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ABSTRACT summarizing key observations linking SST to the
Amyloids play critical roles in human diseases butpathobiology of AD. While the review focuses on

have increasingly been aegnized to also exist Ab and SST, it ihacrosstalkk be a
naturally. Shared physicochemical characteristics o@mongst functional and diseaassociated amyloids
amyloids and of their smaller oligomeric building Will emerge as a general theme with much broader
blocks offer the prospect of molecular interactionsSignificance in the etiology of dementias and other

and crosstalk amongst these assemblies, includingmyloidosis.

the propensity to mutuallynfluence aggregation. A

case in point might be theecent discovery of an Keywords:

interaction between theAbmféomdr b dpespetaiskee (AMYy | @in
somatostatin (SST). Wh e oligogneric, iAtbratdns b e st known for
its role in Alzheimer disease (AD) as the main

constituent of amyloid plaques, SST is intermittently SUMMARY

stored in amyloieform in denseore granules before 1 |ntroduction

review was written to introduce to readers a larges. posttranslational generation of A and its role in
body of literature that surrounds these two peptidesthe etiology of AD

After introducing general concepts and recent4, Oligomeric versus amyloidtAn AD

progress related to our undenstling of amyloids 5. |nteractors of oligomeric and/or fibrillar &

and their aggregation, the review focuses separatelg A b sossseading and caggregation

on the biogenesis aridnt er act i ons o7f Funitibnal antyldids SS T,

before attempting to assess the likelihood of8. Biogenesis and physiological function of 8STST
encounters of the two peptides in the brain, andd. Evidence for direct interaction of S&TCST with &
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10. Interactors of SST (and/or CST)

11.Levels and distribution of Aversus SST (or CST)
in the healthy brain

12. Changes to the expression or destieam
signaling of SST/CST in AD

13. Evidence for ctocalization of SST and CST with
plagues and NFTs

14. Conclusion

Abbreviations:

Amyloid beta peptide Ab); adrenocorticotropic hormone
(ACTH); Alzheimer disease (AD); Bderived diffusible
ligand (ADDL); atomic force microscopy (AFM); APP
intracellular domain (AICD); amyloid precursor protein
(APP); central nervous system (CNS); cytoplasmic
polyadenylation element binding protein (CPEB);
corticaropin releasing factor (CRF); cerebrospinal fluid
(CSF); cortistatin (CST); electron microscopy (EM);
genomewide association studies (GWAS); growth hormone
(GH); human defensin 6 (HD6); islet amyloid polypeptide
(IAPP); lateonset AD (LOAD); longterm deression
(LTD); long-term potentiation (LTP); mitochondrial
antiviratsignaling  protein  (MAVS); mild cognitive
impairment (MCI); norepinephrine (NE); pfibrillar
oligomer (PFO); Parkinson disease (PD); pkattuced
crosslinking of unmodified proteins RICUP); protein
misfolding diseases (PMD); preprosomatostat{iPPST);
prion protein (PrP)retinoic acidinducible gene 1 receptor
(RIG1); regulated secretory pathway (RSP); alpfauclein
(a-SN); somatostatin (SST); SST receptor (SSTR); trans
Golgi-netwak (TGN); thioflavin T (ThT); tandem mass tag
(TMT).

1. Introduction

The misfolding and ensuing selfigregation of
proteins is intimately linked to the development of

and clinical characteristitsThese include a panoply
of neurodegenerative disorders, ranging from
relatively rare albeit fataprion disorders, such as
CreutzfeldtJacob disease, to prevalent conditions
like Alzheimer disease (AD). Typically, pathological
protein aggregation in these disorders is
characterized by the transformation of an ordinarily
soluble and functional proteinto insoluble, highly
ordered, fibrillar deposits, frequently referred to as
amyloids. Because of the widespread nature and
implications of this phenomenon for human health,
efforts to better understand protein misfolding and
aggregation have grown drancafly in the past
twenty years. Indeed, this body of work has yielded
a number of exciting developments, including the
recognition that the seldssembly of disease
associated proteins can spawn a heterogeneous
population of smaller oligomeric intermediat
These smaller assemblies fulfill crucial roles as both
precursors of mature amyloids, and as cytotoxic
effectos independently capable of triggering cellular
dysfunctiort 3,

One of the best understood amylwjenic
peptides is amyloid b
the brains of individuals afflicted with AD Not
only are the steps underlying its biogenesis
thoroughly investigated but there also is extensive
knowledge related to precise conditions that can
promote the forration of oligomeric, prdibrillar
and fibrillar assemblies of this peptid@here also is
no shortage of reports describing molecular
i nteract f ¢tloweverothis adpect of its
biology remains less well understood due to a

(ADb) .

over forty human diseases with diverse etiologiesshortfall in studies that take a broad and unbiased

In addition to its wellrecognized pa

servescritical roles in the temporary storage a
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The natural decline of SST levels in aging is more pronounced in Alzhe

SST, a functiorfa

GWAS analyses pdimoward SST as a risk locus for Alzheimer disease
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Functional and pathologic amyloids may not only-eaist but affect each other

This phenomenon may extend to other pairing$ functional and pathologic amyloids
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approach to discovery il(ilevelsd SIT redeptorseare redugea tnAliin o f /
interactions. It is increasingly apparenthat the  SST expression levels decline with age, and even
propendiy of AD to gi ve r i snerepronourtcemlyin AD, (@)sbsding 8STiteits | s
influenced by its interactions and depends onreceptors triggers a signaling cascade, which
cellular receptofs It also is apparent that the precise controls the release of proteolytic enzymes involved
conditions that promote the formation of smalli n t he de g addayw) geaetic variants A b
aggregates on theay to forming toxic assemblies within the SST gene locus alter the risk for AD.

can give rise to more than one conforfn&hereas This article was written with the intention to
such OG6straind phenome n arevibvathissbodydf lkeraturelamdishine a ligint bnethe s e
scrutiny in the prion field for many years, they are possibility that SST may also influence the etiology

still somewhat new to the broadield investedin of AD on account of its di
the study of amyloid disorders, despite their To this end, the first set of chapters wiitroduce

potential significance for the pathobiology of severalthe role of oligomeric assemblies in the

of the most prevalent neurodegenerative diseasegathobiology of neurodegenerative diseases and
Further adding to the complexity of the amyloid r e c a p t he bi ogenesi s of A
landscape are an ever growing numbeémproteins  assemblies. This will be followed by a brief
understood to acquire amyloid characteristics undes u mmary of Ab interactors.
normal condition¥. These natural amyloids are not reader of conceap related to crosstalk amongst
confined to only exotic paradigms; natural amyloids amyloidogenic proteins, and introduce functional

are also observed in the brain, where they may, foamyloids, focusing on SST, its biogenesis and
example, play roles in memory consolidation or theknown interactions. Subsequent chapters will review
temporary storage of peptides in dense granules n mor e det ai l the evidenc
prior to their retase into the synaptic cleft. The compare the distributionfathese peptides in the

latter type of amyloid is prominently represented by brain, and critically explore prior knowledge which

a subset of neurohormones, including the cyclicconnected SST to Ab in the
neuropeptide SST The ceexistence of natural

amyloids has largely been igndrén the context of 2. What are amyloids and oligomeric aggregates?

amyloid disorders. However, their presence

generates a potential reality, whereby there can b@.1 Historical perspective

spatial overlap and crosstalk in the form of crossThe term fAamyl oi do was fir:
seeding or coaggregation of different types ofin the 1&0s to describe large pathological tissue

amyloidogenic proteins. deposits found in a variety of seemingly unrelated
In support of this scenario, we recently disorder. The wuse of t hmearingr m e
identified SST in an unbiased search f&wb &6 st-ar &b 0, was based i nitia

interaction partners as the peptide that mostbelief that deposits were composed of carbohydrate,
selectively interacted witbligomericA b(o A)bbut owing to their starchike affinity for iodine in the

not monomericA b(m A 2 We then observed that presence of sulphuric acéld Despite its

SST can influence the aggregation characteristicsoét y mol ogi c al origins, t he
ADb i n yandertakersa physiological pH and retained when it was eventually discovered that

salt conditions. Finally, we were able to visualize deposits were in fact proteinaceous in nafu@ver
direct binding and t he aceoturymhdoncerted efforts tefthe the struttare 0AD
complexes, which only formed in the presence ofof proteinaceous amyloid deposits in disease

SST. Based on these results, we were intrigued tdollowed, with progress largely reflecting broader

take stock of whatsiknown about the relationship of advances in biochemistry and physics. This included

