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Abstract
Alzheimer’s Disease (AD) is the sixth-leading cause of death in industrialized countries. Neurotoxic amyloid-β (Aβ) plaques 
are one of the pathological hallmarks in AD patient brains. Aβ accumulates in the brain upon sequential, proteolytic pro-
cessing of the amyloid precursor protein (APP) by β- and γ-secretases. However, so far disease-modifying drugs targeting 
β- and γ-secretase pathways seeking a decrease in the production of toxic Aβ peptides have failed in clinics. It has been 
demonstrated that the metalloproteinase meprin β acts as an alternative β-secretase, capable of generating truncated Aβ2–x 
peptides that have been described to be increased in AD patients. This indicates an important β-site cleaving enzyme 1 
(BACE-1)-independent contribution of the metalloprotease meprin β within the amyloidogenic pathway and may lead to 
novel drug targeting avenues. However, meprin β itself is embedded in a complex regulatory network. Remarkably, the 
anti-amyloidogenic α-secretase a disintegrin and metalloproteinase domain-containing protein 10 (ADAM10) is a direct 
competitor for APP at the cell surface, but also a sheddase of inactive pro-meprin β. Overall, we highlight the current cellular, 
molecular and structural understanding of meprin β as alternative β-secretase within the complex protease web, regulating 
APP processing in health and disease.
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Abbreviations
AD  Alzheimer’s disease
APP  Amyloid precursor protein
Aβ  Amyloid-βADAM; a disintegrin and metallo-

proteinase domain-containing protein
BACE-1  β-Site cleaving enzyme 1
PS1/2  Presenilin 1 and 2
MT-2  Matriptase-2

The metalloprotease meprin β in health 
and disease

Meprin β is a membrane-bound multi-domain metallo-
enzyme (Fig. 1) and exhibits a unique cleavage specific-
ity amongst all extracellular proteases [1]. The protease 
belongs to the metzincin superfamily characterized by 
the typical zinc-binding motif HExxHxxGxxH/D and a 
so-called Met-turn, the latter containing a tyrosine resi-
due that functions as zinc-ligand [2]. Based on structural 
data it became obvious that all members of the metzincin 
superfamily, including matrix metalloproteases (MMPs), 
ADAMs and astacins, share a common fold of the catalytic 
domain, but exhibit unique features within the active site 
cleft [3]. Meprin β belongs to the astacin family of metal-
loproteases and in mammals is closely related to meprin 
α, bone morphogenetic protein 1 (BMP-1), mammalian 
tolloid (mTld), tolloid-like 1 and 2 (tll-1/2), and ovasta-
cin [4]. Although all astacin members exhibit a cleavage 
preference for aspartate and glutamate in P1ʹ, only meprin 
β is capable of hydrolyzing completely acidic peptides [1, 
5]. Several biologically important substrates have been 
identified, which links meprin β activity to inflammation, 

Cellular and Molecular Life Sciences

 * Claus Pietrzik 
 pietrzik@uni-mainz.de

 * Christoph Becker-Pauly 
 cbeckerpauly@biochem.uni-kiel.de

1 Unit for Degradomics of the Protease Web, Biochemical 
Institute, University of Kiel, Kiel, Germany

2 Institute for Pathobiochemistry, University Medical Center 
of the Johannes Gutenberg-University Mainz, Mainz, 
Germany

http://orcid.org/0000-0002-5100-9916
http://crossmark.crossref.org/dialog/?doi=10.1007/s00018-019-03179-1&domain=pdf


3194 F. Scharfenberg et al.

1 3

connective tissue homeostasis and neurodegeneration [6, 
7].

Employing different mouse models of acute and chronic 
inflammation meprin β was found to be a rather pro-inflam-
matory enzyme [6]. The pro-inflammatory trans-signaling 
of interleukin 6 (IL-6) can be induced by meprin β through 
the shedding of the IL-6 receptor from granulocytes then 
acting on other cells by binding to its β-receptor gp130 and 
inducing signal transducer and activator of transcription 3 
(STAT3) phosphorylation [8]. However, in a dextran sul-
fate sodium (DSS)-induced colitis model, IL-6 levels were 
increased in Mep1a/b−/− mice compared to wild-type ani-
mals [9]. This is further supported by a study showing that 
meprin β can directly cleave and inactivate IL-6 [10]. Sev-
eral studies demonstrated that meprin β contributes to the 
onset and progression of nephritis and acute kidney failure 
[11, 12]. Interestingly, nanoparticle-based application of 
meprin β specific siRNA showed a clear benefit in a cor-
responding mouse model [13]. Another aspect of meprin 
β’s pro-inflammatory activity is reflected by its capacity 
to promote transendothelial migration (TEM) of immune 
cells [14, 15]. Here, the cell adhesion molecule CD99 is 
a possible substrate candidate, as its cleavage by meprin 
β induces TEM and cell proliferation in vitro and in vivo. 
Meprin β was also described to promote cell migration 
through cleavage of extracellular matrix proteins, such as 
fibronectin or nidogen [16]. However, other studies high-
lighted a rather opposite function, because meprin β was 
identified as a procollagen proteinase, cleaving off the N- 
and C-terminal pro-domains of collagen I + III, thereby 
inducing collagen fibril assembly [17, 18]. This is further 

