD1 variant withan almost 66fold
increase inassociationstrength inthe presence okbselen.A dight increase inthe

associatiorstrengthof thedimer, 1 to 3 fold depending onglscompoungwas alsshown
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with the zinc-metdlated wildtypel”® Beside balancing dimer stability to paress
dissociation and unfoldingrocesses that lead aggregationan experiment inliving
human cellsindicated intramolecular disulphide bond formatioof reduced zinc
metdlated SOD1mutantswhen treated with ebselen. This enabfgoper folding of
immature monomers, whiclwere impaired if the amount of copper chaperonetire
cytosolwas inadequat€®! So far, alltestedsmall molealeswhich leadto anincreasen
stability or promote foldingandreduce aggregatiomre not specific enough and cdul

bind to other protein®r are unstable cellularenvironment.

In 2005 Ray and Lalsry, after theirearlierdisulphide bridghg in V148C substitution,
performedn silico studies and screenadibrary of 1.5 million small moleculé€® They
addressedhe cavity ofthe SOD1 proteinat the dimer interfaceppositeto the earlier
describectysteinelll proximity site From thetop 100hits oftheinitial library screen
they narrowedt down to 15 molecules whichappearedadequaten stabilizing and
lowering aggregationof the A4V dimer under induced unfolding conditions They
confirmed the importance ofthe Val148 site forthe binding affinity of the tested
molecules by mutating Val7 and Val148 residues with Phe, in which aggregation
inhibition was not observedrrom the structural similarity of the tested compoyraats
aromatic moietywas shownto beimportant forthe binding to the hydrophobic core
between the valine residuesid the stability of the proteiff®! Five years later they
presented improved moleculegith binding specificity toward SOD1 mutant&hile
enlarging thein silico screen of a commercially available database of 2.2 million

compounds.

Figure 2.6 Binding site Val148 andcompounds with aza-uracil like moieties, adapted
from. 4
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Docking was performed iteratively with the flexible target and also with hydrogen bond
constraint parameters ovial7 and Asn53 residues in the cavity. Fourteen obtained
compounds showed an increased bigdaffinity for the A4V and a high efficiency to
block aggregation. Six of them showed high specificity toward the SOD1 in comparison
to the blood plasma. Structurally, the compounds were similar to previously reported
compounds with aromatic moieties, lmantained uracil or azaracil like moieties that

could be involved hydrogen bonding with Asn53 and Val7 of the opposing monomer
units® (Figure2.6) They also indicated that silico design could & a potent tool for

new drug design. However, compared to the previously described cysteine site studies,

the binding behaviour dhe compound was not structurally confirmed.

Consequently hitese findings werehallengedy Antonyuket al.when they attemptito
structurally inspedhesdigandsvia cocrystallization experiments with the mutariisey
obtainedl.7 2 U HV R OrySil IstRu@ureof the SOD1L38V mutant ZLWK XULGLQH
monophosphate (UMPchosento comparethe similarity of uracitlike structures
proposeckarlierin ligand screening® The UMP binding site was located farther from
the dimer interface between the electrostatic and-binding loops.During structural
investigationthey discoverea 3 G U X J J D E Ogtoxindity \&f the [1Q32 residudrom
crystal structure of G93A and L38Wvith 1.552 W R 2 resolutions respectively
They were able tprovide structural informationfdinding with SOD1 mutants®! Later,
they showed thatsoproterenol and-8uorouridinedo not havea tremendous effect on
the guanidne induced unfoldingf A4V and 1113T SOD1 mutant$urthermore the
crystal structure revealed binding sitein betweenthe -strands 2, 3 and 6lose to
Trp32%% These compounds were shotenhave a high ability to blocthe aggregation
of A4V SOD1 and were specific for SOD1 in blood plastfialhese experimestlearly
show the importance of crystal structiwsdor drug design ahthe need forrelevant
methods to teghe binding affinity of small molecules for SODAfterwards,Manjula

et al. reporteddifferent compounds to bintb Trp32in thelow micromolar range and
inhibit oxidation!®>88 Pokrishevskyet al. also showedhe importance othatsite, they
confirmed thata Trp32SermutationdiminishesSOD1 aggregatignnduced by Trp32
seltseededaggregation,despitethe generally reduced stability ahe mutants and
wildtype proteins Additionally, they tested Sluorouracil and luorouridineonto Trp32
aggregation and confirmed high potency of sinochemotherapeutics to reduce
aggregation in SOD1, and up to ndiwey seem to be the most prominent candidates for
SODZALS treatmentt”]
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2.2 Superoxide Dismutask (SOD1)

As described above, many approaches were developed for the treatment of SOD1 related
ALS over the years. IRigure2.7 all cavities ad sites reported are visualized that could

be potential therapeutic targets in SOD1. The metal site is shown in red, the dimer
interfacewith two possible cavities, Cys111 (yellow) at the top of the protein, and Val148
(blue) at the core between two monomers, and the Trp32 site shown in green

Figure 2.7 Potential therapeutic sitesin SOD1 protein: metal (red), Cys111 (yellow), Trp32
(green), Val148 (blue) PDB code2VOA, visualization by UCSF Chimera.*

The winderstandingf SOD1 functional and structural properties has improved extensively
sinceits gene discovenylt is now known thatthe metatbinding site thedimer interface
and -barrelstructureinfluencethe SODLrelatedALS diseaseFurthermoreCuATSM,
ebselen and -8uorouracil were shownto be potent small molecules in intervening
aggregation Although these important findings are milestonesin the therapeutic
development 080DL, the question of delivery, spicity and affinity toSODL is yet to
be answered in order to develop sensible therapeutic straftEgeegvelation ofSOD1
aggregatioron ALS might be the main breakthrougMutations were found across the
whole protein, yet not all of them apeopagating aggregatiofithoseat the critical sites
of the protein are promoting dissociatjamfoldingandpreventionof folding into stable
dimers, whichwill lead to inclusiog, as well adibrillar and amorphous aggregatése
actual structurgoxicity relationis still a puzzleand might differ because ddifferent
initiation poins and propagabin mechanismsAdditionally, differences in sALS and
fALS epidemiologyof SOD1arehuge and many mechanisntd aggregée formation

are still unknown contradictoryand cannotalways be correlated.Hence it can be
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2 State of the art

concluded that there is still much more that we doyesbknow, and basic research in
different areas is important to answer further questions haatipl to deliver proper

therapeutic approachse
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