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Substrate recognition and processing by y-secretase
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Abstract

The -y-secretase complex is composed of four membrane protein subunits, including presenilin as
the catalytic component with aspartyl protease activity. The enzyme cleaves within the
transmembrane domain of >70 different type | integral membrane proteins and has been dubbed
“the proteasome of the membrane”. The most studied substrates include the Notch family of
receptors, involved in cell differentiation, and the amyloid precursor protein (APP), involved in the
pathogenesis of Alzheimer’s disease. A central mechanistic question is how y-secretase
recognizes helical transmembrane substrates and carries out processive proteolysis. Recent
findings addressing substrate recognition and processing will be discussed, including the role of
protease subunit nicastrin as a gatekeeper, the effects of Alzheimer-causing mutations in presenilin
on processive proteolysis of APP, and evidence that three pockets in the active site (S1°, S2°, and
S3’) determine carboxypeptidase cleavage of substrate in intervals of three residues.
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Introduction

A variety of membrane-embedded proteases carry out hydrolysis within the confines of the
lipid bilayer. These intramembrane-cleaving proteases (I-CliPs) (Wolfe, 2009b) include the
S2P family of metalloproteases, the rhomboid family of serine proteases, and the presenilin
and presenilin-like family of aspartyl proteases, together providing remarkable examples of
convergent evolution in which nature solved the problem of proteolysis in the lipid bilayer
using means similar to those employed for proteolysis in the aqueous environment. The most
widely studied I-CliP is the y-secretase complex, containing presenilin as the catalytic
component (Wolfe, 2009a). Two conserved transmembrane aspartates in presenilin catalyze
proteolysis within the transmembrane domain (TMD) of substrate. The three other
components of the complex (nicastrin, Aph-1, and Pen-2) assemble together with presenilin,
whereupon presenilin undergoes autoproteolysis into N-terminal fragment (NTF) and C-
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terminal fragment (CTF) subunits. Each presenilin subunit contributes one essential
aspartate to what is now the mature, active y-secretase complex.

The -y-secretase complex has over 70 known substrates, type | integral membrane protein
that undergo prior ectodomain shedding by membrane-tethered proteases (Hemming et al.,
2008). No clear sequence specificity has yet been noted. The many substrates and broad
specificity has led to the dubbing of -y-secretase as “the proteasome of the membrane”
(Kopan and lIlagan, 2004). In most cases, it appears that the role of this aspartyl protease
complex is to clear out membrane-bound remnants left behind after ectodomain shedding.
Although this would seem to be an essential housekeeping function, knockout or inhibition
of y-secretase is not toxic to cultured cells, suggesting other means of clearing membrane
protein remnants.

Knockout or inhibition of y-secretase does, however, have toxic consequences /7 vivo, due
to the key role that the protease complex plays in signaling from the Notch family of
receptors (Selkoe and Kopan, 2003). Proteolysis within the Notch TMD by -y-secretase (Fig.
1) is an essential step in the signaling mechanism (De Strooper et al., 1999), releasing the
Notch intracellular domain for translocation to the nucleus and activation of transcription
factors that express genes critical to cell-fate determinations. Knockout of y-secretase
components is embryonic lethal in metazoans, interfering with cell differentiation and proper
development of the organism (Shen et al., 1997; Wong et al., 1997). Notch signaling in cell
differentiation is also critical in adult organisms, as -y-secretase inhibitors developed for
Alzheimer’s disease resulted in effects consistent with Notch deficiencies:
immunosuppression, gastrointestinal toxicity, and skin lesions (Coric et al., 2015; Doody et
al., 2013).

v-Secretase was first defined as a proteolytic activity: cleavage within the TMD of the
amyloid precursor protein (APP) to produce the amyloid B-peptide (Ap) that notoriously
deposits in the brain in Alzheimer’s disease (Fig. 1) (Selkoe, 1994). Dominant missense
mutations in the APP gene were found to cause early-onset, familial Alzheimer’s disease
(FAD)(Chartier-Harlin et al., 1991; Goateetal., 1991; Murrell et al., 1991; Tanzi and
Bertram, 2005). This hereditary form of the disease displays the same pathology,
presentation, and progression seen in the much more common late-onset, sporadic form. The
two dozen or so FAD mutations in APP are all found in and around the small A region (4
kDa) of the large APP (~80 kDa) and alter the production or properties of AB. Thus, the
discovery of these mutations bolstered the amyloid hypothesis of Alzheimer pathogenesis,
which posits that the 42-residue form of AR (Ap42) is the initiator of a cascade of events
results in neurodegeneration (Selkoe and Hardy, 2016).