supported by the observations that increased meprin β 
expression is associated with skin and lung fibrosis [18].

In the small intestine, meprin β is essential for the detach-
ment of the mucus by cleaving mucine 2 (MUC2) [19]. 
This is crucial for the functionality of the mucus barrier 
to impede bacterial overgrowth and infection [20]. Inter-
estingly, the pathogenic protease gingipain R (RgpB) from 
Porphyromonas gingivalis is able to cleave meprin β thereby 
preventing mucus detachment [21]. Of note, cleavage by 
RgpB leads to activation of membrane-bound meprin β, 
which precludes its shedding by ADAM proteases. Solubi-
lization of meprin β is a prerequisite for the protease to get 
access to the cleavage site in MUC2 [19].

Activation and shedding of meprin β are mutually exclu-
sive events [21]. Besides RgpB, this was also demonstrated 
using matriptase-2 (MT-2) as a potent activator of mem-
brane-bound meprin β [22]. The molecular mechanism why 
cleavage of the pro-peptide completely blocks shedding by 
ADAM10/17 is still ambiguous. However, it demonstrates 
how strict meprin β activity and localization is regulated. 
This is of utmost importance for the β-secretase function of 
meprin β in the processing of the amyloid precursor protein 
(APP), which is involved in the generation of Alzheimer’s 
disease (AD) [23]. Hence, understanding the interplay of 
the α-secretase ADAM10 with the alternative β-secretase 
meprin β on molecular, cellular and disease level will help 
to further elucidate decisive steps in the onset and progres-
sion of AD.

Fig. 1  Domain composition and dimeric structure of the metallopro-
tease meprin β. Cartoon representation of dimeric meprin β domain 
model (left) and a membrane-bound ribbon structure model (right) 
based on the crystal structure of the ectodomain of human meprin β 
(PDB: 4GWN) Pro propeptide, CAT  catalytic domain, MAM meprin 

A5 protein tyrosine phosphatase μ domain, TRAF tumour-necrosis-
factor-receptor-associated factor domain, EGF epidermal growth fac-
tor-like domain, TM transmembrane region, C C-terminal part. The 
disulfide bridge between the MAM domains responsible for dimeriza-
tion is indicated as yellow bar
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β‑secretases: BACE and alternatives

Neurotoxic amyloid-β (Aβ) plaques are one hallmark of 
AD [24, 25]. Aβ deposits in the brain are composed of 
peptides derived from APP and consist of up to 42 amino 
acids. Several publications support different molecular 
mechanisms for Aβ mediated synaptic dysfunction and 
neuronal cell death, such as membrane disruption, ion dys-
regulation or oxidative stress induction [26–29]. However, 
the Aβ biology is rather complex, mainly due to its great 
hydrophobic interacting potential [30]. Thus, the entire 
and exact role of Aβ remains elusive. Aβ peptides derive 
from APP by sequential cleavage at the β- and γ-secretase 
cleavage sites [31, 32]. Intramembranous γ-cleavage is 
accomplished by the aspartic peptidases presenilin 1 and 
2 (PS1/2) within the γ-secretase complex at position 40 or 
42 (numbering according to Aβ sequence) [32]. Aβ1–40 is 
the major species, whereas Aβ1–42 levels are low in healthy 
brains, however, strongly increase during the progression 
of AD [33]. Of note, conditional PS1/2 double knock-out 
mice exhibit significantly reduced Aβ levels [34]. Further, 
more than one hundred PS1 related mutations were iden-
tified that lead to increased Aβ levels suggesting PS1 as 
a susceptibility gene for AD [35]. However, β-secretase 
cleavage is rate limiting for the Aβ formation [36, 37]. 
The first identified β-secretase is the aspartic protease 
β-site cleaving enzyme 1 (BACE-1). It is predominantly 
expressed in acidic compartments and exhibits a low pH 
optimum. Thus, BACE-1 dependent APP cleavage occurs 
in endosomal/lysosomal compartments [38]. The major 
cleavage event by BACE-1 at the β-site of APP is at posi-
tion 1 resulting in the dominant Aβ species Aβ1–40/42 
[39]. Since the Aβ formation in BACE-1 knock-out mice 
is strongly reduced, BACE-1 is thought to be the major 
β-secretase [40]. Thus, BACE-1 is one of the most prom-
ising therapeutic targets for AD treatment. However, all 
clinical trials using specific BACE-1 inhibitors have failed 
so far and have not shown any cognitive benefits for the 
patients (https ://www.alzfo rum.org/news/confe rence -cover 
age/bump-road-or-disas ter-bace-inhib itors -worse n-cogni 
tion; 02.11.2018). Therefore, the investigation of alter-
native β-secretases as potential drug targets is of great 
interest.