SST and Ab. Wher eas t he the discovaryt of amyloick bindiregtto rostochdémacal we e r
these peptides had, to the best of our knowledge, natyes like Congo réd the ultrastructural

been reported before, overlaps in the biology of SSTvisualization of amyloid fibrils using electron

and Ab had been noted. microsdopy¢EMY, ansl the isolateoh andvemalysissot r i p
pointed towad some role of SST in the etiology of pr ot ei n aggregates from

AD by documenting that (i) SSfieleasing neurons a my | o i d o sculmidated iwthea idettification

are often observed in spatial proximity to pladéies of human immunoglobulin light chain as the first
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amyloidogenic protefit. Although amyloids were Lewy inclusion bodies in Parkinson disease (PD),
mostly studied in the context of disease, theare composed of pathologically aggregated amyloid
application of modern molecular biology and beta peptide (B) and alphasynuclein &-SN),
biophysics in the 1990s led to the recognition that arespectively. The conversion of ordinarily active,
much Brger number of nodiseaseassociated soluble proteinsnto misfolded states with abnormal
proteins could also undergo selfjgregation under propensity for selaggregation is a multifaceted
suitable experimental conditicfisIn fact, it is now  diseasespecific ~ phenomendn Triggers  for
well-known that proteins can adopt a number ofconversion may arise from diverse sources and
conformational states ranging from common include ageelated changes to the levels of
monomeric solublepecies to various functionaland a my | oi dogeni c proteins
nonfunctional aggregated forms. The amyloid stateof proteins to adopt pathologic conformations (e.g.,
refers to aggregates of hightydered, fibrillar, and  a-SN in sporadic PD), getic alterations that
betasheetrich assemblies of polypeptide chains. augment the amyloidogenic propensity of proteins
Unlike the native fold of a protein, whose (e.g., polyglutamine expansion of th&l'T gene in
architecture is stronglynfluenced by the unique Hunti ngt onos di sease
properties of sidehains encoded in the amino acid translational modifications (e.g., Tau
sequence, the amyloid state relies predominantly omyperphosphorylation in AD)

generic peptide backbone characteristics and, The predominant viewin the past was that
therefore, is accessible to almost any polypeptidemature amyloid fibrils (i.e., macroscopic aggregates)
chain. Thus, the contemporaryefinition of  represented the mmai perpetrators of neuronal
amyloids is situated within a thermodynamic deat%. However, this model of pathogenesis is
landscape of protein states, and comprises botlveakened byhte detection of amyloid deposits in the

proteins in their pathological and normal states. brains of cognitively normal individu&fs?’, and by
_ _ o . a lack of correlation between disease stage/
2.2 Physicochemicaharacteristicoof amyloids progression and amyloid burd@nin fact, evidence

It follows that amyloid aggregates originatingrffo  has been mounting that prefibrillar oligomeric
different constituent proteins exhibit many sharedspecies, and not macroscopic fibrillar deposits,
biochemical,  biophysical ~and ultrastructural represent the predominant toxic entities in several
attribute$®. Most often, when visualized by electron neurodegenerative disorders, including AD, PD, and
microscopy (EM) or atomiforce microscopy prion diseasés

(AFM) they are obsered as nofbranching ropdike It is now wellestablished that amyloid
fibrils that are 7.510 nm in diameter and-B00 mm formation represents a complex, dynamic, context
in length®. Individual fibrils are themselves dependent, mukstep process capable of yielding a
comprisel of 26 protofilaments twisted around each heterogeneous population of smaller oligomers, in
other, with the core of each protofilament consistingaddition to macroscopic mature amyloid fibtils
of stacked betatrands oriented perpendicularly to Numerous oligomeric species within the aggregation
the fibril axig® 24 This structural arrangement pathways of several diseas&nd nordisease
produces thetwracteristic crosb pattern seenin X  associated proteins includingb, a-SN, the prion
ray fibre diffraction analyses and confers a highprotein (PrP), islet amyloid peptide, HydF and
degree of kinetic and thermodynamic stability to fascicilin 1-4 have been identified 2> ¥ Pre
amyloids. In reality, the propensity of proteins to fibrillar oligomers can serve as direct precursors to
form amyloids under physiological conditions mature amyloids (opathway), or exist as swalled
differs widely. Intiguingly, evolution has more than off-pathway aggregates Importantly, there is
once independently harnessed this propensitycompelling in vitro and in vivo evidence for
thereby achieving favourable outcomes digec pronounced cytotoxicity of oligomers, independent

related to these propertiés of their role as amyldi precursors * 3L The
realization that levels of soluble oligomers correlate
2.3 Amyloids in neurodegenerative diseases more directly with disease progression provides an

Amyloid depod#tion of a particular protein is impetus to better characterize the structural and
pathognomonic for a number of neurodegenerativeniochemical basis for oligomenediated toxicity®.
diseas€8. For example, senile plaques in AD and In contrast to their amyloid counterparts, less is
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known about the structural properties of oligomeric feature$® 33 However, the precise mechanisms by
assemblies. Higlhesolution, atomidevel  which such interactions lead to membrane disruption
characterization of oligomers is complicated bg th remain unclear. The future elucidation of higher
inherently transient and heterogeneous nature ofesolution structtes should help clarify these
these aggregation intermedigfes Nevertheless, mechanisms. Insights into  structurgoxicity
techniques such as EM, atomic force microscopyrelationships have also benefited greatly from
(AFM),  hydrogendeuterium  exchange and studies employing nehuman, aggregatieprone
fluorescence spectroscopy have been used tproteins, such as the bacterial HyNF protein
generate lowesolution structural modéfs 2 derived from Escherichia coli Two HypFN
Oligomeric intermediates display tremendous oligomeric intermediates can be generated under
heterogeneity in morphology and si¥ar instance, different experimental condition’§ 3¢ Intriguingly,
oligomerica-SN can exist as dimers, spheres, chainghese oligomers are indistinguishable in terms of
of spheres, rings, and doughisiitaped assemblf@és  morphology, stability, and binding propensity to
30,32 A similarly diverse spectrurof morphologies lipid memlbranes but possess strikingly dissimilar
has been reported for oligomerichAhat will be cytotoxic properties. The basis for this difference
discussed idepth in subsequent sectidhg> 2,  appears to be related to the degree of surface
Importantly, oligomeric species tend to exhibit a exposure of hydrophobic patches, which ultimately
higher propensity for surfagexposed hydrophobic correlates with membrane penetration potential and
patches compared to monomeric or amyloid fibril overall toxicity”> % Thus, a recurring theme of
counterparts, a property that mayoakepresent a hydrophobic  accessibility may represent a
key structural determinant of oligomeric generalizable and potentially targetable mechanism

cytotoxicity®. of toxic, diseasassociated prefibrillar oligomers.
Continued efforts at achieving déed structural and
2.4 Amyloidbased celludr toxicity biophysical characterization of the aggregation

Uncovering precise mechanisms by which pathway, as well as the identification of various
oligomeric species mediate their toxic effects endogenous modulators of this process, will be
remains a chief priority in protein misfolding and imperative in the rational design of effective
neurodegenerative disease research. A number dherapeutics

potential hypotheses have been proposed, including

oligomerdriven sequestration and incapacitation of 3. Posttranslational generaion of AR and its
crucial cellular proteins, activation of papoptotic role in the etiology of AD

signaling cascades, and enhanced oxidative stress

due to the generation of freadical species. An 3.1 Endoproteolytic genesis obA

emerging mechanism with mounting evidence is theOne of the earliest events in the pathogenesis of AD
disruption of lipid membranes via aberrant, lipid is the aggregation of B a small hydrophobic
bilayeroligomer interactions. The use ofegjfic a- peptide that is generated through the sequential
SN oligomers displaying superior stability over a proteolytic processing of he larger amyloid
range of pH, temperatures, and incubationprecursor protein (APP) by enzymes referred to as
conditions, has provided a useful model toa-, b-, andgsecretasés 83 4 The amyloidogenic
investigate this concept experimentélly>* An pathway, responsible for the generation of felies
example of one such-SN oligomer is an ellipsoidal on the initial processingfAPP byb-secretase. The
assembly composed of 30 monomers, which exhibitgerm b-secretase designates two specific Type |
a structured,b-sheetrich core, surrounded by a transmembrane aspartyl proteasé3ACE1 and
disordered shefl 3% Vesicle leakage experiments BACE2*. Although both BACE enzymes function
have revealed that theseSN oligpmers are far best at slightly acidic pH, they are differentially
more potent at inducing membrane permeabilizationexpressed in the body, with BACE1 being highly
than monomeric forms, although both are capable okexpressed in neurons and BACE2 being
interacting with lipid membranes. Several studiespredominantly found in peripheral tissues.
indicate that oligomerica-SN aggregates interact Processing of APP by BACELl generaw@slarge
with the lipid bilayer through both exped  seceted ectodomain fragment, sABPand a C
hydrophobic patches and -tdrminal domain terminal fragment, composed of 99 amino acids