Presenilin-1 (PS1) and presenilin-2 (PS2) were subsequently discovered as sites of dominant
FAD missense mutations (Levy-Lahad et al., 1995; Sherrington et al., 1995; Tanzi and
Bertram, 2005). The function and biological roles of these multi-pass membrane proteins
were completely unclear, and their sequences were unrelated to any proteins known at the
time. The FAD mutations, however, were soon found to alter APP processing, increasing the
proportion of the aggregation-prone Ap42 (Citron et al., 1997). Knockout of PS1 in mice
resulted in embryonic lethality with a Notch-deficient phenotype (Shen et al., 1997; Wong et
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al., 1997). However, embryonic fibroblasts could be cultured and used to show dramatic
reduction in Ap production from APP (De Strooper et al., 1998). Meanwhile, transition-state
analogue inhibitors of y-secretase based on the cleavage site in APP suggested that y-
secretase is an aspartyl protease (Wolfe et al., 1999a). These clues led to the discovery of the
two conserved TMD aspartates as essential for -y-secretase activity and the recognition that
presenilin is an unusual protease with a membrane-embedded active site (Wolfe et al.,
1999b).

Presenilin on its own, however, did not have proteolytic activity, leading to the search for
other components of y-secretase and the discovery of nicastrin, Aph-1 and Pen-2 (Edbauer
et al., 2003; Francis et al., 2002; Goultte et al., 2002; Kimberly et al., 2003; Takasugi et al.,
2003; Yu et al., 2000). Aph-1 is thought to be a scaffold for the assembly of the complex,
and Pen-2 provides the trigger for presenilin autoproteolysis. Nicastrin, in contrast, appears
to play a role in substrate recognition, as described in the next section.

Role of nicastrin

Several years after the discovery of nicastrin as a component of the -y-secretase complex, Yu
and colleagues reported the apparent homology of the nicastrin ectodomain with
aminopeptidases (Shah et al., 2005). The absence of key residues needed for catalysis,
however, indicated that nicastrin lacked protease activity. Nevertheless, nicastrin could be
immunoprecipitated with Notch -y-secretase substrate, leading to the suggestion that this
subunit is involved in recognition of substrate N-termini. That is, nicastrin had the binding
properties of an aminopeptidase but without proteolytic activity. Recognition of a substrate
N-terminus by nicastrin was thought to guide the substrate and its TMD into the active site
on presenilin. The first reported high-resolution structure of the y-secretase complex,
determined by cryo-electron microscopy (cryo-EM), appeared to be consistent with this
model: the TMDs of the complex were arranged in a horseshoe shape, with the active site on
the concave side, while the aminopeptidase-like domain of nicastrin hovered over the this
concave side (Lu et al., 2014).

This substrate receptor model for nicastrin function, however, was inconsistent with several
recent observations (Bolduc et al., 2016a). First, mutations of Notch substrate N-terminus
had no effect on the enzyme kinetics, affecting neither binding affinity or the rate of
catalysis. Second, acetylation of Notch substrate, synthesized through native chemical
ligation, also did not alter the enzyme kinetics, demonstrating that a free N-terminus is not
required for substrate recognition and processing. Third, peptides based on the N-terminus
of Notch substrate did not inhibit -y-secretase substrate cleavage; the nicastrin-as-substrate-
receptor model would predict competition between these peptides and substrates for binding
to nicastrin.