Besides the BACE-1-generated Aβ1–x species N-terminal 
truncated Aβ forms came into focus of research. Already 
many years ago, Konrad Beyreuther and Colin Masters 
described N-terminal truncated Aβ peptides in the core of 
amyloid plaques of AD patients [41]. Other groups have 
shown an increase of Aβ peptides starting at position 2 
(Aβ2–x) in the brains of AD patients compared to other 
dementias or non-demented subjects [42]. A number of 
N-terminally truncated Aβ variants starting at different 

other positions have been reported in the cerebrospinal 
fluid (CSF), blood and brain tissue of AD patients [42–44]. 
Since BACE-1 is incapable to generate such peptides the 
hunt for these enzymes was evident. For instance, cathepsin 
B, S and L as lysosomal proteases are discussed as alter-
native β-secretases generating various Aβ species [45–47]. 
Inhibitor studies in cells and mice indicate a direct involve-
ment of these proteinases in Aβ generation [45]. Of note, 
cathepsin B is thought to be involved in Aβ3–x formation, 
which is the progenitor of highly neurotoxic pyroglutamate-
modified Aβ3–x [46]. However, cathepsin D is involved in 
the clearance of Aβ [48]. The detailed role of cathepsins in 
this context is not revealed so far, however, their low cleav-
age specificity on APP suggests a Aβ degrading role [49, 
50]. Other candidates generating N-terminally truncated 
Aβ peptides are the Aminopeptidases A and N (APA/APN). 
APA generates Aβ2–x from Aβ1–x, whereas APN is thought 
to convert Aβ2–x to Aβ3–x [51, 52]. A promising alternative 
β-secretase that directly cleaves at p2 within full-length APP 
is the metalloprotease meprin β [23]. We and others could 
show that mRNA and protein levels of meprin β are sig-
nificantly increased in AD brain [23, 53], which is in line 
with increased Aβ2–42 [42]. Of note, Aβ2–40 peptides not only 
exhibit a greater aggregation potential than Aβ1–40 but addi-
tionally induce Aβ1–40 aggregation [54]. Mass spectrometry-
based degradomics identified APP as a substrate for meprin 
β at three different sites in the N-terminal region between 
Ser124/Asp125, Glu380/Thr381, and Gly383/Asp384 [55]. 
After incubation with all APP isoforms and meprin β, two 
fragments of 20 and 11 kDa were identified either in vitro or 
in cell culture-based assays (Fig. 2). Interestingly, these frag-
ments derived from APP processing were found in human 
and wild-type mice brain lysates, but not in the brain of 
Mep1b−/− mice [55], proving APP as a physiological target 
of meprin β. The major cleavage site of meprin β in APP695 
is between Asp597 and Ala598 resulting in the formation of 
Aβ2–x, and to a minor extend between Met596 and Asp597 
at the BACE-1 site [7, 23]. Meprin β knock-out mice brains 
show increased sAPPα levels which could indicate that 
the absence of meprin β leads to more available substrate 
to α-secretase. It has been shown that meprin β and APP 
co-localize at the cell surface and in the secretory pathway 
leading to APP processing by meprin β in these cellular 
compartments [54]. Therefore, meprin β may compete at 
the cell surface with ADAM10, the main α-secretase in the 
brain [56]. A recent publication indicates that meprin β may 
also act as dipeptidyl-peptidase being able to convert Aβ1–x 
to Aβ3–x, which is the progenitor of highly neurotoxic pyro-
glutamate-modified Aβ3–x [53]. However, this observation 
is based on in vitro cleavage using truncated Aβ-peptides. 
Hence, further cell-based assays are necessary to validate 
these findings.