www.discoveriesjournals.ofdiscoveries 5
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(CTF99). A is released when CTF99 is further truncated A species make up a significant amount
cleaved by gsecretase, a heterotetrameric of the overall A& pool associated with senile
transmembrane complex that relies on one of twoplaque®’, perhaps reflecting the fact thattd&rminal
presenilin intrametorane aspartyl proteases for truncations render the peptide more hydrophobic
mediatingthe cleavag®: 424>, overall and, thus, more prone to aggregatio
Given thatb-secretase functions best at acidic Moreover, specific A residues can be subject to
pH, endosomes have been proposed to be a criticgdosttranslational modifications, including oxidation,
cellular compartment for BACE1 processing of nitration, phosphorylation, pyroglutamylation and
APP*®. Once there, APP can be targeted toisomerizatiof’. These modifications can, in turn,
lysosomes for degratian or shuttled back to the modulate the toxicity, aggregation and/or clearance
plasma membrane. The functionajsecretase of Ab and, therefore, may directly influence the
complex has been detected at several -postpathogenesis of ADFor example, phosphorylation
endoplasmic  reticulum (ER) compartments, at serine residue 8 was shown to affect its toxieity
including the TGN, endosomes and the plasmaand pyroglutamylation at positions 3 (3pB) or 11
membran&. Therefore, once APP is processed by(11pEAb) was observed to increase the propensity
BACEL, it may be further efoproteolyzed to give of Ab to aggregafé.
rise to A in more than one subcellular

compartmerff>2, 3.3Ab cascade hypothesis
The accumulation and aggregation of toxiz iA the
3.2 Significance ofARvariants in AD brain has long been thought to be the trigger for

Ldownstream pathological processes, including the
hyperphosphorylation of tathat eventuldy lead to

neuronal death in Af. Thi s Afamyl oi d
hypothesisodo is supported b
hasestablished causative relationships of mutations

in the APP gene and presenilin genes in familial
cases of earlpnsé¢ dementi& ®> % Because of

striking similarities in the pathological manifestation

of early and lateonset AD (LOAD), the hypothesis

may have wider significance, i.e., beyond familial
forms of the disease. @ the years, dditional

vidence in support of the amyloid cascade

Close scrutiny has revealed that the amyloidogeni
processing of APP can give rise to severd A
variants. More specifically, BACE1 can cleave APP
primarily at two distinct residues, Yyielding
membranéoound Cterminal fragments CTF89 and
CTF99L. The subsequent cleavage dpgecretase is
even less precise, yieldingleavage products
differing in their Gterminal boundaries. These
productsconform to designationsuchas Al3.x and
Abiix, with x representing B residues 3#43Y.
Despite this heterogeneity, bAs represents the
predominant cleavage product in the cerebrospina ypothesis hasemergeff, including protective

fluid (CSF), followed by A4 and Afise The  mytations found in theAPP gene that can confer
remaining A variants may make up no more than yesjstance against Aband gene products of several
1% of total A observed in the CSFE The longer | OAD risk genes identified by genorwéde
Abs.4; peptide is more hydrophobic than shortdy A asgciation studies (GWAS) that influence bA
peptides, and was observed to be the dominént A processing, trafficking or cleararicelt also has
species found in senile plaggesThe two additional become apparent that early
C-terminal amino acid residues withinbA> were  Ab homeostasis, which lead to its accumulation and
observed to stabilize specific neurotoxic oligomersaggregation, may precede the onset of clinical
not formed by A1.40™. symptoms by many yedfs Once formed, Bu.
Further adding to the complexity oft€rminal  fibrils could accelerate the formation of
AR cleavage events may be the observation that neurofibrillary tangles (NFT) in transgenic mice
secretase complexes are composed of distincéxpressing mutant tau protéin However, the
presenilin or ApHL isoforms and that the subcellular relationship between#and tau ha been the subject
localization of these isoforms may directly influence of extensive debate and remains contentious, in part
the relative production of Bvariants®. because NFTs andbAdeposition initiate at spatially
Ab can undergo additional -Mrminal  distinct areas of the brain andbAdeposition has

truncations through the actions of proteasesheen found in cognitively normal elderly
including aminopeptidase A These Nerminally individual<s.
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4. Oligomeric versus amyloid A in AD toxicity in the context of physiological piemolar
concentrations have suggested that oligomeric
4.1 Relative toxicity of Aconformers assemblies cause calcium dysregulation through a

Understanding the main drivers of AD toxicity has general membran interaction and not through
proven a dficult goal, and until the turn of the localized pore or receptonediated mechanisrifs
century, the prevalent view was that amyloid fibril The field is gradually adapting to standardized
neuropathology represented a precursor to cellulaprotocols and nomenclature, but more work in this
toxicity. Increasing evidence that solubléb,Aand  direction is neeeld. Conformational antibodies have
not insoluble fibrils, correlated with neuronal loss helped further this goal, and the mutually exclusive
shifted focus from A fibrils to Ab oligomerg®. ~ All and OC antibodies that detect fitwillar
Since then, it has become apparent that although Aollgomer_ .(PFO) and_ 'f|br!llar epitopes respectively
fibrils can leak oligomers to some extent, the have facilitated classificatiofis o
amyloidAb structure itself can be protectie _C_)ne currently unexp_la_lned observation is _the
However, recognizing the importance of oligomers strlklngl_y reduced toxplty _encountergdm %V'th
for the pathology of AD has added complexity. SYNthetic, as opposed bmain-derived, Aisz™ ™
Although Ab oligomers seem to broadly impair To uncover the_ molecular nature _of the most
memory functions when tested with bathvivoand ~ Profoundly — toxic A preparations,  the
in vitro models, molecular investigations intobA characterization of distinct assemblies remains a
toxicity have implicated a dizzying array of vital goal. Information such asbﬁ\varllan';s in us
mediators. Two general paths tobAtoxicity, ~ (APr40VS. Abis), Ab source (synthetic dn vivo),
receptor ligation and membrane disruption, dominatePréparation protocol, and size of an assembly can
the literature, but delineating the relative N€lP bridge the informational gap in lieu of high
contributions and precise molecular underpinningsréselution data. Intermediates along the path to
has proven difficul® It is uncertain whether the fiPrillogenesis (orpath assemblies) can be getigra
toxic effects of an oligomeric B\ preparation ca_ltegonzed as low and_ h'gh mass “poeillar
manifest through  promiscuous  interactions, oligomers. While no set limit delineates these two

reflecting cumulative perturbations to the cell, or classifications, we wiiconsider oligomers up to 100

whether Ab toxicity acts predominantly through a kDa to be low mass as this includes th_e upper limit
- : ; . .. for PFOs and larger #®er Ab assemblied: &
single toxic mechanism. The deconvolution of this . : '
process has been hampered by the use of no enerally, high mass assemblies seem to exert lower

standardized B preparation protocols, and the toxicity than their related protofibril or low mass

, 81 H H
observation that even precise protocols lead tocounterpartsé’ and are less likely to exist at

heterogeneous mixiures Ab assemblies physiological oncentrations, where higher order

. - oligomers are raré 82
For example, the first report describing the The agueous phase of AD brain homogenates
preparation of AMA-derived diffusible ligands h b h to i - iated
(ADDLs) documented that these preparations inhibit as been shown 10 Impar memory -associate

the basic memory forming processiown as long functions in primary hippocampal slices. Immuno
term potentiation (LTP). independent from- N captured preparatiorsf Ab dimers, devoid of large

oligomers following sizeexclusion chromatography,
mnt?[thykrli)i—%spe{/rﬁhe il reci(re]ptotrh ¢ rr(an\,{ll\[[))A[\)FE) were reported to retain the ability to inhibit LTP,
antagonists. e st using e te ' _enhance longerm depression (LTD), and reduce
more recent repprts were based on altered prOtOCOI§pine density when administered to a normal rodent
for Ab preparation that made use of the SOIVemShippocampu@. Through the use of antagonists, this
hexafluoroisopropanol  (HFIP) and  datiyl ’

) : spine loss was shown to depend on NMDAR
sulfoxide (DMSO) as well ‘as different DA ¢ netion, and LTD enhancement to depend on