What did matter with respect to the substrate N-terminus was the length of the luminal/
extracellular juxtamembrane domain. Near removal of this juxtamembrane domain provided
the best substrate; lengthening of this domain resulted in progressively lower substrate
binding and processing. Reduction of the disulfide bonds in the nicastrin ectodomain
resulted in increased cleavage of the longer substrates. Taken together, these findings
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suggested that nicastrin serves as a gatekeeper for -y-secretase substrates, sterically blocking
longer substrates from gaining access to the active site on presenilin (Bolduc et al., 2016a).
This new model for the role of nicastrin is consistent with a revised structure of the -y-
secretase complex (Bai et al., 2015b). In the original reported structure, the TMDs had been
misassigned; with the correct assignment, the active site was now found on the convex side
of the horseshoe-shaped arrangement of TMDs, with the ectodomain of nicastrin hovering
20 A above the membrane and over the entry to the active site on presenilin (Fig. 2).

Effects of Alzheimer presenilin mutations

Well over 100 dominant missense mutations in the presenilins—the large majority in PS1—
have now been identified as associated with FAD (Tanzi, 2012). For many years, the effects
of presenilin mutations were described almost exclusively on Ap42 and Ap40, with Ap40
being the major secreted form of Ap and Ap42 being the predominant protein component of
amyloid plaques in the Alzheimer brain. However, there was a disconnect between the C-
terminus of these A peptides and the N-terminus of the APP intracellular domain (AICD)
that is concomitantly produced by p-secretase, with some 7-10 APP TMD residues
unaccounted for (Weidemann et al., 2002). The laboratory of Yasua lhara led the way in
unraveling this conundrum with the discovery of longer, membrane-associated Af peptides,
up to 49 residues in length. Ultimately, the Ihara team discovered that y-secretase initially
cuts the APP TMD to give a 48- or 49-residue AP peptide and then trims the C-terminus of
these long AR peptides mostly in intervals of three amino acids (one step trims four amino
acids)(Qi-Takahara et al., 2005). They ultimately demonstrated this phenomenon by
detecting the tripeptides (and single tetrapeptide) by mass spectrometry (Takami et al.,
2009). It is now clear that secreted AP peptides are primarily produced along two pathways:
AB49—46—43—40 and AB48—45—42—38 (Fig. 3).

A study of five different PS1 FAD mutations, found in different regions of the protein and
with different ages of disease onset, revealed that with four of these mutations, the initial
APP TMD cleavage event by y-secretase was reduced (Quintero-Monzon et al., 2011).
However, one of these mutants showed initial cleavage unchanged from wild-type -
secretase complex, providing a clear exception to the “loss-of-function” hypothesis for
presenilin FAD pathogenesis (Shen and Kelleher, 2007). All five FAD-mutant protease
complexes, in contrast, skewed the range of AP peptides produced toward longer AB
peptides =45 residues (Quintero-Monzon et al., 2011). Moreover, these mutant complexes
were dramatically deficient in their ability to trim synthetic AB49 to AB40 and synthetic
AP48 to Ap42 (Fernandez et al., 2014). Thus, all five FAD-mutant -y-secretase complexes
possessed greatly reduced carboxypeptidase activity. The reduction of this specific function,
not overall proteolytic activity, is apparently what correlates with disease-causing mutations.
A recent study from Szaruga and colleagues revealed that presenilin FAD mutations
increased the affinity of y-secretase for longer AR peptides, providing a mechanistic
explanation for the reduced trimming rate.
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Active site pockets dictate trimming

