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ABSTRACTAIzheimer’'s disease (AD) is a devastating neurodegenerative «
eae of the elderly population.Genetic evidence strongly suggests that abe
rant generation and/or clearance of the neurotoxic amyleid  LJS L3Gi AOR
triggering the disease! i A & 3 foyhShedariy®ig precursor protein
(APP) by the sequential cleAva S & - I 3/ RsetretaseThe latter cleavage by
I -secretase, a unique and fascinating feaaomponent protease complex, oc-

OdzNBE Ay GKS !'tt GNXyavYSYoNIyS BRzYI
amino acids in length including the longer, highly paBS y A O LIS LJi
FyR ldkKiS & | O1 2F | LINBOA&AS dzy RSNAL

0 KS ¥Fdzy Ol A Hetéetasd Fubsaiek Badlbeen one factor underlyir
the disappointing f A £ dzNsBcregde inhibitors in clinical trials, but on the
other side also been a major driving force for structural and in depth mecr
nistic studies on this key AD drug target in the past few yedfiere we review
recent breakthroughs in our understiRA y 3 2 T -sécetase dokSex
NBEO23ayAl Sa&a &adzoad NI (Sas RAeEret&e deavRdiAPF
Ayid2 RAFFSNBydG 'i aLISOASaz Fa ¢St
standing interest, namely how clinical AD mutations in the catatysubunit
presenilin and the' -secretasecleavage region of APP lead telative increas-
S& 27 !Finaly we disduss how the knowledge emerging from the:
studies could be used to therapeutically target this enzyme in a safe way.
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Abbreviations:

A ¢ amyloidi ,

ADc! £ 1 KSAYSNDa
AICD; APP intracellular domain,
APP¢ amyloid precursor protein,
CTF Gterminal fragment,

EM¢ electron microscopy,

FADc familial AD,

GSk ' -secretase inhibitor,
GSM- ! -secretase modulator,
ICD¢ intracellular domain,

NCT¢ nicastrin,

NTF¢ N-terminal fragment,
TMDc transmembrane domain,
TSA transition-stage analogue,
wt ¢ wild-type.

RA &

es, AD camalso be genetically inheritedThese familial

Alzheimer’s disease (AD) is the most common form of de- forms of AD (FAD) are typically characterized by a much

mentia worldwide currently affecting about 47 tivhs
people. The disease affects the elderly typically above an
age of ~65 and nmafests with progressive memory im-
pairment and cognitive declinébout a third of the people

at an a@ of 85 are diagnosed with ABging is thus the
most important risk factor for the diseasén very rare cas-
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earlier onset of the disease below 65 years, which can oc-
cur in very aggressivlorms already in adolescencdo
date, there is no therapy available that can prevent the
disease or cure [tl].

Pathologically, AD is characterized by a massive deposi-
tion of abnormal protein aggregates present as extracellu-
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lar plaques of amyloid LJSLIJiIARS 6! i 0 A Y adofcilerabyNdighey propdnsiydo/farm neurotoxic aggre-
chyma and as neurofibrillary tangles, intraneuronal depos- gates and is thus believed to be the culprit of AD patho-

its composed of the microtubule binding protein t§2]. In genesis[2.! OSy i N}t LI GK2f23A0Ff NE
addition, dystrophic neurites and neuropil threads ofita from the finding that mutations assod&d with FAD were

are commonly observed in At is widely believed that identified in APP and presenilji0-12], the catalytic subu-
Foy2NXYIf fS@Sfa 2.i XNAXEISXE fidedetase6a18]l Ehéy affect the cleage of
hydrophobic ~4 kDa peptide, which is derived by sequen- ‘-secretase such that increased amounts of the pathogenic

tial proteolytic processing of the amytbprecursor protein 'inuw NBfFGAGBS 2 [14U6nMissehsiS ISy

(APP), a single pass transmembrane protein with type | mutations in APP were the first reported FAD mutations
topology which is expressed in neurons as 695 amino acid [17, 18]. Most of these mutations are found within the APP
splice varian{4] (Fig. 3. In the first step, APP iscleaved by ¢ a5 A ysedfetase cleavage region and like presenilin

i -secretase.This cleavage, which is carried out by the C! 5 Ydzil A2y & AYyONBHGGig 0.KS ! i
membranebound aspartyl LINR (0 S| & S -site ARPP9 AMutations were also found that increase the total amounts
cleaving enzymel)5], removes the bulk of the APP ecto- 2 F ! i 3 Q\ydBublk in@diioh atli K Ssecretase

domain and leaves a 99 amino acide@ninal fragnent cleavage site occurring in a Swedish fanj9, 21] and

(CTF) in the membrangt KA & /[ ddp 2 NI ! t t mobdrgredentlyfiadarddidation of the APP gene could be
fragment is cleaved in the next step by a membrane pro- linked to FA22]. Interestingly, another mutation close to

tein compS E (i S NacBt&sd6)]. This intramembrane GKSAaSONBGFasS Ot SHr@gr3asS ardsS Gkt
cleaving aspartylprotease complex cleaves C99 in the protects against AD has been identified in the Icelandic