https://www.alzforum.org/news/conference-coverage/bump-road-or-disaster-bace-inhibitors-worsen-cognition
https://www.alzforum.org/news/conference-coverage/bump-road-or-disaster-bace-inhibitors-worsen-cognition
https://www.alzforum.org/news/conference-coverage/bump-road-or-disaster-bace-inhibitors-worsen-cognition
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Fig. 2  APP processing by BACE-1 and meprin β in the canoni-
cal and non-canonical pathway. BACE-1 and meprin β are shown 
to be involved in the generation of Aβ peptides in the canonical and 
non-canonical pathway. The so far well-described APP processing 
pathways by α-, β- and δ-secretases are described in green, orange 

and blue. Meprin β is involved in the generation of two APP N-ter-
minal fragments of 20 and 11  kDa as well as the cleavage of APP 
at the β-secretase cleavage site  (purple), providing a substrate for 
γ-secretase releasing Aβ peptides (red)
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The role of meprin β-generated Aβ2–x has yet not been 
investigated in the common AD mouse models such as 
5xFAD or tg2576. These and other mouse models contain 
the Swedish APP (APPswe) variant bearing two point muta-
tions (KM595/N596L) N-terminal to the β-secretase cleav-
age site. These mutations originate from a rare genetic APP 
variant identified in two Swedish families [57, 58]. APPswe 
mutations are connected with an early loss of memory and 
dramatically increased the accumulation of Aβ1–x generated 
by BACE-1 [59, 60]. Of note, BACE-1 deficiency recovers 
the loss of memory and Aβ1–x accumulation [60]. However, 
the β-site of APPswe is not cleaved at position 2 by meprin 
β, resulting in complete reduction of N-terminal truncated 
Aβ peptides starting at p2 in mouse models carrying the 
APPswe mutation [7, 54]. This leads to the assumption 
that alterations of the amino acid composition close to the 
β-secretase cleavage site may inhibit meprin β activity on the 
generation of N-terminal truncated Aβ peptides. This could 
be further validated since the “protective” A673T mutation 
in APP, which results in reduced Aβ levels in patients, also 
prevents from meprin β cleavage at position p2 [54]. The 
cleavage sites of BACE-1 and meprin β on APPwt and APP-
swe are shown in Fig. 3.

Thus, it is not possible to address the biological relevance 
of meprin β-generated Aβ2–x in APPswe based mouse mod-
els. With regard to continuously failing BACE-1 inhibitor 
clinical trials, AD mouse models considering truncated Aβ 
species in an APP wild-type background are essential to 
promote AD research. A potential role of meprin β expres-
sion in AD may be reflected in genetic studies. Quantitative 
comparison of meprin β expression revealed significantly 

higher mRNA levels in brain tissue from AD patients ver-
sus controls [23]. Recently, Schlenzig and colleagues also 
detected a fivefold increase in expression levels of meprin β 
in postmortem tissue samples from AD patients compared 
to age-matched controls [53]. In addition, a more detailed 
histological analysis showed a prominent meprin β immu-
noreactivity in tissue sections from AD cases compared 
to controls. Interestingly, this work detected a noticeable 
immunoreactivity for meprin β in glial cells, more precisely 
in astrocytes of AD patients [53].

Using brain tissue from the Brains for Dementia Research 
(BDR) cohort, which was specifically created to address the 
shortages of high-quality brain tissue samples from healthy 
individuals as well as those with dementia, Patel and col-
leagues performed single variant and burden analysis on 
coding variants to identify significant associations with late-
onset AD (LOAD). Using next-generation DNA sequencing 
(NGS) a synonymous mutation in MEP1B, the gene coding 
for meprin β, was identified to have greater frequency in 
AD cases than controls [61]. Although the sample size of 
this cohort is rather small and needs further validation, the 
result may provide more evidence to imply meprin β is in 
close association with AD.

β-secretase cleavage of APP is not only determined 
by the site preferences of the different enzymes. Cellular 
localization of APP/protease-interaction is also an impor-
tant issue. BACE-1-dependent Aβ release occurs intracel-
lularly due to its activity in late endosomes/lysosomes, 
whereas meprin β-dependent Aβ generation takes place at 
the cell surface or even in the late secretory pathway [54]. 
The α-secretase ADAM10 exhibits dual anti-amyloidogenic 

Fig. 3  Comparison of APPwt and APPswe processing by BACE-1 
and meprin β. The local APP peptide sequence around the Aβ region 
(red boxes) is depicted. The Swedish APP mutation is highlighted 
by purple letters. The upper panel shows BACE-1-mediated and the 

lower panel meprin β-mediated APP processing at the β-site. The 
arrows indicate cleavage sites of BACE-1 or meprin β on APPwt in 
comparison to APPswe
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activity by cleaving APP within the Aβ-peptide sequence 
and by ectodomain shedding of meprin β thereby destroy-
ing its β-secretase activity [23, 62]. Hence, in contrast to 
BACE-1, ADAM10 and meprin β are direct competitors for 
the substrate APP at the cell surface.

