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Substrate recruitment of c-secretase and
mechanism of clinical presenilin mutations
revealed by photoaffinity mapping
Akio Fukumori1,2 & Harald Steiner1,2,*

Abstract

Intramembrane proteases execute fundamental biological processes
ranging from crucial signaling events to general membrane
proteostasis. Despite the availability of structural information on
these proteases, it remains unclear how these enzymes bind and
recruit substrates, particularly for the Alzheimer’s disease-
associated c-secretase. Systematically scanning amyloid precursor
protein substrates containing a genetically inserted photocross-
linkable amino acid for binding to c-secretase allowed us to identify
residues contacting the protease. These were primarily found in the
transmembrane cleavage domain of the substrate and were also
present in the extramembranous domains. The N-terminal fragment
of the catalytic subunit presenilin was determined as principal
substrate-binding site. Clinical presenilin mutations altered
substrate binding in the active site region, implying a pathogenic
mechanism for familial Alzheimer’s disease. Remarkably, PEN-2 was
identified besides nicastrin as additional substrate-binding subunit.
Probing proteolysis of crosslinked substrates revealed a mechanistic
model of how these subunits interact to mediate a stepwise
transfer of bound substrate to the catalytic site. We propose that
sequential binding steps might be common for intramembrane
proteases to sample and select cognate substrates for catalysis.
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Introduction

Intramembrane proteases are exceptional proteases that catalyze the

cleavage of their substrate proteins by water-accessible catalytic

residues that are deeply embedded in the membrane (Erez et al,

2009). In most but not all cases, they cleave their substrates, which

are typically single-pass membrane proteins, within the trans-

membrane domain (TMD) (Strisovsky, 2013). Intramembrane

proteases are found widespread in all kingdoms of life and play key

roles in many important physiological and pathophysiological

processes of lower and higher organisms (Erez et al, 2009; Urban,

2009; Lemberg, 2013). For example, by releasing transcription

factors retained in the intracellular domain of a substrate controlling

lipid biosynthesis (site 2 protease) or cell differentiation in develop-

ment (c-secretase), or by liberating growth factor-containing

substrate ectodomains (rhomboid), intramembrane proteases have

been established as key mediators of crucial signaling events.

Another important function of intramembrane proteolysis is the

maintenance of membrane proteostasis by turnover of membrane

protein remnants—probably a major role of c-secretase, and of

misfolded membrane proteins by certain rhomboids.

Due to its intimate link with Alzheimer’s disease (AD),

c-secretase has been the most intensively studied intramembrane

protease (Steiner et al, 2008; De Strooper et al, 2012). The devastat-

ing disease is widely believed to occur as a consequence of the

proteolytic generation and the accumulation of amyloid b-peptide
(Ab), a heterogeneous mixture of short peptides, 38–43 amino acids

in length (Holtzman et al, 2011). The peptides are released by

c-secretase from the amyloid precursor protein (APP) following an

initial cleavage by b-secretase that generates a membrane-retained

C-terminal fragment (CTF) of APP, termed APP CTFb or C99, as

immediate c-secretase substrate (Lichtenthaler et al, 2011). Cleav-

age of C99 proceeds C-terminally from e- via f- to c-sites, thereby
liberating the APP intracellular domain (AICD) and Ab in a stepwise

manner (Qi-Takahara et al, 2005; Zhao et al, 2005; Takami et al,

2009). The longer Ab forms released by c-secretase such as Ab42
preferentially oligomerize into toxic species that eventually form

insoluble fibrils that are deposited in the brain of patients as senile

plaques (Haass & Selkoe, 2007). c-Secretase is structurally the most

complex intramembrane protease (Bai et al, 2015b) and the only

known one, which requires tightly associated partner proteins for

activity (Edbauer et al, 2003; Kim et al, 2003; Kimberly et al, 2003;

Takasugi et al, 2003). The enzyme complex is composed of four
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subunits, either presenilin (PS) 1 or PS2, present in the complex as

endoproteolytically cleaved fragments, nicastrin (NCT), PEN-2, and

either APH-1a or APH-1b (Steiner et al, 2008; De Strooper et al,

2012). Mutations in the catalytic PS subunits of the complex are the

major cause of familial AD (FAD) (De Strooper et al, 2012). Apart

from the AD-associated APP (De Strooper et al, 1998; Naruse et al,

1998), c-secretase cleaves many other type I membrane protein

substrates (Haapasalo & Kovacs, 2011), foremost the Notch1 recep-

tor (De Strooper et al, 1999; Struhl & Greenwald, 1999), a crucial

signaling protein, which has profound implications for the enzyme

as AD drug target (Imbimbo & Giardina, 2011; De Strooper &

Chavez Gutierrez, 2015).