_con_centrations, limiting comparison across papers. '%etabotropic glutamate receptor 5, both receptors
is important to note that nephysiological A |inked to synaptic plasticity. This same group
concentrations, often in the high mieto low milli- designe AbS26C mutations, which tether pairs of

molar range, are r_outlnely _used a_nd th_at th's Mayap together through a disulfide bond, circumventing
lead to more promiscuous interactions, implicating the need to work with less definedbAdimers

less relevant mechanisms. Attempts to study A purified from brain samples. Even in the absence of

www.discoveriesjournals.ofdiscoveries 7
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brainderived factors, these synthetic b®26C  properties that underscore its uniquene$s
dimers display toxiity®® and can induce Tau Although ADDLS, globulomers and#56 have all
phosphorylation profiles resembling those observedbeen found in the brains of tregenic AD mice
in AD’®. However, followup experiments partially (Tg2576), their levels seem to differ throughout the
disagreed with these results, abSR6C dimers course of ageing. &56 was detected in Tg2576
exhibited only mild toxicity following brains at 6 months of age, with its levels remaining
solubilizatiorf®. Incubation of AS26C rapidly gave stable from there &k Conversly, ADDLs and
rise to larger assemblies and the authors proposeglobulomers showed sharp increases in aged mice,
that thesdarger assemblies may have accounted forbeginning at 12 and 13 months respectively, with
the previously observed toxicity. their levels continuing to rise until de&thin further
contrast to ADDLs and globulomers, enriched
4.2 Predominat oligomeric forms and their preparations of B*56 only caused transient
distinguishing features impairment of spatial learning when injected into
Several groups have identified the primary toxic Tg2576 mice. As A*56 has only been dettedin
oligomers as A 6-mers thatcan stack into 1-ners.  Vivo, a necessity of brakderived factors for its
Initially described as synthetic bA.-derived formation has been hypothesi?édbut no such
ADDLs, these émers were found to assemble into factors have been identified to date. Like ADDLs,
12-mer ADDLs at physiological temperatures and Ab*56 has also been observed in human AD
were detected in human ABrains through the braing* % consistent with a potential relevance to
oligomerspecific, ADDL-raised M93 antibody 8  AD.
More specifically, using photmduced cros$inking o _ _
of unmodified proteinsRICUP), A was observed 4.3 Structural characterization ofligomeric and
to form 6mer, 12mer and 18ner Ab assemblies, amyloid Ao
leading to the interpretation of the-nfer as a Most mechanisms of B toxicity, whether specific
6paranucl ei 6 or basic baiigengaln gquiel wteraction fwitho they €qll  t o »
Ab assemblie€, The use of PICUP to strengthen Mmembrane and thus lipid interactidhs Annular
intermolecular interactions majave played a Protofibrils (APFs) are an ofpath, stable species
critical role in the identification of the #®er, as that can form during the incubation of soluble PFOs
this Ab assembly is not as consistently identified by With liposomes. APFs are 36ier Ab assemblies that
other groups. Interestingly, in contrast tchA,  harbor spherical pores with internal diameters of 2.5

Absso did not assemble beyond the tetramer undet "M and that are hypothesized to causé’Ca

identical experimental conditis®. Subsequent dySregulation in - cells® Because AP#irected
work by others established a protocol to antibodies crosx_aeact with a-hemolysin, t.hey are
preferentially form globular L2ner assemblies, thought to consist of a—bar_rel conformation. Pre
termed o6globul omerso. Fomed ARREr afg nojy tox tp eells and ragt o c o |
resembled the aforementioned 2nd generatiof€miniscent of bacteridb-barrel toxins that do not
HFIP/DMSO protocol for generating ADDLs, but insert into the membrane pfermed but must
with the addition of 2% SDS or 0.5% fatty acid assemble iimembrane to exert their toxiciy APFs
preparations to improvene stability of globulomers are not the only-barrel assemblies of# and a 6
(final concentrations of 0.2% and 0.05% mer Ab42-specific b-barrel was found to assemble
respectivelyy®. Taken together, these results under optimal micelle or bicelle conditis. Thesé-
corroborated the notion that-réer paranuclei barrel poreforming Ab42 oligomers PFOSp42)
represent the building blocks of -h2er assemblies are estimated to carry an inner pore diameter of 0.7
which, in turn, manifest as either-path ADDLs or  nm and were shown to not only stably integrate into
off-path globulomers, both capable of inhibiting lipid bilayers but to induce 3 different patterns of
LTP™ 85 pore conductané® Although cytotoxicity has not
Whereas the above assemblies are thoughpeen directly assayed fdoPFOsins, their clear
closely related and can be produced from syntheticiisruption of bilayer conductance and lower order
Ab, a 12mer assembly labeled %56 has only been assembly suggest that theypresent a more likein
observedin vivo and appears to exhibit contrasting vivo structure than APFs, and enwith a more
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A
Monomers Oligomers Fibrils

ili. N

apparent at 6 mo. AB *56

>
/ then stable (12-mer)

spike at 12 mo. Globulomeriii' | . .
rise until death (12-mer) rise until death

(15 mo.)

(15 mo.) + fat.ty
il \Cids il
HFIP / DMSO, low T° ¥ high T° " +time
» ADDL thighT" X  ADDL

. +Hime .
—— protofibril —— amyloid fiber
(6-mer) (12-mer)

+high T°
o .
HFIP / low NaOH, low T:_ (5-/10-mer)

DPC micelle or bicelle, high T° i
—  [(PFOp; (6-mer) ——

HFIP/i , high T°
Posomes, 1'a APF (36-mer) ——]

AD mouse brain (AB40/42)
(Tg2576)

synthetic (AR1-42)
Clusterin

low pM/nM PBSHigh T gominant 2-4mer -, With quantities of 5-40mers | too unstable to
.  E——— R .
synthetic (A 31-42) media assemblies decreasing exponentially as form amyloids

size increases

Figure 1. Fibrillogenesis and the conditions that promote specifiéb42 assemblies.

A. The general flow of fibrillogenesis beginstiwvimonomers, which assemble into oligomers, and eventual turn
amyloid protofibrils and fibrils. In addition to the canonical build indicated by arrows pointing right, oligomers, a
even fibrils, may shed monomers (or oligomeric building blockgjated by reverse arrowB. Flow-chart summaring
majorAb assembly pathways reported in the literature
chart. Roman numeralsiii. associate a given conformer with thrdienensional representations depicted in pane
5571859093 12mer gl obul omers and ADDLs are associated wi

through stacking of planar-®ers. 5mer and 1lémer assembl i es wer e al so i del
form similar structures, albeit with one less prototherigh temperature (7 denotes a temperature of 32, low T
denotes a range of-8 C. The abbreviation 6mo. 6 denotes n

dodecylphosphocholine micelles/bicelles. Red and black (or grey) colors designate toxic and innocuous n
species, respectively.

explicitly evinced mode of toxicity Higure 1). for both Ab1-42 and A1-40% 82 Under these more
Although in vivo reactivities of many of these physiological conditions, the relative abundance of a
assemblies have been validated, it bears repeatingiven Ab oligomer seems to inversely correlate with
that lower pice to nanomolar concentrations obA its size, following an inverse exponential

may preferentially produce lower order oligers  relationslip where an A dimer would be 300dold
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FunctionalAmyloids in AlzheimeDisease

more likely to form than a Xter? The ability to
study Ab assemblies at such low concentrations
capitalizes on recentdaances to single molecule
microscopy techniques and relies on fluorophore
conjugated A preparation$2

Solid-state NMR, a tool that requires relative
large analyte quantities, revealed structural
constraints that may influence the oligoreffibril

constraints that govern the interactions and toxicity
of oligomeric A in AD.