NI yaAYSYONI yS R2 iteihgreby réleas-0  Ipapuladict £23].sFAD mtations were also found in the

ing the APP intracellular domain (AICD) from the mem- N-terminal and midR 2 Y'I A y [19].¥FThesei mutations

brane into the cytosolln a stepwise process, which will be  increase the aggregation properties of Ablso for the

SELX I AYSR Ay RSGIAf FodeNEr& S NmarSdorangol sporadid forkdl A0 genefictcomponents,
3SYSNI 6SR o0&2SONMRANGAS yOE &t @1 Ibiéh incréasdtkeSrisk of developing thisease, have

1 -sites that trim the TMIJ7] (Fig. 3. Trimming occurs uriti been identified¢ KS&aS Ay Of dzZRS GKS ¥n | ¢
the TMD is short enough to release predominantly428 LINEPGSAY 9 o6!'th90 3ISyS: 6KAOK

FYAy2 |OAR f2y3 i F2N¥a T MR clédaBce[M]Sax avalll ag $he igiagial pibkis
extracellular space or into the lumen sécretory pathway TREM2 (triggering receptor expressed on myeloid cells 2)
organelles! i nn Aa 3JSYSNIGSR a YOiRR&I AMRRYDEAt SR yAY [PHMESalyOf S NI
nor amounts of the sidli SNJ Y RouwKS$ 2y IFNIOSYamNIpE NRES 2F i Ay GKS Si
Besides these species, very little amounts o ! i o T  leyl By genomavide association studies of AD, which indi-
lino FNBE ISWSMI TGRSR 2F |0 A sate BINIB Gf §efids Sriolvedl & lipid yhetabolism and intra-

FEGSNYFGAOSE e 200 dNaddktgsas], ! t tcellddr rotgn tAaBekingcdl t  FFOG2NAS 6KAO
GKAOK Of SH@Sa sAGKAY {G(GKS | metabufs@Reey | yR 3ISYySNIGSa GKS
shorter APP CTF, C83. { A y BeBretasemakes the final cut in the generation

lfGK2dAK !inu A& y2NXIfte2BSYiSNI K6RAZY LS OMYdiMeiEmNG G KS
FY2dzyGaz AG A& GKS AyAGALf € &rugltayg&s ity ADBVR Wil now ha¥e2aNddserRddidst dsA ( S R
plaques[9. LG A& Y2NB K& RNERLIK20 A O stiidkute yand fuhctions ahdyirRpartidlai atlthé rdeghanism

FIGURE 1: APP processing and generat
2 ¥ APPgs first cleaved € -secretase
1 (%) 0i 0 Ay AdGa SOiG2R2Y

~1 10 8 10
m m lular/luminal membrane border thereby
generating a 99 amino acid-t€minal
sAPPR R @@ @) 4| |8 s APP fragment (C99). Consecutive cleav
N Sa 27 AGHOHNBEEZES i
APP m
<4

AB species

sites releases the APP intracellular d
main (AICD) into the cytosol and 33

FYAy2 FOAR 'i &aLIJS0

lar space or lumen of secretory pathwe

_-TMD 2N\Hlly§fféé¢ [2y3€

B 7 o7 Ad2T LI NI A Odzt F NI Vi nwH }

Extracellular space / d s T43A/ rone and ultimately deposit as plaque
‘Lumen ap ’,’ VA4AM p y dep plaq

in AD patient braia. An alternative cleav-

| » > @A, | T 138 2F -EBONB@taS ¢
e Tagp R2YFAYy LINB@Syida il
CD L52P Pathogenic APP FAD mutations that ha

c " r been shown or are likely to cause relati

C99 I AYONBL &8a Ay GKS =

OASa | NB f addletdstcRav-i

AICD age region of the APP TMD and in tl

AICD.
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2F K24 Al
following chapters.
{¢w; / ¢} w9 I b5
AND BEYOND

1-Secretases a protein complex composed of four subu-
nits [27-29], whose structure has recently been solved at
atomic resolution by cry@lectron microscopy30] (Fig. 3.
The largest subunit nicastrin (NCT) is a type | membrane
protein [31], whose large bilobar highly glycosylated extra-
cellular domain covers the horseshbke transmembrane
part of the compleX32]. The catalytic subunit of the com-
plex, presenilin, is a polytopic nmdbrane protein with nine
TMDs.TMDs 6 and 7 carry the active site aspartate resi-
dues[33-35]. Upon assembly and maturation of the com-
plex[3€], presenilin is cleaved within the large cytoplasmic
loop into two fragments, the Merminal fragment (NTF)
comprising TMDs -6 and the CTF comprising TMD® 7
[37]. Presenilin endoproteolysis is heterogeneous and oc-
curs in a stepwise manng¢B8, 39] by autoproteolysis[27,