The mechanism of this carboxypeptidase activity, trimming in intervals of three amino acids,
remained unclear until recently (Bolduc et al., 2016b). The working hypothesis was that the
active site on presenilin contains three substrate-binding pockets—S1’, S2° and S3’—that
measure the three residues fated for release—P1’, P2’ and P3’. To test this idea, the APP
TMD was systematically mutated with phenylalanine. The side chain of Phe had been
previously found to be untolerated when placed in the P2’ position of transition-state
analogue inhibitors of y-secretase (Esler et al., 2004). Phe was found to be unacceptable to
the enzyme in every single P2’ position along the two A peptide pathways (Bolduc et al.,
2016b). Thus, Phe mutation at position 51 reduced A production along the
AB49—46—43—40 pathway, while mutation at position 50 reduced production along the
AB48—45—42—389 pathway. Phe mutation at position 48 similarly reduced Ap40
production by preventing trimming of AB49 to AB46, and Phe mutation at position 47
reduced AB42 production by blocking trimming of AB48 to AB45. Likewise, Phe mutation
at position 45 reduced Ap40 production by preventing trimming of Ap46 to Ap43, and Phe
mutation at position 44 reduced APB42 by blocking its production from AR45. Interestingly,
double Phe mutation at positions 50 and 51 dramatically slowed initial cleavage; however,
this double mutant APP substrate still bound to the y-secretase complex just as well as the
wild-type substrate did.

These findings were consistent with previous evidence for the existence of an initial
substrate docking site, distinct from the active site (Kornilova et al., 2005). Upon binding of
the substrate TMD to this docking site, substrate can then move laterally, in whole or in part,
into the active site for proteolysis. Double Phe mutation at positions 50 and 51 apparently
leads to substrate trapped in the docking site and unable to move into the active site. Prior
evidence using transition-state analogue inhibitors as probes strongly supported three S’
pockets (Esler et al., 2004). Together these findings offer a model for initial substrate
cleavage and trimming by -y-secretase (Fig. 4): Substrate binds to the docking site, followed
by movement into the active site to fill the three S’ pockets and set up the transition state for
proteolysis. Initially formed long AR peptides then move in to fill these three S* pockets to
set up tripeptide trimming. This occurs iteratively until release of the secreted Ap peptides.

Substrate TMD mimics as structural probes

In addition to transition-state analogue inhibitors directed to the protease active site,
substrate-mimicking helical peptides were shown to be potent inhibitors that bind to an
initial substrate docking site on presenilin that is distinct from the active site (Das et al.,
2003; Kornilova et al., 2005). Affinity labeling reagents based on transition-state analogues
(TSAs) and helical peptide inhibitors (HPIs) bound directly to presenilin NTF and CTF
subunits; however TSAs could not block HPI affinity labeling probes, and HPIs could not
compete with TSA affinity labeling probes. Thus, both the active site and docking site are
apparently located at the interface between presenilin NTF and CTF subunits. Interestingly,
extension of HPIs from 10 to 13 residues resulted in mutual competition of HPI and TSA for
blocking affinity labeling of presenilin. Thus, although the active sites and docking sites on
presenilin are distinct, they are proximal (apparently within the length of 3 amino acids).
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We sought to develop full TMD substrate mimetics that combined HPI and TSA, connecting
them through a variable linker. Specifically, we connected the C-terminus of a 10-residue
HPI to the N-terminus of a 5-residue TSA containing residues P2 through P3’, with w-
aminoalkanoic acid linkers ranging from 0 to 10 atoms as spacers (Fig. 5). This design is
consistent with -y-secretase carrying out the initial cleavage event three residues from the
cytosolic end of TMD substrate. We envisioned that the HPI portion of the TMD substrate
mimetics would bind to the initial substrate docking site and the TSA moiety would bind to
the active site. In this way, the protease complex might be trapped in active form at its
transition state bound to a full TMD mimetic. Several detailed structures of the y-secretase
complex solved by cryo-electron microscopy (cryo-EM) had recently been reported (Bai et
al., 2015a; Bai et al., 2015b; Sun et al., 2015), the catalytic aspartates on presenilin were not
quite close enough and coordinated for activation of a water molecule. Moreover, the
structures did not provide insight into the nature of substrate recognition. The newly
designed TMD mimetic inhibitors might therefore be important tools for elucidating the
structural mechanism of -y-secretase.