5. Interactors of oligomericand/orfi br i I | ar AD
In light of its critical role in the pathobiology of AD,

the identification of ADb
active area of research, and it is not surprising that

transition. During the course of these studies, lowseveral proteins were reported to bind to this peptide

salt and temperature conditions were obsertied
stabilize 5 and 18mers, which can then proceed to
fibrillize when gently agitated and incubated at 37
°C®. This transition was found to occur in two steps.
First, hydrophobic stretches comprising Leul7
Ala21 and lle3t36Val undergo interstrand
hydrogen bonding in a parallel,-iegister fashion.
Second, loosely packed oligomekbestrands stagger
to expose hydrophobic stretches for
additior?®. This discovery ofoligomer stabilizing
conditions not only allowed the isolation of-path

oligomers, but suggested a simple mechanism téhe NMDAR.

explain the shift from oligomer to fibril forming
conditions, affording insight into the specific
structural transitions necessary. Thgrotomer
conformation of A intermediate assemblies was
further tested by creating a mutanb:A,CC that

harbored two cysteine substitutions at residues 2@ndocytosis of NMDAR

and 30, locking the oxidized monomer intoba
hairpirf™. By allowing Ab;.42CC to assemble in pro
fibril forming conditions, this work established that
the b-hairpin structure was conducive to
oligomerization up to the protofibril stage. The lack
of fibrillization and amyloid formation of Bu.42CC
was interpretedto suggest the necessity of a
conformational shift away frorb-hairpin protomers
during protofibritto-fibril transitiorf?.

lon mobility shift mass spectrometry (IMS/MS)
measurement$ revealed that Bis4 protomers
shrink in size as oligomerization proceeds, while
Ab1.42 protomers remain relatively unchangedhe
authors proposed that this distinction makes.A
more conducive tdorming the globular éners not
observed with A1.40’°. Taken together, it is apparent
that complementary tools may be critical for

deciphering the complexity of this assembly processeffects g ai n st

monomerA D

(reviewed ). Here, we will describe studies that
have reported factors which bind to oligomeric
preparations of ABb and
small peptides.

conf

5.1 Binders of oligomeric A
A prevalent theme in this research has bédem
recognition that exposure of neurons to oligomeric
preparations -Syreaptic
transmission by affecting the biology of receptors
whose activity converges on and indirectly affects
For example, interactions of
ol i g o me thiag¢-nAGHR have been proposed
to mediate C# influx through the NMDARS®. The
interaction has been proposed to lead to the
recruitment of protein phosphatase PP2B and
tyrosine phosphatase STEP, which together ptemo
Similarly,
oligomers to EphB2 is thought to promote the
internalization and proteasomal degradation of this
receptor tyrosine kinase, which has been proposed to
trigger the centernalization of NMDARS, thereby
contributing to a decrease TP, In recent years,

ADb ol i gomer s wer e observe
nanomolar affinity with the cellular prion protéjn
leading to downstream activation of Fyn kinase with
the involvement of mGIuR5 and LRP1. It is thought
that the phosphorylation of the GIUN2B subunit of
NMDAR by Fyn kinase leads initially to an increase
in surface receptors, followed by their depletion and
synaptic impairmefit.

Other signaling platforms have dre uncovered
which involve direct bi
receptors. One such example is the interception of
Wnt 3a binding to FrY.zzl
Canonical wnt signaling exhibits neuroprotective
AD ol i gomer

per

bin

ndi

ed

to

While the aforementioned conformational antibOdieSinsulin receptor function also can be disrupted by

can help identify and catalogue various oligomerich j n di ng

assembks, detailed structural characterization is
needed to devise future, structg@ecific inhibitors
and imaging agents, and for elucidating the
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5.2 Interactions of Ab wiotmpoaumal |emphegpndedscl ear anc
To our knowledge, the only naturally occurring brain® Other exenp | e ssheetfbredker peptides
peptides reported to bi incudeAdpAibaNHR-dTHpuWramimoisabutydcradd i s | e
amyloid polypeptide (IAPP) (see Section 5). -OH) , whi ch bi nds to | ow n
Humanin is a 2&amino a@ peptide, encoded by the assemblies, interfereswith their toxicity and
mitochondrial genome and found in the occipital improves cognitive measures in rodent AD

lobe of AD patient¥. In vitro studies with smooth models?’.

muscle cells revealed that humanin exerts a

protective effect onut AH. 3eXmdsxadctciedmh s, ofwiAtbh ovi t h
affecting t he rel ati ve A relatednstlategycte desigriing pagtide iahibitors, t s
propensity to form fibril¥%. In vivo studies based on Ab sequence mo t
examining the consequerscef injecting rats with  aggregation, is to graft these sequences into the V
humanin  documented a humamapendent (H) domain of antibodié®. A subset of these so
enhancement of LTP, possibly on the basis of itcalled gammabodies were observed to bind with
increasing dendritic branchingné spine numbet$ nanomolar affinity to very specific conformations of
Humaninlike compounds have since been Ab, and di d -reactivityéowdrdothért c r c
developed, which have been shownvitro andin polypeptides and amyloidogenic proteins. Specific

vivoto have a stronger effect than the natural peptideexamples of thesgammabodies are those reliant on
itself in neuronal pOne t grafts i ob the avGFAiT ar SLMVGERVIA oatifsc i t y .
example is [Glyl4Humanin, which protects spatial ( compr i si ng ADb amilrmoo34aci d

l earning and memor y%in ®M&ts awghaiicnhstweébe i sfown t o

Considerable research efforts have beeninvested | i gomer i ¢ Ab, respectivel
in the characterizationo f s y nt -deeiied c maiAly in AD research and diagnostic &pgations
binding pept i de-sheet dreaker p&r t i cul ar , b
peptides represent a class of molecules that has Several other antibody a s e d Ab bi nc
garnered interest and freagentu deeekped for the esame rparpose Aob forp r e

clinical and clinical trials. These peptides were first disease intervention trials were not derived by
introduced in 19982 with one variant composed of grafting but were raised traditionally by engaging
Ac-LPFFD-amid ( Ab5) exhi bi t i thegimmupersgtemaefcntice. @ne of thers specific
against Ab toxicity, prteethimernedgsh Abu eas g gorne ghabt 4 20.n  Tai
even disassembling pfermed fibrils®® Theseb- shown t 0o ipnfibil bférmationA &nd

sheet breaking peptides are designed to resemble thiisaggregation of preformed fibrf8 but it did not

Ab core domai n -shee $opnatiors i bbil ned ftoor tho x i gpeci@sh restittinggite me r i
but comprise prolines or methylated amino acids toutility to preventative treatment approaches
impede the proper alignment of monomers duringadministered in a vaccine form with the objective to

fioril extensior®. Studies with mouse and rat delay onset of disea$® A promising monoclonal

models revealed that chronic intraperitoneal antibody, known as Aducanumab, which was
administration of i Ab5 gererated hy IBiogen Inc., has eecehtly progeesseédo n
Ab deposits, thereby i mpmbobei Phbasbdel3peltioimahcdaraof
rodents in memory and cognitive ta¥Rs The  within the brain parenchyma and has been
subsequent use of -Bnantiomeric forms of this hypot hesi zed to cl ear Ab vi
peptide and the introduction of modifications that pathway. In an underpowered Phase Ib study
improved its ability to cross the blodmtain-barrier, patients who receivka monthly intravenous dosage

further prevented its destruction by proteases,of Aducanumab showed a slowing of clinical
thereby enhacing its bioavailability®®. This line of  decling®

investigation has culminated in the development of

compound PRL0O19 (Apan) (BmethytLVFFL), 5.4 InteractionsoAb wi t h s mal | mol ec
which has successfully completed Phase | and IINumerous small molecules have been screened and
clinical trials. Treatment ofpatients with mild investigated for their effe

moderate AD with PP1019 led to increased levels important compound classes are polyphenols and
of CSF Ab, consistent wimenhibrateh gycadlipids. eRolyphendlsa haveo eert h a t
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Figure 2. Strains, crossseeding and ceaggregation.Cartoon depicting three related, yet distinct, concepts
relevant to protein aggregation phenomena.