33, 34, 40]. The complex can be composed either of prese-
nilin-1 (PS1) or its homolog presenilnPS2j41]. Likewise,
the subunit APH. (anterior pharynxdefective 1)42-44], a
polytopic membrane protein with seven TMDs, which
serves a stabiliag, structural role in the complex, exists as
APH1la or APHLb variant that are part of separate com-
plexes[45, 46]. Finally, there is the smallest subunit of the
complex, PER (presenilin enhancer 242, 47]. Of its two
hydrophobic domains, one forms a straight TMD, while the
other one adopts a hajin-like structure embedded in the
membrane as two halfielices [48, 49]. Lowresolution
electron microscopyEM)-structures indicate that th en-
zyme has substantial conformational flexibility and is com-
pacted upon inhibitor bindings0, 51]. The identification of
three different apestates in the atomic cry&M structure
has shownhat in particular presenilin together with PEN
shows considerable flexibility in the complg2]. The dif-
ferent complexes display differential subcellular locations

Cytosol

)
» g
¥ Presenilin
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ISy SNI G S Peciedlinitkez2 3 S[§3A54). Tardfud oflEbBInNgicdl éxpedments show that PS1

O2 y i | isgchetase complexes @rmore broadly dis-
tributed within the secretory pathway, whereas RS2

CYEBREFASE D h C O2 y ( | AsgtretglsB complexes localize preferentially to

the late endosome/lysosome. These different locations
KFE@S 'y AYLIOG 2y GKS 23Sy SNI A
the lysosomal P H -setretase complexes are responsible
F2NJ 6KS 3ISySNIridAaz2y 2F (GKS
[54].

Research over nearly twodecades hs shown that
1-secretase cleaves numerous other proteins besides APP,
and the list of its substrates has grown to more than hun-
dred since the last overview in 20135]. A general feature
GKIG KIFa SY-SaBt&R subistiatesidiel piinci-
pally in type | membrane protein orientation, i.e. with an
extracellular Nlerminus and an intracellular -@rminus,
and as an additional key feae have short ectodomains.
These are typically generated by ectodomain shedding by
proteases such as BACE or in probably most of the cases by
metalloproteases of the ADAM (a disintegrin and metallo-
LINBGSFASUO FI Y-detrétasedDAMIKand & (G KS
[56]. In case of APP, besides C99, the shorter CTFs C89 and
C83 are generated by the cleavage of these sheddasgs
However, naturall short substrates, which do not undergo
ectodomain shedding such as BCMAcéB maturation
antigen), have also recently been identifi¢88]. Apart
from APP, at least one other major and critical substrate,
which stands ouis the cell surface receptor NotcH’9,
60./ £t SI @I S 2 Becrbtasé iO&n essantial func-
tion of the enzyme required for cefhte decisions during
embryonic development and remains also critical in adult-
hood [61]. As demonstrated first for this receptor, the in-
GNJ OS¢t f dzf I NJ R2 Y| Asgcreimse dledvageI Sy SN
translocates to the nucleus to activate transcription of tar-
get genes[62]. Similar signaling activities have been re-
ported also for a number of other subsaently identified
1-secretase substrates and have also been suggested for
APP[63], although this has remained controversial for this

o dzf |

CLD!w9 HY {6
secretase.The atomic resolu-
GA2y &G Nd=Orétdshl
(PDB: 5FN3) shows a mer
brane embedded core con
taining the catalytic subunit
presenilinl cleaved into NTF
(blue) and CTF (cyan) flanke
by the subunits PER (yellow)
and APHLa (purple), which is
covered by the large bilobal
extracellular domain of the
nicastrin subunit (green). Thi:
domain allows mastrin to
serve as gatekeeper control
ling substrate access to th
active site by excluding pro
teins with too large (or steri-
cally incompatible) ectodo-
mains. Red spheres depict th
active sites asp#ate resi-
dues.
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substrate[64]. 2 K A tsécretase cleavage can lead to sig-
naling pathway activation, examples for the opposite pro-

l'Yéf A2SRJIGA RS 3 Sgebéldsdi A 2 y

bodies sterically hinderubstrate access to the enzyme.
This could occur either directly or liyducing a conforma-

cess have also been identified, where substrate cleavage tional change of the NCT ectodomain towards the mem-

abolishes signaling ents[65, 66]. The regulation of signal-

braneembedded part of the complex thereby interfering

ing pathways by the release of biologically active ICDs is with substrate recruinent. Flexibility of NCT has been

i Kdza Of SI NX &
However, a more general and simple ftioo of
1-secretasecould be to clear the membrane from substrate
CTFs that are left behind after ectodomain sheddi®g.

| -se@etad dventFodgy O (i mnferged I Fower resolution EM studigs0, 51] and is

supported by molecular dynamics computer simulations
[80, 81].
Following this initial recognition step, in which type |

Since an accumulation of these fragments could be toxic as membrane proteins with too large ectodomains are pre-

inferable from observations with APP CTBS-73], this
GYSYONIYyS LINPGSEFaz2vse
toxic membrane protein abundance.