We ultimately identified an HPI-TSA conjugate as a stoichiometric inhibitor of y-secretase,
inhibiting 1 nM of purified enzyme complex with an I1Csg of 0.5 nM (S. Bhatterai, S.
Devkota, K. Meneely, M. Xing, M. Wolfe, manuscript in preparation). Moreover, we found
that this compound could compete with both TSA- and HPI-based affinity labeling reagents,
consistent with the ability of the TMD mimetic to bind to both active site and docking site.
Also consistent were inhibitor cross-competition kinetic experiments, which showed that the
HPI-TSA conjugate competed with a TSA as well as an HPI inhibitor. In these experiments,
the TSA and HPI inhibitors did not compete with each other.

Several key structural features were critical to the high potency of y-secretase inhibition by
the HPI-TSA conjugate. First, the helical conformation of the HPI is apparently required, as
incorporation of two D-amino acids into the HPI portion resulted in eight-fold reduced
potency. Second, the transition-state mimicking moiety is required, as its replacement with a
peptide amide bond rendered the compound 22-fold less potent. Third, the linker length was
critical, with the stoichiometric HPI-TSA inhibitor containing a 10-atom spacer, w-
aminononanoic acid. Interesting, this spacer is approximately the length of three amino
acids, thought to be the distance between active site and docking site from previously
reported affinity labeling experiments (Kornilova et al., 2005). Fourth, the identity of both
amino- and carboxy-termini of the TMD mimetic affects potency: and N-terminal Boc group
is preferred over acetyl, while a C-terminal amide is preferred over a methyl ester. These
findings taken together show that the entire length of the HPI-TSA conjugate is involved in
tight binding to the y-secretase complex.

New structures of bound substrates

Two new cryo-EM structures of the y-secretase complex have just been reported at the time
of this writing, one with a bound Notch substrate and one with a bound APP substrate (Yang
et al., 2019; Zhou et al., 2019). Both studies relied on two key modifications to capture
substrate with protease: (1) the mutation of one of the two catalytic aspartates on presenilin
to alanine, to prevent substrate cleavage, and (2) cysteine mutagenesis and disulfide
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crosslinking between substrate and presenilin. Both reported structures show the substrate
surrounded by presenilin, with the mechanism of lateral entry of substrate unclear (Fig. 6).
Both substrates were bound in very similar conformations, with the first two-thirds of the
TMD in a helical conformation and the last third unwinding into a beta-strand and engaging
the active site. Key parts of presenilin undergo conformational changes to interact with the
substrate. This includes TMD 2, invisible in the apo-enzyme, becoming less mobile to the
point of being observable. Also, a portion of TMD 6 becomes observable and interacts with
the region of substrate TMD in the extended conformation. Relevant to the mechanism of
FAD, many sites of presenilin mutations associated with the disease were found to interact
with substrate, despite these sites being located in various regions in the linear sequence.

These two new structures offer a clear snapshot of substrates bound to the protease complex.
However, as one of the catalytic aspartates is mutated, it remains unclear how the enzyme
positions the scissile amide bond substrate for hydrolysis. Moreover, the covalent attachment
of substrate to presenilin through disulfide linkage presents the possibility of artifacts,
interactions that would not otherwise have been seen. Furthermore, as mentioned above, the
new structures show substrate inside presenilin, without providing particular insight into the
nature of lateral gating and substrate entry. Intriguingly, the conformation of bound substrate
(Fig. 6) is similar to the newly designed TMD mimetic inhibitors: NMR studies reveal that
the HPI portion is indeed helical like the first two-thirds of bound substrate (S. Bhatterai, S.
Devkota, K. Meneely, M. Xing, M. Wolfe, manuscript in preparation). Thus, the new
inhibitors are preorganized for interaction with y-secretase. Moreover, the new TMD
mimetic inhibitors, with both HPI and TSA moieties, should trap the enzyme in its active
state and poised for catalysis and may reveal the HPI region bound to the external docking
site, illuminating the lateral gating mechanism. Cryo-EM structure determination of the -y-
secretase complex with these new chemical tools is in progress.