A.-The same protein can give rise to distinct O0stra
conformations adopted by the monomers within the aggregates are differdhh e t r@sssne edcki ng 6 ¢
phenomenon whereby small aggregatemposed of a given protein can seed the aggregation of another protein, tl
often influencing the kinetics and quaternary structure of aggregates for@&ingh en t wo or me
aggregated their monomers influence each otherodés ¢
two different proteins can polymerize together and form mixed molecular species hybrid structures, or they car
and influenceedt ot her 6s aggregati on, but polymerize separ

popul ar i n Al zhei meheid s 6. Abs e &r a hseedihgiasd caaggregation

existence in natural products. For example,

epigallocatechin gallate (EGCG) is a compound6 . 1 Ab strains

found in green téd! thathas been shown to bind to It is increasingly apparent that distinct fibrilization

Ab in two different staad@mnsditjiions cjatn jpatodrugLcet diif
unfolded or monomeric ARp adldPdd € pateentWw t htsdi ffer
aggregation. Curi ousl y, prapegrtiesKigwen2A)5’ Thegconcepts straipg efu r e £
fibrils, preventing their interaction with thioflavin T Protein aggregates originated from distinct
(ThT)"L Addtionally, an inositol stereoisomer conformers of diseasgssociated prion proteins

called scylleinositol stabilizeshe nontoxic, low-n  underlying prion diseases, including Scrapie disease

ol i gomer s o f Ab, t h e rineshegp (the firsé kn@wR priomdiseasey, Reage their
accumulation into fibrillary conformers. scyllo general designation as P Different strains of

inositol has no effect, however, on geisting PrP° can not only be distinguished based on
fibrils112 physicochemical properties but may also exhibit
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characteristic  disease phenotypes, such a$.2 Crossseeding
differences in the rate of disease progresstiohe Ab aggr egation foll ows thre
strain concept has since been extended to othdsegins with a nucleation phase, which can be of
neurodegenerative  diseases, including@-SN variable length but typically is fairly reproducible
aggrgg at es i n synucl ei maop amdari & given seh a@f expbrimeatal dconditions,
aggregates in AB* Severaltechniques have been followed by a relatively short elongation phase, and
applied to character i zean extendediplateau phSe Aydregatiog gan dey at e s
including (i) histological analyses based on accelerated by seedjrthe elongation reaction with
luminescent probes that display distinct preformed oligomers or fibrils, which can act as
spectroscopic signatures when bound to differentuclei for elongationKigure 2B). This seeding can
conf or ma t aml<i) bioéhemicll assays occur with homologous seeds or heterologous seeds,
that characterize aggregates based on their relativéhe latter being composed of oligomers or fibrils of a
resistance to chaotropic agéfts Structural protein that canmote the aggregation of another
analyses of synthetic Aumyloiflogenic ipioteii® rBecausa Icresseedindh at A
strain differences madflest as conformational requires a certain thermodynamic compatibility of
differences within the fibril structub® These preformed seed templates and  possible
analyses are typically based on electron microscopgonformational conversions of the substrate,yonl
or atomic force microscopy, sokstate NMR, or few amyloids are capable of cresse e d i g A D
hydrogen/deuterium excharlge More specifically, =~ For example, bdirectional crosseeding has den
structural polymorphisms may manifest as variationsobservedin vitro for a-SN a n d 22AIAPP and
in the number of protofibrils that constitute the AB?* % as wel | &d% Jomédmeand A
mature fibril, orientation and arrangement of crossseeding can be unidirectional onlyror
protofibrils, or conformations and arrangements ofinstance ADb aggregates -weede ob
Ab monomers within f me Tau aggremdtiontout iTdaggregatesuvere unaebde to
addition, A D aggregates may crossx b e B*¢'®b di stinct
biological properties, including differences in Evidence of crostalk between misfolded
cellular toxicity when applied to neurdi% or, as  proteins has also been observed in patients with
elegant inoculation studies with bigenic Tg protein misfolding diseases (PMB Patients with
(APP23:Gfapluc) mice have uncovede may be PMD often have multiple misfolded proteins
distinguished by their incubation periods or diseasesimultaneously existing within their bodies. For
pathology*®. The existence o éxampeh appsokimagely maf of rala AD cases are
explain some of the clinical heterogeneity observedcharacterized postmortem by Lewy body pathology,
in AD and, therefore, efforts to more fully in addition to senile plagu&é Epidemiological
charactede their properties and occurrence may studies have also suggested that having one PMD
prove beneficial for our understanding of AD. may be a risk factor for developing anoffiérAn

Mass spectrometric analyses of senile plaquegxample is the link that has been observed between
from AD patients revealed, in addition to aggregatedType 2 diabetes and AD, whepatients with Type 2
ADb, many ot her mi s f ol d eddbetgsrhave aniinctreased risk ofidevelopingt AD, i n
senile plagués®. Interestingly, these neA b p | a and éAD patients have a higher incidence of islet
constituents comprise  several amyloidogneicamyloidosis compared to healthy individddls
peptides, includinga-SN, cytostatin C, and tatf. Crossseeding provides a potential mechanistic
Moreover, i nia,aehileiplaqumalso t explanation for the widespread observation of
contain other AD i r edshu cindigiqualspreseriing with multigle PMD.
pyr oGl ewb Studies on Ab aggregation
have begun to account for this additional complexity6.3 Ceaggregation
and increasingly interrogate, e.g., through cross Based on these observations, it is not surprising that
seedily and ceaggregation experiments, how the amyloidogenic proteins have been observed to
presence of other constituents affect the spatial and nt er act and influence e a
temporal dynamics of Ab kiaetfcg ara gtree t natren of aggregates formed in

variousin vitro paradigms. For example, when
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FunctionalAmyloids in AlzheimeDisease

mo n 0 me rid; and e protein neuroserpin, a participating in fundamental biological processes in
serine protease inhibitor, are -ton c u b at e @ wide rArge of organisiis'32 133
aggregation occurs faster, is -péthway, and The characteristic crods sheet quaternary
generates neh o x i ¢ A b '%.0Similaglh ime r ssructure of mature amyloids endow amyloid
vitro co-aggregatioro f A ba-SBmahomers led aggregates with unique physicochemical properties,
to the formation of hybrid portke oligomerd?, including a vyieldstrength approaching that of
However, some amyloidogenic proteins have beersteet®, and a resistance to proteasediated
shown t o exert an i n hdegradatiom,rayd deterfeheeliated solubitizatiod b
aggregation. For example, €con c u b at i@ n Futher, alnfyloid aggregates possess several surfaces
with cystatin C,andcdo nc u b at js@m 1 fdérbstrong, selective binding to other molecules,
withPri nhi bi ted A2 fi br i | pdssibie tdieaathe presence of both hydrophobic
I n AD, hikzg Al ratiosAdeem to and hydrophilic interfacé®, and the high density
correlate with more aggressive presentations of thend repetitiveness of their liding blocks!®3, These
diseas#. To better understand ho h.4: Aly  properties together enable amyloids to play
ratios may influence disease,-aggregation studies significant biological roles.
were performed with i ff elo eghdwcageb the sbeeédthr of bicdogidalo s
Curiously, these studies demonstratech a ti42 A processé$, which involve amyloid aggregates, we
accel efspatgegdr eAgbat i on and, willdoeflyvoatins mlesyin longdym potentiation,
w01 nhi bi.k agdregatidbt- 21 13 Moreover, defense against badt@ and viral infections, and in
al t ho usgdn dAbANere shown to interact the synthesis of melanin, before discussing the
during primary nucleation steps, they evergual significance of amyloid storage in the context of the
selfassembled into single molecular species fibrils,regulated secretion of peptide hormones.
instead of ceassembly into hybrid, mixed isoform First shown in sensory neurons of the sea slug,
fibrils (Figure 2C)**°. This data is consistent with Aplysig overexpression of ogplasmic
interpretations oht o mi ¢ mowgh Botilsandd f polyddenylation element binding protein (CPEB), a
A b-42 fibrils elucidated by solidtate NMR. In  regulator of translation, leads to the formation of
t hese moidoe & 8 ¢ 1.4A Bbrils are intracellular punct#. These puncta are composed
characterized by distinct and incompatible structuralof amyloid aggregates of CPEB evidenced by
moti fs. As di s c uss adepts ap pasitive dhT sstaiging andl fiheir responsiveness to
distinct tripleb  mowhérd there is a critical salt detection by an aribdy specific to the amyloid
bridge between the Alw@4 2ormr efsGPHBI ¢Ab4b4).t Expostuyes dt &ensody b
cannot adopt this triplp  mot i f d u e tneurobshte sefotaninkincreakes the rate of CPEB

theAla42 residue at its carboxyl termifitis amyloid aggregation, thereby counteracting the short
half-life intrinsic to CPEB. This elegant
7. Functional amyloids conformational transition allows the proteto be

present long enough (i.e., minimally 72 hours) to
So far we lave highlighted a body of literature that enable LTRP. Thus, only through amyloid
establishes the significance of amyloid forming aggregation can CPEB acquire the kiagn
proteins for the etiology of dementias, emphasizingstability necessary to serve its intended purpose.
the role of oligomeric forms of & in AD¥% |n The strong, seleate binding ability of amyloids
subsequent s#dons, we will present and discuss is what enables amyloid aggregates of human
recent evidence of an interaction betwedm @d  defensing 6 (HD6) protein to play important roles in
somatostatin (SST), a functional amyloid. A brief defending the body against invaders. When in the
summary of where functional amyloids can be foundpresence of pathogens, monomers and dimers of
seems warranted before introducing SST and itdHD6 exhibit no inherent antimicbal activity, in
interaction with . contrast to the five other members of the human