2 A0K GKS RA&Oz2seefetdd substates @
has become clear that the enzyme has multiple biological
functions ranging from developmental processdsarious
organs to functions in the nervous system of the adult
brain[55,67.. SaA RSa | -Sebretdsd fiin&ioii&ah
also be associated ith other diseases including most
prominently cancer, which has excellently been covered
elsewhere [67]. It should also be noted here that
1-secretasendependent functions of presenilinave been
identified which have recently been reviewed elsewhere
[74].

A precise understanding of how the enzyme recognizes,
selects and finally cleaves its substrates is crucial for the
development of APRelS O (i As@cfetasetargeting drugs
that should ideally not touch the cleavage of Notciid
other critical substratesUnderstanding this process is an
area of active research where important developments
have recently been achieved.

SUBSTRATE RECOGNITIONSECRETASE

At the very basic leveof recognition, substrates of
1-secretase have to locate in the same subcellular com-
partment as the protease in order to be cleavabléhe
more restricted localization of PS22 y (i | Asgtietdsg !
complexes to late endosomes/lysosomes thus provides
some selectivity in substrate recognition and cleavage as
substrates that are targeted to these compartments will
preferentially be cleaved by PS2 rather than P&l. Once
substrate and enzyme encounter each other in the correct
compartments, a crucial requirement for the selection of
& dzo a (i NJ-séckefase Gsahat-'these have short ectodo-
mains typically betwem 1530 amino acids in lengtithe
shorter these are the better substrates are cleavafib,

76]. Early studies showed that substrates become increas-
ingly less well cleavableh&n their ectodomain lengths are
increased above 50 amino acid¥]. This has subsequently
been expanded bghowing that NCT acts as a gatekeeper
controlling whether type | membrane proteins getting in
contact with the protease complex have appropriate ecto-
domain lengths that fit in size underneath the large globu-
lar extracellular domain of N(J76] (Fig. 3. In agreement
with such a substrate size control function of NCT are ob-
servations that antibodies against the NCT ectodomain can
block substrate binding and catalydig8, 79]. Although
experimentally not yet shown, it is likely that bound anti-
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vented from recruitment to the protease by steric hinder-

T dzy O (i 4ngey76], Bdbsizhtés gainSabkEsS to the catdlydio/ siteNi? &

stepwisemanner by sequential interactions with exosites,

Ysbibgtéate binding sites outside the active s[&2]. Pho-

toaffinity-labeling studies with C99 using s#pecifically
introducedp-benzoyiphenylalanine as crosslinkable amino
acid identified the B1 NTF as major substrdiending site.
Prominent contact points of C99 occurred in the cleavage
site region and included among other residues V44 be-
G6SSy - KRB AX S &
L49 that contact the PS1 NTF as well as residugk &nd
L52 that predominantly contact the PS1 88 (Fig. 3A.

In addition, NCT, PENand the PS1 NTF were identified as
exosited S | NXEegratase subunitddere, the most prom-
inent contact points of C99 were H6 with NCT, A30 with
PEN2 and E3 with the PS1 NTHg. 3A. Furthermore, as
demonstrated for C99 by the photocrosslinking experi-
ments, exosites in NCT and RENealiate the first interac-
tioy & ¢ -kerétase (stage 1Jpon release from these
sites, C99 binds to exitss in the PS1 NTF (stage Byl-
lowing this stage, C99 can engage the catalytic site for
cleavage (stage 3Fig. 3B. Binding of C99 to NCT at stage
1 is consistent with earlier findings that suggested an ac-
tive role of this subunit in substrate recognition as a sub-
strate receptor[83]. Although the contact points of @dn

the enzyme are currently not known, the initially proposed
model that NCT interacts with the freet®rminus of sub-
strates via an electrostatic interaction with E333 in its DAP
domain (DYIGS and peptidase; residues-2®2) [83] has
been controversia[76, 84, 85] and ultimately seems un-
likely Fig. 3. As seen in the structure, E333 located in the
large lobe cannot directly baccessed by a substrate be-
OFdzaS AG A& O20SNBR o0& I af
would need to be displaced by a conformational change
involving rotation around a pivdB0, 86]. Since mutations

of lid and pivot residues did not interfere with substrate
cleavage[87], the proposed mechanism cannot apply and
suggests thathe substrate may contact NCT at another
region. Interestingly, L571, another residue of the large
f 2 0 ShelxyL6 i$ less buried than E333 and was found to
be critically required for substrate binding and catalysis
[79], indicding that the sulstrate’sN-terminal extracellu-

lar domainmay contact the protease in this regiofig. 3¢.
Another candidate interaction site could be the loop of
residues 240244 of NCT, which is in close proximity to a
co-purified potential substratemimic that adopts a kinked

i NI y & Y S Yielydinyth® cldss 1 apo state of the en-
zyme [52] (Fig. 3¢. For PEN, the candidatebinding re-
gion of C99, whichinteracts with the extracellularjuxta-