Shedding of meprin β

The activity of meprin β is strictly regulated within the pro-
tease web (Fig. 4) [1, 21, 22]. During the secretory pathway, 
meprin β gets highly glycosylated and reaches the cell sur-
face as zymogen. For maturation, the pro-peptide of soluble 
meprin β can be cleaved off by tryptic serine proteases, such 
as trypsin or human kallikrein-related peptidases (KLKs) [1, 
63]. The membrane-tethered serine protease matriptase-2 
(MT-2) has been identified as a potent activator of mem-
brane-bound meprin β [22]. ADAM10 and ADAM17 were 
identified as sheddases of pro-meprin β, which is then matu-
rated by soluble tryptic proteases [21, 63–65]. Importantly, 
shedding of meprin β by ADAM10/17 is completely abol-
ished upon its activation by MT-2 at the cell surface [21]. 
The molecular mechanism why only the pro-form of meprin 
β can be shed is not understood.

Interestingly, there are subtle differences between the 
substrate pools of membrane-bound and soluble meprin 
β. The adhesion molecule CD99, essential for the transen-
dothelial migration of leukocytes, is for example cleaved by 

both meprin β entities [14, 15]. For the meprin β substrates 
collagen-1 or the cytokines IL-6 and IL-18 it is still elusive 
if the membrane-bound and/or soluble form is involved in 
cleavage and requires further investigations [10, 17, 66]. In 
contrast, the receptor of the pro-inflammatory cytokine IL-6 
is shed by membrane-bound meprin β only, and not by the 
soluble form [8]. As mentioned above, a specific substrate 
that is only cleaved by soluble meprin β is mucin-2 [19]. 
This cleavage event can be abrogated by the pathogenic 
protease RgpB that potently converts membrane-bound pro-
meprin β into its active form thereby preventing its shedding 
by ADAM10/17 [21].

In terms of different substrate pools of soluble and 
membrane-bound meprin β, APP exhibits quite unique 
properties. Both meprin β forms were identified to cleave 
APP within its N-terminal region. Certain N-terminal APP 
fragments (N-APP) were discussed as neurotoxic factors 
through binding to the neuronal death receptor DR6 and 
inducing caspase-mediated cell death [67, 68]. However, 
meprin β generated N-APP fragments do not show neuro-
toxic properties at all [55]. A much more valid correlation 
of APP and neurodegeneration is based on the amyloid 
hypothesis. Sequential proteolytic cleavage of APP by β- 
and γ-secretase leads to the generation of aggregation-prone 
Aβ-peptides found in neurotoxic plaques in AD brains. We 
identified meprin β as an alternative β-secretase predomi-
nantly generating Aβ2–x peptides [7, 23]. This cleavage 
event requires membrane-bound meprin β and is prevented 

Fig. 4  Extracellular regulation of meprin β activity with respect to 
β-site cleavage of APP. Meprin β is expressed as zymogen at the cell 
surface. A disintegrin and metalloprotease 10 and 17 (ADAM10/17) 
act as sheddases of pro-meprin β. Shed meprin β can be acti-
vated by tryptic proteases. When activated as soluble protein, shed 

meprin β does not cleave at the β-site of APP. Alternatively, inactive 
meprin β can be maturated by the membrane-bound serine protease 
matriptase-2 (MT-2). Once activated at the cell surface membrane-
bound meprin β cannot be shed any more and acts as β-secretase thus 
generating amyloid-β (Aβ)
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for the soluble shed protease. Thus, the meprin β sheddases 
ADAM10 and 17 may exhibit a dual function in preventing 
from amyloidation in AD. On the one hand, ADAM10 acts 
as α-secretase cleaving APP within the Aβ sequence and, 
thus, counteract against Aβ formation [62, 69]. On the other 
hand, ADAM10/17 prevent from amyloidation by shedding 
the β-secretase meprin β from the cell surface. However, 
whether ADAM proteases prefer APP over meprin β as shed-
ding substrate or vice versa is completely unknown. Of note, 
meprin β itself was identified as an inducer of ADAM10 
activity [64]. This finding complicates the protease network 
around ADAM10/17-mediated prevention of Aβ generation. 
Thus, further research on the exact mechanism of the dual 
protective role of ADAM 10 and 17 is required.