defensin protein famili’. Insteag HD6 monomers
7.1 Evidence for the existence of amyloids outside obind to molecular structures on the surface of
disease pathogens and serve as seeds for the building of
Mature amyloid aggregates play important complex networks of amyloid fibrils known as
functional roles in several cellular contexts, hanonets that surround the invading path&§et¥
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Onceencapsulated, pathogens can no longer accedadeed, there is now compelling datasapport of
points of entry into the circulatory system, and arethe conclusion that amyloid aggregates represent the
prone to attack by other components of the immunepredominant format for compact storage in secretory
system. granules; secretory granules purified from AQ
Amyloids of the mitochondrial antivirak cells stain positively when probed with aatnyloid
signaling protein (MAVS) defend against viral antibodies or theb-sheetspecific dys ThT and
infection usimy a different approacff. When a virus  Congo Re#. Taken together, the transient storage
has infected a cell, the cytoplasmic retinoic acid of hormones as amyloids is well tolerated and poses
inducible gene 1 receptor (RIG1) binds to boththea negl i gi bl e burden on a
viral RNA, and to MAVS. This interaction with How exactly amyloid aggregates are formed and
MAVS stimulates the assembl of MAVS are being wsolved upon their release is still only
monomers into large amyloid aggregates on thepartially understood. At least in some paradigms,
mitochondrial surface. MAVS amyloids then other factors might facilitate these processes. A
activate a variety of signaling molecules in the recent study has implicated protein members of the
cytoplasm that serve as connection points forheat shock pathway in the regulation of amyloid
signaling events related to the cellular anmtal dynamics$®®. The study proposes that in the presence
response. of stimuli, proteins with a specific domain, referred
Melanin, a polymer expressed in the skin andto as the amyloid converting motif (ACM), are
retinal pigment epithelium of the eye, protects recruited to intracellular amyloidch aggregates
neighboring cells from invading pathogens, smallknown as Abodied*®. Once the stimulus dissipates,
molecules, and exposure to UV radiatfonlt is heat shock proteins mediate the disaggregation of
hypothesized that amyls of a fragment of amyloid proteins. Disaggregation analyses of
premelanosome protein (Pmell7), known as,M amyloids composed of corticotropin releasing factor
serve as a scaffold for the synthesis of melanin from{CRF) demonstrate that, upon their seormti
indole-5,6-quinone (DHQ) in melanosomes. In amyloid aggregates of this hormone release
support of this model, melanosomes containcatalytically active hormone monomérs A
amyloids, evidenced by their positive staininghwit sustained release of active monomers is also
Congo Red and thioflavin S, as well as their observed following the release of amyloids

resistance to solubilization with detergents. comprised of gonadotropin releasingorimone
(GnRH) 7 Taken together, these results
7.2 Secreted peptide amyloids corroborate the view that the amyloid structure

In mammalian cells, some secretory proteins aremight indeed be uniquely suited to the storage and

released constitutively, while others are stored atsustained release of a subset of amdggenic

high concentrations in secrejorgranules, and hormones.

released only in response to specific stifitift*3 144 In summary, their unique properties enable

145, amyloids to play significant functional roles in a
The ability to transiently store proteins or wide variety of cellular contexts. Several hormones

peptides in seetory granules at high concentrations, are stored and released as amyloids and it is likely

combined with the ability to trigger their controlled that specific conditions, efactors @ additional

release, can provide critical advantages relative tqroteins must be present for amyloid aggregation,

alternative constitutive release pathways. Amyloidsstorage, and dissociation to occur.

have unique properties that make both of these

possible; pcking in a format that essentially is 8. Biogenesis and physiological function of SST

devoid of water not only provides an exquisite space and CST

management solution but also makes them

somewhat inert toward inadvertent degradationSST is a regulatory neuropeptide produced by

during extended storage phases. Moreover, this tighpeuroendocrine, inflammatory, and immune cells

packing combined with eapsulation of hormone throughoutthe body, with high abundance in the

amyloids in secretory granules reduces the risk ofCNS, peripheral nervous system, the pancreas, and

potentially toxic effects of hormones by minimizing the gut®® It was first identifiedas a GHreleasing

their ability to interact with other moleculés inhibitory factor in the 14mino acid form, SST
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14*4° followed by thesubsequentliscovery of SST  displays a higher conformational flexibilf). The

28 containing additional 14 amino acids at the N selfassembled agegates of ncSST4 are
terminus®. Both SST14 and SST28 are bioactive  stabilized by highly organized interpeptide hydrogen
andare generateffom the same inactive precursor bonds (Hbonds), resulting in a relatively higher
protein, preprosomatostatifPPSS)*. SST14 is resistance to thermal and guanidine hydrochleride
predominantly present in pancreatic islammach, mediated denaturation, and a slower rate of fibril
and peripheral neural tissues, while S&l'is the reversing to monomers whenexposed to
dominant form in intestinal mucosal cells and physiological pH, compared to native S$4.

muscles. In the brain, SSI accounts for about It has been proposedhat the propensity of
70% of all SSTike immunoreactivity and SSZ8 hormone peptides to aggregate serves a®rting
contributes 25% of that®. mechanismfor entering secretory granules in the
RSPL. Amyloid aggregation of SST might be
8.1 Biogenesis of SST initiated spontaneously at somewhat acidic pH in the

SSTis initially translatedinto the 116amino acid  Golgi apparatus when the hormone concentration is
PPSST by ribosomes of the rough endoplasmic above a critical value. Because prohormones
reticulum (ERJ*2 Upon entering the ER, the N aggregate more slowly than the mature peptide
terminal signal sequence of PPSST is- co products, the rate afggregatiorof this neuropeptide
translationally cleaved, resulting in the -8&ino  hormone might also be regulated by the
acid prosomatostatifPSST). Further processing of endoproteolytic processing of the prohormones.
PSST occurs in th&ransGolgi network (TGN}>* Once the process has been initiated, nascent
134 and involves cleavage by enzymes belonging to aaggregation states might be further condensed by the
family of mammaliansubtilisinkexin-related, C&- high hormone concentration atttk moreacidic pH
dependent serine proteinases, or precursopresent in secretory granules. In the process, which
convertases (PCSJ. Whereas SST4 is generated is facilitated by the presence of hep&inamyloid
by dibasic cleavageat an ArgLys residue pair, aggregates somehow attract membrane lipids to
monobasic cleavage at an upstream Arg residusurround the hormone aggregates, thereby forming
produces SSP8. *Both SSTl4 and SSR8  the nascent granylevhich subsequentlis severed
circularize by forming an internal disulfide bond from the Golgicisterna.’®?Once formed secretory
between Cys3 and Cysl4 (based on-38Tamino  granules represent a stable depot fongterm
acid counts). An additional ferminal cleavage of storage of peptide hormones.
PSST results in the decapeptide PSSTQ), which
has no known biological activity. 8.2 SST release

Early in its biogenesis SST is directed to the The release of SST from neurons and peripheral
regulated secretory pathway (RSP) where it is store@ST-secreting cells involves the fosi of the
in secretory granulesntil its release in response to secretory granules with the plasma membraneisand
appropriate stimulpé 157 158 regulatedby a variety of physiological stimuli that

SST is one of several peptide hormones (seeumulatively lead to the depolarization of the
Section 6) thatforms b-sheetrich amyloidlike cellular membrane, followed by &anflux through
aggregates in the secretory gues’ In vitro  voltagesensitive C# channels. Several ion
studies established that under +s®maturing channels are involved in the membrane
conditions, at around pH 5, cyclic S84 can seH depolarizatioff®., Addition of veratridne, a
assemble into laterally associated nanofibrils thatdepolarizing K and Na channel agonist, has been
exhibit amyloid characteristics and are shown to trigger SST secretion from the rat
ultrastricturally composed of fixed b-hairpin hypothalamu$* A role of C&" in the process is
backbone®®. The rate of fibriliation of SST14 is apparent based on the observation that the SST
acceleratecand the minimal concentration favoring release in response to *Kchannel activity is
amyloid formationis loweredin the presence of proportional to the Ca concentration in the
physiological salt concentrations. Removing the medium.Besides boththe removabf C&* from the
disulfide bond results in a linearized nowclic medium or the addition of blockers of voltage
SST14 (ncSST14), which forms aggregates even sensitive C& channels prevented the veratridine
more readily than native SSIH4, possibly because it mediated SST secretion. Several substances tha
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trigger the controlled release, generally referred to asmplicated in several neurological diseases, and
secretagoguedjave been identifiedin vitro andin reduced level of SST in thébrain and the
vivo. Some of them act relatively broadly, while cerebrospinal fluid hadeen observedn patients
others exhibit exquisite specificity and sensitivity with  Alzheimer diseas, Parkinson disease,
when added to SSikleasing tissue or celld %2 In  Schizophrenia, and Huntington dise’4%eAll of the