Cell StredNOVEMBERO1§ Vol2No.11
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A Nicastrin PEN-2 l‘\ f
........... DAEFRHDSGY..SNK v L
"""" 1 T 10 30 40 \ / 50
PS1NTF PS1 NTF
B
g b
l I AICD
PEN-2 PSy;  PSg APH-1 PEN-2 PSy;;  PSce APH-1 PEN-2 PSy;  PSg APH-1
Stage 1 Stage 2 Stage 3
CLD! w9 oY { dzoad NI (i Ssedvdaéelf@fA GRYSYWIGG 2GF NBHIN®RSyidF GA2y 2F (GKS Y2
secretase subunits as determined by giieected photocrosslinkingising the unnatural amino acitbenzoytphenylalanine(B) Model de-
picting the stepwise translocation of C99 from exos{jsrple)in NCT and PERI(stage 1) and the PS1 NTF (stage 2) to the active site (:
3). (C){ G NHzO {i-sebtBase?(FFN3) wita coA a 2 f khélis Granged, which might represent a substrataimic. Red spheres depict th
active site aspartate residues. Light pink spheres represent candidate sites for substrate interactions with NCT. Altheisdiienion this
view, L571 isalss buried than E333. Numbers indicate TMDs of the PS1 NTF that surroundstinateddA Y A Odhéliy’ 3 h
membrane region of C99 including the-tBrminal TMD conservedPALmotif, which is also located in close vicinity
end, is likely its corresponding extracellar juxtamem- to the active sitd93, 94].
brane region starting frm the Gterminal end of TMD 2.
Whether C99 interacts with NCT or RENt stage 1 se- SEQUENAL CLEAVAGE OF THE APP TMD BY
quentially or simultaneously is not yet clear. 1-SECRETASE
It is highly likely that the substrate movements of C99 2 K Sy / pp KI & NBI OKS RsedrdtaSe | Ol A ¢
from the exositesencountered in stages 1 and 2 tothe ISy SNI GS& 1] 08 0O02yasSodziadsS Ay
active site are associated with substantial conformational {i K & -3¥ | -¢ldavage sitesHg. 4A. Following an initial
changes of the PERand presenilin TMD core of thecom- Sy R2 LINP (152t & (i A-0 pO @Bdedhgs Stest (i K

plex. Lateral movement of PERI towards the active site,
potentially together with NCT and rearrangemsraf PS1
NTF TMDs-B could translocate exositeound substrates

to the active siteBased on the cry&M class 1 structure
with the kinked substrate mimic, substrate entry to the
active site may occur through the cavity formed by TMD2,
TMD3 and TMD$2] (Fig. 3¢. The PS1 hydrophilic loop 1
may play an importanrole in this process by allowing
movements of TMD2, which like TMDG6 is highly dynamic
[30, 48, 52]. This would be consistent with mutational
analysis that irplicated this region in substrate binding
[88] and supported by the clustering of many FAD muta-
tions in this loop. Ultimately, as suggested by mutational
analysis, a final substrate selection step likely takes place
close to the catalytic aspartates and involves the GxGD
motif in TMDY. The conserved glycines are highly critical
T 2 Ndcretase activity89, 90] and L383 of PS1 at position

x of the motif in PS1 provides substrate selectivity of APP
over other substratessuch as Notchl or CDA#at are not
cleavable with certain substitutions of this residi®d, 92].
This suggests that the GxGD mdia critical region for the
proper exposure of the substrate scissile bonds to the cata-
lytic residues.Substrates not meeting the steric require-
ments may fall off from the enzyme at this stagémilar
observations have been made by mutational analysis of the

OPEN ACCEgsvww.ceBtress.com 296

[9598]2 -secretase cleaves the remaining membrane

02dzyR f2y3 1i O2dzy iSNLJ NIia oeé
trimming [99-101]. In the majlNJ LI G KglF &3 i nn
RdzOSR Ay | LINRBRdzOG fAyS &adidl NI,

YSRAIFGSA !'!ihtnkyRa! BEy&®&8NI G SR f

YAY2NJ LINPRdzOG fAYyS adrkNIAy3 FN

I i nQledvages in the two lines can also continue further

totKS aK2NISNJ aLISOASa !'iot 2NJ !
{ Ay O S-cleavidges occur in the middle of the TMD,

4 KA f S-cldavages ¢ose to the cytosol border of the

TMD, the @ SNXYAYA 2F | i nn-kleavaged Sy SN,

and the NGO SNIX A Yy A  2clavage @ Biginotdt had

GKdza AyAGALFTf e ockégge WadldpreS NI & f

O S R-8leavage or the other way round or whether both

cleavages may occur independenth.landmark discovery

that provided a first evidence for a stepwise cleavage was

the detection of @ SN Ayl ff & Sf2y3arisSR !

i noX !i npk n inysateyoReultuiechceli®9 o

101, 102. Sine corresponding MNerminally elongated

AICD species (AleDno 2NJnbkh80 @6SNB | f

F2dzy R F2NJ 0KS f2y3SNJ !'ino I yR

KeLR iKSaAOBRI Alk3Si G GKS snyki

lowed by sequential cleavages peeding to the

N-terminus at every third or fourth residy¢hereby result-

Ay3a Ay 3ISyYSNI GA[QY ThasFassurhingan | y R

h-helical conformation of the C99 TMD, small three to four
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FIGURE 4: Stepwise cleavage model of APP¢(K)S (g2 LINBRdzOG tAySa tSIFRAy3 (G2 (GKS