Structural properties of APP, ADAM10 
and meprin β

As outlined above, the processing of APP is embedded in a 
quite complex network of different proteolytic checkpoints. 
In the last years, many investigations contributed to a better 
biochemical and cellular understanding of these complex 
regulatory mechanisms. Simultaneously, the results made 
apparent that a comprehensive knowledge of the molecular 
basis of APP processing is still missing. This is likewise 
reflected by the failure rate in developing successful inhibi-
tory strategies for the treatment of AD. One essential bottle-
neck in that context is the so far only partly available struc-
tural information on APP itself and its processing proteases.

Structural information on APP is still 
enigmatic

APP is a single-span type-I multi-domain membrane pro-
tein belonging to the small gene family of APP-like proteins 
including also the amyloid precursor-like protein (APLP) 
1 and 2. Overall, these three proteins and the existing iso-
forms share a highly similar domain organization and pro-
teolytic processing, while only APP contains the Aβ-peptide 
sequence critical in the pathogenesis of AD [70–75]. APP 
proteins consist of three highly conserved regions: the extra-
cellular E1 and E2 domains separated via a single trans-
membrane helix from the rather small C-terminal APP intra-
cellular domain (AICD) (Fig. 5a). The E1 is composed of 
an N-terminal cysteine-rich growth factor-like subdomain 
(GFLD) with heparin binding properties (HBD) joined by 
a short linker with a zinc and copper-binding subdomain 
(CuBD) [76–79]. A structural flexible acidic domain (AcD), 
constituting of nearly 50% glutamate and aspartate residues, 
connects the E1 domain with the E2 domain in the neu-
ronal isoform APP695 and ALPL1. The APP751 isoform 

consists of an additional Kunitz-type serine protease inhibi-
tor domain (KPI) N-terminal to the E2 domain, which is in 
APP770 further followed by a 19 amino acid OX-2 domain, 
homologues to the immunoregulatory OX-2 antigen [80, 
81]. The E2 domain, also known as central APP domain 
(CAPPD), is the largest of the conserved domains contain-
ing several substructures with interaction sites for binding 
partners like a second HBD, the RERMS pentapeptide motif 
[82–84] and a collagen binding domain [85–87] as well as 
two N-glycosylation sites [88, 89]. The natively unstruc-
tured juxtamembrane region (JMR) harbours an additional 
O-glycosylation site as well as the α- and β-secretase cleav-
age sites relevant for the shedding of APP. It connects the 
ectodomain with the TM-Helix, containing the γ-secretase 
cleavage site, which is followed by the intracellular AICD 
domain.

Even though in the last two decades many attempts have 
been made to structurally characterize APP, a structure with 
atomic resolution of full-length APP or its entire extracel-
lular domain is still not available. Therefore, the current 
understanding is based on a set of substructure information. 
The GFLD and CuBD subdomains of the N-terminal E1 
domain were initially described as individual folding units 
[76–78]. Further studies showed that the overall fold of both 
subdomains in isolation is very similar to their structures 
within the entire E1 domain, both comprising αβ topologies 
stabilized by disulfide bridges [79, 90]. The structural rigid-
ity of E1 domain is determined by the interface interaction 
between GFLD and CuBD in a pH-dependent manner. An 
acidic pH leads to a tight interaction resulting in a compact 
structural conformation of the E1 entity [79, 90, 91]. Addi-
tionally, alterations of the pH regulate the self-dimerization 
of the isolated E1 domain as well as one of heparin-induced 
E1 dimers [79, 91]. However, size exclusion and light scat-
tering experiments demonstrated the impact of the structural 
flexible linker connecting the E1 and E2 on dimerization of 
APP in solution [91]. In particular the presence of the acidic 
stretch AcD interfered with self- and the heparin-induced 
dimerization of the E1 domain, while the binding affinity 
for heparin was reduced [91]. Remarkably, for the entire 
extracellular domain and for the isolated E2 no short-chain 
heparin-induced dimerization and only a low self-dimeriza-
tion potential at unphysiological high protein concentrations 
could be observed [91]. The E2 domain itself is an almost 
helical structure consisting of six α-helices arranged in two 
distinct coiled-coil substructures, which share a long con-
tinues central helix [88, 92–94]. In case of the E2 domain, 
metal binding correlates with the conformational flexibility, 
leading to increased rigidity as well as thermostability of the 
domain [92]. Also an X ray structure of an antiparallel APP 
E2 dimer was reported [88]. In contrast to this, limited prote-
olysis experiments and NMR analysis suggest that only parts 
of this domain are rigidly folded in solution [94]. As a third 
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site of potential dimerization, the TM-helix was postulated. 
Several studies intended to understand the structure of vari-
ous truncated transmembrane containing fragments under 
different solvent conditions [95–99]. The NMR analysis of 

the entire β-secretase cleavage product C99 offered for the 
first time a more comprehensive view on the helical nature 
of the transmembrane helix in presence of N- and C-terminal 
flanking APP regions [100]. In this structure, the β-cleavage 