' i ght of SSTO6s early raboveo jgoimts zowatd ar poditiee rodesof IST IGH
inhibitory hormone, it is not surprising that GH was memory, learning and locomoter performance.
later observed to stimulate SST secretion in theHowever, the situation is more complex: Although
hypothalamus through feedback regulatory 16&ps intrahippocampal cysteamine injection impaired
SST release can also be modulated by othespatial learning, it accelerated the acquisition of the
neurotransmitters, including dopamine (DA), opiate, barpressingtask in mice, consistent with a role of
gamma aminobutyric acid (GABA), acetylcholine SST in some but not other learning and memory
(ACh), norepinephrine (NE), and substance P, whichtasks. Even more strikingly, SST knockout mice
were observed to exert either stimulatory orwere reported to display significant impairments in
inhibitory effects on the release of S$E motar learning tasks but no major learning and
Intriguingly, glucocorticoids were documented to memory defect§’,

increase SST release atow doses butbecame Cortistatin (CST), a paralog of SST originally
inhibitory at high dosé&. Moreover, functionally discovered in rat brain, is encoded by a gene on
related inflammatory factors werseen to act Chromosome 4 that has little resemblance in its
differentially on the release of SST. Whereasnucleotide sequence to the Chromosome 6 gene
interleukins 1, 6, and 10, interferon and tumour locus coding for SS'™° Unlike SST, CSTis
necrosis factet) stimulated SST release, restrictedto the CNS, with highest expression levels

transforming growth facteb blocked its releasé. in the cortex and hippocampus. However, analogous
to SST, CSTemerges from consecutive cleavages of
8.3 Physiological function of SST in the brain preprocortisaitin - (PPCST) that produce two

Because of its broad distribution and crosstalk withpredominant bioactive products, termed €&Tand
cytokines and neurotransnaits, SST is thought to CST-29. And although the two genes differ in their
modulate endocrine, immune and CNS functions. Innucleotide sequence, cyclic C&T shares 11 amino
the brain, SST works as a neurotransmitter thatacids with SST14, including all residues understood
affects neuronal responses to synaptic inputs byo play critical rols for docking to SST receptors
presynaptic inhibition. Specific examples of its (SSTRs) (see Section 9) and, therefore, mostly acts
activity are the SSmediated reducedecretion of as a naturalanalog of SST14 in SSTR binding
DA from the midbrain or its inhibitory effect on the assay¥°. As expected, CSI7 also exerts
release of NE, thyroieleasing hormone, and inhibitory neuronal activities and modulates
corticotrophinreleasing  hormone  from  the inflammatory responses, leangi and memory, as
hypothalamu$™. In the dentate gyrus, SST inhibits well as locomotor functions. However, the activity
glutamateelease and exhibits lorgsting effects on  profile of SST and CST is not perfectly overlapping
glutamatergic synapses, reducing the likelihood ofeven in regions that express both peptide
generating LTF, thereby elevating the activation hormone&. For instance, in contrast to S3%,
threshold required for the acquisition afew  CST-14, the rat homolog to CSI7, was observed
memories. The benefit of SST release in this contexto markelly decrease rodent locomotor activities.
might manifest in an improved ability to eliminate Also unlike SST14, CSTF14 was observed to
irrelevant environmental cu®é Corroborating this modulate sleep/wake cycles and promote shawe
notion, administration of SSor its analog agonists sleep®, probably by enhancing the hyperpolarizing
was described to improve the performance ofactivity of cortical neurons and antagonizing
rodents in certain cognition paradigms, such asexcitatory effets of actylcholin&. At least in part,
avoidance tasks and shuttle box learning ¥#&sts these suispecializations of their activities may
SST also increased locomotor activities, andreflect differences in the binding profiles and range
conversely, treatment with SSfepleting agents, of receptors the two peptide hormones interact with.
cysteamine and pantethine, impaired these cognitive

and locomotor functions. SST has aldmeen
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9. Evidence for drect interaction of SST and  discussing the existence of an independent

CST with AD mechanism by which SST may influence A | evel s
indirectly (section 11).
To identifyn o v e | binders to oligomeric Ab (0Ab),

we recently undertook a deep interactome analysid0.1 Interactions of SST (and CST) with other

using OAD prepar at-matens preteint he bait and post

human frontal lobe brain tissue obtained from SST exerts its widespread physidta] effects

individuals who d¢d of nondementia related through interaction with five SST receptors (SSTR1

illnesses as the biological source material. Thisto SSTR5) coded in humans I§STR1o SSTR5

unbiased approach led to the discovery andgenes, which map to chromosomal bands 14q13,

subsequent validation of SST, as a highly selectivel7q24, 22q13.1, 20p11.2, and 16p13.3, respectively.

bi nder Figlre IAA More( specifically, of SSTRs can be grouped on the basis of the structure,

more than one hundred proteins tthao-affinity phylogeny and pharmacology of their expression

purified with the o0Ab bpmoducts intohtavo rclasses: t SRIFE, cqmpasmg i t a

methodology employed, which afforded a direct SSTR2, SSTR3 and SSTR&d SRIF2, comprising

comparison of candi dat e SITRland $SARA ©utsof theifivednumag SSTo o0 A

v e r s u sFigumeA3B), identified SST as the most receptor genes onh5STRZ2con@ins introns and

selective oAb bi rouamongstS §ives fise rta twe altersatively dpliced isoforms.

other Ab candidate i nt e B583ARULtoT Iwvelbgen shaws to bercarhposedsof Zz e .

binding to oAD t o occur alghdhelical mangmembradeadbmaine CBTe altoe t h

to the affinity matrix through its ®rminus. interacts with and signals through two additional

Subsequent reciprocal affinity capture experimentsreceptors which SST does not bind to: MAsked

and fluorescence resonance energysfiem(FRET) gene X2 to increase intracellular calcium, and GH

assays confirmed binding of SSTdoA b . secretagogue receptor la to increase prolactin
Utilizing ThT-based fluorescence assays, wereleasé™™ 174

observed that the presence of SST robustly affected SST receptors are expressed in many cells

A bBdependent ThT absorbance kinetiEgg(re 3D, throughout the body, notably in the brain, pituitary

E), suggesting that its presence can impAcbh gland and the pancreas, as well as in certain

amyloid fomation. Finally, we documented that the tumors*® 1’2 Amongst all SSTRs, the expression of

presence of SST traps a considerable proportion 0§STR2 is the highest in the CNS, with broad SST

A bin an oligomeric assembly of 5D kDa Figure mediated activation in hippocampal, cortical and

3F). The size of thido Ab compl ex i s limbicri.e.namgdad metronal hetworks. SSTR1, 3

the aforementioned oAb* &nf 4 plag morespagific fenctiomalegges in theeGNS t o

exist in certtn APP overexpressing transgenic but SSTR5 is expressed at low levels in the Bfain

mice®® and the brains of individuals afflicted with Therefore, SSTelated deficits in the brain may be

AD®8, most likely mediated through loss of SSTR2
signaling*’®,
10. Interactors of SST (and/or CST) All five SST receptor are coupled to the

pertussis toxirsensiive G protein. SSTR2 and
In an attempt to anticipate the potential siipaifce =~ SSTR5 are additionally coupled to Gand G
of SSTfor the pathobiology of ADit is critical to  proteins, respectivel? ¢ SST14, SST28 and
also consider SST interactions with other proteins.CST-17 bind to SSTRs with nanomolar affinity, and
This section will discuss the main cellular SST SSTR5 is the only receptor which displayigher
receptors and their downstream signals. Thisaffinity for SST-28 over SST14172 177
information is relevant in this context becauseiit The internal disulfide bridge present in SST
reveal that bindingof B t o SST i s | ir&stidtsythetcanformatiomal érdedom of SEF and
with SST binding to its receptors. In the next SST-28 and contributes to ligareceptor bindintf®
sectionswe will show that this scenario is not ®°through its core binding epitope comprised of the
unlikely due to the spatial overlap of the respectivesequence motif PR&rp-Lys-Thr (i.e., amino acids 7
proteins in the brain (section 10). We will retu through 10 in SST4) (Figure 4A)'’8 Note that a
once more to SST signalling (section 11) whenslightly broader binding epitope that spans SST
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residues 5 throudgll was observed to be
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