YIE 22N LINPRdzOG fAYyS !'inn Aa-NBSYKSNAYIR Od & | G pEEcO drBAERES. v A dtindk
LINERAzOG tAYySS !inu A& 3ISYSNIGSR Ay | -&% Y4B BBy | S/a/ASRyPraslts o

the two main product lines (green and red) including a hexapepld@a dzf GAy 3 FNRBY RANBOG Of St g :
minor peptides have been identified suggesting multiple product line crosgingsS LISy G | LISLIGA RS NBadzZ Ay
is indicated in purple(C)Sequential cleavage nbnuously requires sterically compatible interactions of P2” residues with the S2” en

& dzo & A-Befret&& major product line shown. The adjacent P4" residue K53 is additionally presented for the comparison of s
proportions.

amino acid peptides are produced every time the cleavage knockin mice overexpressing Sdish APR103. Interest-

proceeds along the hel{@9] (Fig 4A). Accordingly, follow- ingly, also a VVIAT pentapeptide resulting from a cleavage

ing the release of AIGDN ¢ | y*Rny I/ BKS G622 F i | ILIN® 1t (i 2 detécted poth dnl the celHree

RdzOGA2y LI GKglea 2dzif AySR Iaa&dtsse degvage &sdapdnd in cultured ¢a0d (FigINE 1t

RdzOSR FTNRBY !indg FyR ! i n%g. FNBB Ndtablyipn mzxS RS LINBL2 HFR RSNA ISR
Using acelt¥ NGS<ecretase cleavage assay, in which K2 gAy3 GKFEG 'ioy OFy y2i 2yfé

cleavage of a recombinant C99 substrate by detergent 'y R GKFd GKS !'innaknu IhIJWBRdzO0

& 2 t dzo ssécrethss R directly analyzed, the putative tri  with these findings, it could further be shown that both

2NJ (S{NI LIS LI A RS-alyyREaavaGeSsifes (1 KIS nsw Yy R i & $ NIA SsectthsE sulstrages

(G/GVVIATVIVIT). were identified by liquid chromato- FyR 0S8 Of S04 Riterdave rhinoopyoduc-

graphy tandermass spectrometry{10Q. Thus, ITL, VIV, tion pathways with additional product line crossings were

FyYyR L!'¢ LISLWGEARSazZ 2F G(KS ! i identifiddiMmBPoRetzEtidied105y186F Altbgather B de- | & =+ |

¢+xLY FYyR #zxL! LISLIWARSa 27T (it&léd ahdlyses of ittiblBeRudzdial cldaviageSneach@Nd of R S 1t

G6S00SRalLAER @1103311‘1 thetcleavage reactiorF(g. APP showed that it is much more complicated than it was

4B.Inl ANBSYSy i Al K-cleawde madsl)j dzSnitidllk tohsidered Rig. 4B. A critical implication of the

the peptides were generated in a tirdependent manner sequential cleavage med for AD pathogenesis is that a

[100]. Further strong evidence for this model was obtained LINB OSaaA @A iGe& AYLI ANNSY(d Ay KS
by successfully measuring these small peptides also inside A y ONB I 45a& Ay GKS LIk iK23S8SyA0 i
cultured cells[104] and in vivoin the brain of PS1 1213T OStfdzt I NJ | OOdzydzt  GA2y 2F €2y 38
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which may also be pathologically relevant in AD the
origin of neuritic plaques as a consequence of neuronal

loss[107].

¢t KS YSOKLI yA &d6cretage refe&sasip-

GARSE
2 dzi 06

oe I

Ay GKS

AS1jdzSy dAlt
NB OSy (i -sacieticde das thie@ ¢ Asifalies, @rk langely ‘unknowrSince cleavages of C99 and

distinct amineacid-binding pockets in the active site region
corresponding to the S1°, S2nhd S3° subsiteshrough
which the enzyme form a stable enzymsubstrate scis-
sion compleX10§] (Fig. 4@. Fitting of the P1'P3’ residues
into these pockets brings the substrates into position for
each catalytic cycle of the sequentidleavage.The S2°

pocket is smaller than the S1” and S3" pockets, which im-

poses steric requirements on the P2" site of C99 and the

Sy adzay 3

| | (Figa 4g018i§ bdlifrdntfy 2unknown
GKSGKSNI 2 KS NEcterze olloNihaisBguen? F

tial cleavge model.However, this is not unlikely, since

f2y3gnSi

Tt[twm

Iy R

bi

LISLIIARS A

4 dzOK

I a

2 NJ duzéd Hfem NJNEEL, can serve as
I-secretase substrates and be cleaveditroA y { 2

HMZ

l'Yéf 2ISRJINARS

3 S-gel@dldsdl A 2 Y

sites have been identified in a number of substrates now
that may possibly relate to consecutive cleavages along
one or more product lines as w§ll09].