Fig. 5  Extracellular regulation of meprin β activity with respect to 
β-site cleavage of APP. a Cartoon representation of a membrane-
bound meprin β model (blue) based on the crystal structure of the 
ectodomain (PDB: 4GWN) in complex with part of APP (grey, Aβ 
peptide in red). Structures of additional N-terminal domains of 
APP695 are also shown as cartoons: E1 (PDB: 3KTM), E2 (PDB: 
3NYL). Sequence stretches of unknown structure and the AICD 
domain are illustrated as dashed lines. The close up views in the right 

panel highlight determined meprin β cleavage sites, while P1 and 
P1ʹ residues are depicted as sticks. b Model of a membrane-bound 
ADAM10 based on the ectodomain (yellow, PDB: 6BE6) and pro-
meprin β (blue). The pro-peptide of meprin β is shown in orange. The 
red arrow indicates the shedding site within pro-meprin β. E1/2 extra-
cellular domains 1/2, Acd acidic domain, JMR juxtamembrane region, 
AICD APP intracellular domain
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site itself was found to be located within the unstructured 
juxtamembrane region. In contrast, the α-cleavage site 
is in close proximity to the outer membrane leaflet at the 
beginning of a short extracellular so-called N-helix. Fur-
ther pulsed electron paramagnetic resonance (EPR) double 
electron–electron resonance (DEER) experiments confirmed 
a flexible, highly curved nature of the transmembrane helix, 
which is supposed to be well suited for its interaction with 
the γ-secretase. Interestingly, a second C-terminal helix, 
structurally uncoupled from the TM-helix, was shown to 
be likewise surface-associated. The transmembrane seg-
ment of APP features three consecutive glycine zipper motifs 
known to mediate dimerization in single-pass TM proteins 
[101–104]. Indeed, an involvement of these motifs in the 
dimerization of the transmembrane region with a regulatory 
impact on Aβ species generation was shown [99, 105–108]. 
While NMR studies structurally substantiate these observa-
tions by a dimeric transmembrane segment association under 
micellar conditions [109, 110], a monomeric state upon cho-
lesterol binding was suggested [111]. Following molecular 
dynamic simulations support a determining effect of lipid 
composition, membrane thickness and membrane curvature 
influencing the C99 overall structure and the tendency to 
dimerize [112–114]. Finally, the C-terminal AICD domain 
that is intracellularly released after γ-secretase cleavage was 
shown to be intrinsically disordered by nuclear magnetic 
resonance (NMR) and circular dichroism (CD) experiments 
[115, 116]. However, it has been shown that this domain can 
adopt different conformations depending on its interaction 
partner as documented by the structures in complex with 
Dab1 and 2 [117], X11α [118] and the phosphotyrosine-
binding Fe65-PTB domains [119].

Even though major progress has been made to under-
stand the unique APP on the structural level, it still remains 
enigmatic to what extent the conformation of the individual 
subunits and their arrangement within the whole protein 
influence the processing by α, β or the γ-secretase com-
plex. Especially the different derived models of cis- and 
trans-dimerization of APP need further investigations to 
conclusively clarify, how and if all proposed and analysed 
dimerization regions contribute to a membrane-bound dimer. 
In addition, it is possible that sAPP molecules interact dif-
ferently with each other once cleaved by α- or β-secretases.

Structural properties of meprin β

The structure of the ectodomain of the alternative β-secretase 
meprin β revealed a compact disulfide-bridged dimer [120, 
121]. Interestingly, both monomers interact in a nearly sym-
metric fashion between the catalytic domain of one monomer 
and the MAM domain of the other. By that, the two catalytic 
domains are accessible on opposite sites of the dimer and 