Perspective

Significant advances have been made toward understanding how the -y-secretase complex
interacts with substrate and carries out intramembrane proteolysis. Evidence from substrate-
based inhibitor probes and substrate mutagenesis supports a model in which the substrate
TMD first binds to a docking exosite on presenilin. Subsequent lateral gating allows the
substrate TMD to move in whole or in part to the inside of presenilin where the active site
resides. The enzyme carries out successive proteolysis on its substrates, trimming initially
formed intermediates containing most of the substrate TMD in intervals of three amino
acids. Three active site pockets on the enzyme dictate this carboxypeptidase activity. New
structures of the -y-secretase complex reveal key details of substrate binding. New TMD
mimetic inhibitors have been developed as chemical tools for structural biology, with the
potential to trap the enzyme in its transition state and reveal mechanisms for substrate
gating.
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Highlights
. v-Secretase is a membrane protease complex that cleaves transmembrane
substrates.
. The enzyme processively proteolyzes substrates in intervals of 3 amino acids.
. Subunit nicastrin serves as a gatekeeper for substrates based on length.
. Alzheimer-causing mutations in the protease have reduced trimming function.
. Three active-site pockets on the enzyme dictate trimming by 3 amino acids.
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Figure 1. Intramembrane proteolysis of Notch and APP by y-secretase.
The y-secretase complex cuts the single TMD of Notch substrate to release the Notch

intracellular domain (NICD), which translocates to the nucleus and regulates gene
expression. A short Notch-p (Np) peptide is also released. The protease cuts the single
TMD of APP substrate to produce the amyloid-p peptide (Ap) and APP intracellular domain
(AICD). The identification of C-termini of Np and AP peptides and N-termini of the
respective intracellular domains reveals that these substrates are cleaved at least twice by y-
secretase.
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Figure 2. Nicastrin serves as a gatekeeper for substrate entry into the ;y-secretase complex.
A. Revised cryo-EM structure of -y-secretase confirmed a horseshoe-shaped arrangement of

TMDs but corrected their assignment. Approach of substrate into the active site cannot be
from the concave side of the horseshoe, but rather from the convex side. B. The nicastrin
ectodomain (lavender) projects out over the location of the active site in presenilin (purple).
The 20 A distance between this domain of nicastrin and the membrane sterically blocks
approach of substrates with long luminal/extracellular domains. Structure of y-secretase
rendered from PDB ID: 5A63.
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Figure 3. Processive proteolysis of APP by y-secretase.
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The 99-residue APP substrate is cleaved multiple times by the y-secretase complex along
two pathways. The Ap40 pathway begins with cleavage to produce AB49, which is
successively trimmed to Ap46, Ap43 and AB40. This pathway also produces AICD50-99.
The Ap42 pathway begins with cleavage to produce AB48, which is successively trimmed to
AP45, AB42 and AB38. This pathway also produces AICD49-99.
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Figure 4. Model for substrate processing by y-secretase.
APP substrate initially docks on an exosite on presenilin. The active site contains three

pockets—S1’, S2°, and S3’—that dictate initial endoproteolytic cleavage and
carboxypeptidase trimming in intervals of three amino acids. Entry of substrate to fill these
active-site pockets sets up the transition state for proteolysis.
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Figure 5. Substrate TMD mimetic inhibitors of y-secretase.
New design inhibitors mimic the full TMD of substrate and contain three parts: (1) a helical

peptide inhibitor contain the helix-inducing residue a-aminoisobutyric acid (Aib), (2) a
variable linker region composed of w-aminoalkanoic acid, and (3) a pentapeptide transition-
state analogue inhibitor containing a hydroxyethylurea moiety and three P’ residues to fill
the three S’ pockets on y-secretase.
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Figure 6. Structure of an APP substrate bound to the -y-secretase complex.
Newly reported cryo-EM structure of the y-secretase complex bound to an APP substrate

(Rendered from PDB ID: 61'YC). One of the active site aspartates is mutated to alanine, and
both substrate and presenilin were mutated with cysteine to allow disulfide crosslinking.
Blue: Presenilin; Yellow: Aph-1; Magenta: Pen-2; Green: Nicastrin; Orange: APP substrate.
APP substrate alone is also shown to illustrate that the conformation of bound substrate
resembles that of designed TMD substrates.
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