The molecular propertie of substrates, which are rec-
Ot S2 By AISSscremsk diftpreniiading them fioin aonsat® NJ S R

Notchl are kinetically extremely slow with very low turno-
ver numberskea: [76, 110, it is likely that conformational
flexibility of the substrate, in particular TMD helix dynamics,
plays an important role to find the conformations that al-
low productive accommodation into the enzyme at the
exosites and/or the active sifd11, 1127]. Indeed, insertion

of helix stabilizing and destabilizing residues in the cleav-

age domain has an inhibiting or promoting impact, respec-

tively, on the cleavability of C9213 114).
1

MECHANISMS OF PRESENILIN AND APP FAD

MUTAmOMSY UNINRIR020 S RHEF NBNERATION  OF

t! el

hD9bL/

i

{t9/L9{

't [ ™8y farRhe most mutations associated wiAD are found in

mechanisms as we[lLl04]. In addition, multiplecleavage

TMD2

NB & LIS O A g Sdleavage A Y R\FSt dbedb date dverlp tapaftibdehid mutations have

been identified covering ~25% of the residu€sy( 5. Al-
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FIGURE 5: FAD mutations in presenifithematic representation of the nine TMD structure of presenilin in its cleaved form with the
(blue) and CTF (cyan). Pathogenic presenilin mutatiomsv(alzforum.org/mutation¥ are found in all TMDs and in some of the HLs.
compared to PS1 less frequent PS2 FAD mutations are represented in italics. The red arrow indicates the site of endsproteolys
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most all of them are missense mutations that localize all
over the protein clustering in the TMDs, in hydrophilic loop
(HL) 1 and HL6-términal to the endoprotelytic cleavage
site within exon9.Mutations in PS2 show a similar broad
distribution over themolecule but are much less frequent
and have a later disease onset that is likely due to the low-
er expression of PS2Although it had already been shown
shortly after the discovery of presenilins that the muta-
GAz2ya OKIy3asS G[gsh the machamism(s)
behind this phenomenon has remained obscure for a long
time and ory recently become more cleaFollowing the
SYR2LINRPGS2f @iA0 -sief $he Gartdg |
terminal timming of the 42product line becomes im-
paired such that the enzyme cannot efficiently convert
i nwu ( #15117 dFy. 6A. As a consequence, the
ISYySNIGAZ2Yy 27
I i nHK o yn adtitidhAtidsdeads to a relative increase
2F GKS 3ISYySNIGA2Yy 2F !inu 2
AYONBIF &SR !inuk!inn
become impaired in the 4Product line manifestig in
AYyONBI &SR ! iDependingon Nl mutatod,
these principal effects can also occur in combinatiead-
ingtoanincre a SR NI G A2
processivity changes occur for presenilin FAD mutations
has been enigmatic and only recentgnvincingexplana-
tions could be dered. Thus, it could be shown that PS1

,, u | B

&

A

1
X

NIgus ¥ & t @

2 T Why thesek n otion§ &f theidwzo @ S1j dzSy G € &

| ~onon]
et ' 4V 4

l'Yéf 2ISRJINARS

FAD mutations display an increase in the dissociation rate
2F i nu T NR[Y4.0drKige wihyfHese ¥indlings,

it was next found that FAD mutations destabilize the en-
zyme and as a consequence also the enzgoisstrate
interactions [118. Enzyme destabilization affesd the
initial enzymeC99 interaction leading to impaired endo-
LISLIGARE &S Of Site@hdIchntinbed to (akdS
weaken the interactions with the enzyme of the subse-

ings, it was foud that inteactions of C99 with
1-secretase are altered by FAD mutants in the substrate
tleaviigk omainthereby changing the positioning of the
substrate in the active site regid82] (Fig. 6B. Consistent
with these recent results, earlier studies had suggested
that FAD mutations affect the topography of the active site

I i o vyincrRaSeOmNiid a Sas showndkd keguded inkfibitor potenci¢s19-121] and

altered interactions with activsite targeted inhibitors
A SINThé iKddel emrging lfrommtireselstyidies tipasoat

cause structural alterations, which can, depending on the
particular mutation, destabilize the enzyme to various ex-
tents. This leads to altered C99 binding and labile interac-

which dissociate faster from the enzyme than in the wild
type (wt) situation.