the active site clefts locate close to the plasma membrane 
(Figs. 1 and 5). Maturation of meprin β requires proteolytic 
processing of the N-terminal pro-peptide. Comparison of 
the available zymogen and mature meprin β structures indi-
cates that the zymogen is already in a preformed conforma-
tion. Solely one-seventh of the protein is rearranged to gain 
catalytic activity. Given by the overall rigidity of meprin β, 
substrate engagement most likely requires structural flex-
ible segments able to follow a “N-like” trajectory over the 
dimer to enter the active site cleft of one monomer. Over-
all, this mechanism would be compatible with most type-I 
transmembrane substrates. This is also nicely in line with 
the flexible, unstructured juxtamembrane region of APP, 
which contains the β-cleavage site (Fig. 5a). Taken this into 
account, it is hard to envision how APP cleavage of an e.g. 
TM-region associated dimer should be facilitated by meprin 
β. So far, N-APP cleavage by meprin β was only shown for 
soluble meprin β [55]. N-APP cleavage sites have been iden-
tified in the E1 and E2 domain (Fig. 2) [55]. Interestingly, so 
far no cleavage within the AcD domain was observed, even 
though the sequence stretches of alternating glutamate and 
aspartate residues represent ideal meprin β cleavage sites 
[5].

The α‑secretase ADAM10 is a type‑I 
transmembrane protein

ADAM10 is also a type-I transmembrane protein with a 
modular domain organization (Fig. 5b). In the extracellular 
ectodomain, the pro-domain is followed by a metallopro-
tease, disintegrin and cysteine-rich domain. The recently 
solved X ray structure of the ectodomain of ADAM10 gives 
first insights in activity regulatory mechanisms of the pro-
tease [122]. The structure adopts a compact fold resem-
bling an arrowhead with the cysteine-rich domain partially 
occupying the active site (Fig. 5b). This suggests that the 
cysteine-rich domain has an autoinhibitory function to pre-
clude unrestricted substrate access. Therefore, the authors 
suggested that a transient opening of ADAM10 is permis-
sive for substrate capture. It is possible that the disintegrin 
and cysteine-rich region of ADAM10 directly contacts the 
substrate thereby stabilizing both proteins in their open con-
formations to promote cleavage. Further investigations are 
needed to explore this hypothesis in more detail. Neverthe-
less, deduced from the C99 [100] and the meprin β structure 
[120] it is very likely that cleavage of both proteins takes 
place in close proximity to the plasma membrane (Fig. 5b).

Taken together, understanding the structural basis of 
ADAM10-mediated APP cleavage at the α-site, and its 
shedding activity toward meprin β as competing β-secretase, 
would be a breakthrough to decipher homeostasis of APP 
processing in health and disease.
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Conclusions and future directions/
perspectives

Late-onset AD, the most common neurodegenerative 
disorder, is a progressive and to date incurable form of 
dementia that develops in the elderly population. In brains 
of AD patients, loss of neurons and synapses occur as a 
result of the accumulation of Aβ peptides. The aspartyl 
protease BACE-1 was identified as the major APP-cleaving 
β-secretase. However, certain AD associated N-terminally 
truncated Aβ peptides could not be assigned to BACE-1 
activity, indicating the presence of additional β-secretases. 
We demonstrated that the metalloproteinase meprin β is 
capable of generating N-terminal truncated Aβ2–x peptides 
that have been described in AD patients [42], which may 
point to an important and BACE-independent contribution 
of the metalloprotease meprin β within the amyloidogenic 
pathway.

We could demonstrate physiological relevance of 
meprin β mediated APP cleavage, since we observed 
absence of N-APP fragments and increased endogenous 
sAPPα levels in the brains of meprin β knock-out mice [54, 
55]. Moreover, we could show an interaction of APP and 
meprin β by coimmunoprecipitation and direct involve-
ment of meprin β activity on the generation of Aβ2-x 
peptides in vitro. A recent study further supports the rel-
evance of meprin β in AD, where a potential risk gene 
variant of meprin β (rs173032) for AD has been identified 
using whole-exome sequencing of the Brains for Demen-
tia Research (BDR) cohort. Increased meprin β mRNA 
and protein expression specifically in AD cases has been 
observed previously [23].

Recently, the laboratory of Dennis Selkoe has shown, that 
meprin β co-fractionates with APP and PS1 in the same high 
molecular weight fraction in wild type mouse brains and that 
this fraction is responsible for the majority of Aβ generation 
[123]. Interestingly, ADAM10 is also present in these high 
molecular weight fractions. Hence, it is important to investi-
gate how APP cleavage within these microdomains switches 
between competitive non-amyloidogenic (α-secretase) and 
amyloidogenic (β-secretase) processing in health and dis-
ease. Furthermore, the direct interaction with ADAM10 
promotes shedding of meprin β, which in its soluble form 
loses its β-secretase activity [23]. Identification of regulatory 
elements responsible for the orchestration of substrates and 
proteases will be decisive for a better understanding of the 
molecular basis for AD pathology.
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