FIGURE 6: Mechanism of pres
nilin FAD mutations. (A)Model
depicting impaired processivity il
GKS !inn IyR i
causingrelative increases in the
ISYySNrdAazy 27F (
OASa !'inu YR

instability of FAD mutant prese
nilin leads to impaired processivit
manifested by faster dissociatiol
rates and premature release c
t2y3a 1 & dzOK I
enzyme. (B) Presenilin FAD muta
tions cause a mispositioning ¢
C99 as shown by altered intera
tions of the substrate cleage
domain with the enzymeResidues
that were identified to show in-
creased or decreased interactior
with two different PS1 FAD mu

Enhanced A
dissociation rate

& M

NCT
tants ae shown in red and blue
AB40 AB42/43 respectively.Yellow asterisk indi-
~ .I @ m cates a FAD mutation.
t i Lt IZ:> B IZ>
PEN-2 PS.;  PScr APH-1 I PEN-%_-”'PSNTF PS‘CI}‘,_._APHJ I
PS wt PS FAD .
I ST Y
\'4 VIV TL ML
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The mechanism of APP FAD mutations is less clear than For example, a phenylalanine occurring at the P2 site of

that of the FAD mutations presenilin described abové.
had been reported that FAD mutations located in the

l'Yéef A2SRINA RS IS geleldsdi A 2y 0 ¢
i K $13 cleavage site as the 145F FAD mutant, will cause
I aKATAdG FNRBY GKS !'inn LINRRdzO

1-secretase cleavage region behave differently from those because the bulky phenylalanine will better accommodate

in presenilin that typically affect the efficiency of the con-
GSNEA2Y&E 2F !inuw G2 !ioy |
iKSasSsz Ol dzasS |
When this product line is enterednot only increased
FY2dzyda 27
ONBlIaSR !ioy tS8S@gStazx
havebeen observed [115], although not all studies showed
consistent result§99, 106, 115, 118, 12B25]. Considering

GKFG GKS FTFFAYAGASE 2F GKS
for the enzyme are decreasing from longer to shorter pep-

tides [118], the accumulaA 2y 2 F | i levgls a8 2
linH A& BUNKN#IAKYyHdboy OFY
FTNRY !ino womnn8z (KAA
SEGSyid aayO0S G4KS 'inn

to the large S3LJ2 01 S -42 EleaindeSiteP(g. 7¢.
y Rteréstingly, this lcappénd withountimeStypitf sSite shifry £ A 1 S

& K A T145 (Big 7A0 K S [109]. HawevedNtR Rtde©dd faf khofyi$ FAD mutant with a

phenylalanine mutation, the V46F mutant, is not causing a

! i n HRentalidbly, ASyirS NJ prd8iiRtdline block as the phenylalanine substitution does
2F0Sy notxrHdniwihltie fsiBall 8§22 podkit 2ithé& of 2h€ twb i n H X

pathways.Ly GKAa OFasSs GKS AyONBI
OF dzZA4SR o0& (KS LINBsiRdzOG fAyS &KA
& SThkerSofétted, Whilegpresgidliyf BADIMGt&iens displaya LIS C
reduced carboxyerminal trimming within tke two product
BnasYahd/or ptdduct line shifts, the APP FAD mutations
| seeinzto ocdrébined BodENihelishifs with substrate side

4 K 2 dzt cRain 2@nPatitNd oRgqyahcy of (tfe S1 SIORMESAY A v 2 NJ
LINE R gaOlilem that j6 8ot yetssolvgdawith thé suSentlydBilabENNS R

product line of APP FAD mutations. How APP FAD muta- models is the g¢ S NJ i A 2 yThigspeciésiisggndrated

toya OFdzaS Iy AyONBFaS Ay i
not yet fully sufficiently be explained by these observations
FYR FRRAGAZY T YBeGHits Viavaitdtie
at play.Indeed, it has been demonstrated that the nature
and the location of te FAD mutation will dictate which
product line is selected10§]. It could be shown that the
three residues locating-@rminal to the cleavage sites, i.e.
residues P1- P3’ need to fit to the g@parently large S1’,
the small S2°, andthe large S3” subsitpockets of the en
zyme.Thus, the presence of aromatic amino acidshed
P2 position will clash with the small S2” pockbereby

K8r alnumber af P31 FAD riutagts aDlevels corfpSralife o2 NS
the wt enzyme and in increased amounts for at least some

0 BRPAFRIS &nutants, although it should not be generated
gKSY !'inn YR !'ino RedaineOAlGS
due to destabilized enzymsubstrate interactions in the
mutant case[118]. Although exciting research of the past
few years has thus provided increasing mechanistic insights,
the models derived from these studies are still too simple
to explain @ experimental observations at the mechanistic
level.

0f201Ay3 (KS NBaLISOGABESTB i nn 2NJ!'inn LINRBRdzOG tAyS o
FIGURE 7: Mechanism of APP FAD mutationsa(B)RSf RSLIAOGAY3 GKS aKAFAHE Ay GKS lir
iKSNBoe OFdaAy3a NBfLGAGS AyONBFasSa Ay GKS ISy SNI dA@yProdd liné
usage is governed by interactiogsh (0 K G KS { v O SsgdretadeSSteticdity demanding ardmatic amino acids at the P2
A2y 2F [/ ddp adzOK +a Ay (GKS aeylKSiA Odine (ChPathweydalodk Yyia cl@sh bf #h& aramma
P2 withthe SO & dzdo & A (i Slin@iFftheFKEB A 82 @A G SR LnpC Ydzi | ypiodu€ lindzSidck this muiakt Xide
y2i FfiSNIAKS OfySIGAHTS® | inn A& Y2a0 tA18fe 3ISYSNIGSR FNBY
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