A major unresolved fundamental question that is key to our

understanding of intramembrane proteolysis is how intramembrane

proteases recognize and recruit their substrates. Due to the

membrane immersion of the substrates, this process is fundamen-

tally different from soluble proteases and expected to be governed

by different principles (Langosch et al, 2015). Some initial insight

was provided by inhibitor and mutational studies showing that

c-secretase (Esler et al, 2002; Tian et al, 2002; Kornilova et al,

2005) and rhomboids (Strisovsky et al, 2009; Arutyunova et al,

2014) employ exosites for substrate binding, that is, secondary

substrate-binding sites separated from the active site that may aid in

substrate recognition and provide substrate specificity (Drag &

Salvesen, 2010). For c-secretase as a complex, additional subunits

may thus be involved in the substrate recognition process besides

PS. Whether NCT may possibly fulfill such a role has been highly

controversial (Shah et al, 2005; Chavez-Gutierrez et al, 2008; Dries

et al, 2009; Zhao et al, 2010; Zhang et al, 2012; Bolduc et al, 2016)

and could also not been clarified from the recently obtained cryo-

EM structure of c-secretase at atomic resolution (Bai et al, 2015b).

Thus, despite the structural information on the enzyme, the

substrate-binding sites, the mechanism of substrate recognition/

recruitment, and the substrate entry path to the active site remained

unclear and speculative.

To shed light on the mechanism of substrate recognition by

c-secretase, we established a chemical biology approach, which,

by site-specific incorporation of a photocrosslinkable phenylala-

nine derivative into the substrate, allowed us for the first time to

precisely map the residues of C99 that are in contact with the

protease. Most C99 residues contact the N-terminal fragment

(NTF) of PS1 identifying this subunit as major substrate-binding

site. In addition, substrate binding was also found for the PS1

CTF, PEN-2, and NCT. Besides mapping the substrate residues

that bind in the active site, we identified those, which bind to

exosites that were provided by the PS1 NTF, PEN-2, and NCT. We

further found that PS1 FAD mutants displayed an altered binding

of the substrate cleavage domain, suggesting substrate misposi-

tioning as a mechanism underlying the generation of the Ab42(43)
species involved in AD pathogenesis. Finally, probing proteolysis

of crosslinked substrates suggested a stepwise passage of substrate

from the exosites to the active site in PS. Taken together, these

data represent a detailed analysis of the enzyme binding sites of a

major c-secretase substrate and precursor of Ab. They provide

important structural and mechanistic insights into how this

intramembrane protease complex binds substrates, suggest altered

substrate binding as a mechanistic basis for FAD, and reveal a

substrate translocation path from the exosites to the active site.

Results

Identification of APP substrate interaction sites with c-secretase

To identify substrate–protease interaction sites of APP with

c-secretase, we employed a previously described method for site-

specific incorporation of the photocrosslinkable amino acid para-

benzoyl-L-phenylalanine (Bpa) into proteins (Chin et al, 2002).

Bpa is an unnatural amino acid containing a benzophenone group

that crosslinks to neighboring molecules within a ~3 Å distance

upon UV irradiation (Dorman & Prestwich, 1994). To this end,

amber (TAG) codons were site specifically introduced into the

cDNA encoding C100-His6, a well-characterized APP C99-based

c-secretase substrate containing an N-terminal methionine and a

C-terminal affinity purification tag (Edbauer et al, 2003). The

constructs were expressed in an E. coli strain that allows the incor-

poration of Bpa at the amber codon sites by a Bpa-specific amino-

acyl-tRNA synthetase and the co-expressed amber suppressor tRNA

and then affinity-purified via their C-terminal His6 tag. By this

approach, each single residue from D1 to D68 (Ab numbering),

covering the extracellular domain, the TMD encompassing residues

G29 to L52, and 16 additional residues of the intracellular domain,

was individually replaced by Bpa (Fig 1A). Residue D68 was chosen

as endpoint for the substrate-binding analysis, because previous

studies have shown that C99 constructs with shorter intracellular

domains affect the cleavage efficiency and cleavage specificity

of c-secretase (Iwata et al, 2001; Funamoto et al, 2004). Using

CHAPSO-solubilized c-secretase, a widely used experimental

system to study all aspects of the biochemistry and enzymology of

c-secretase (Li et al, 2000a; Tian et al, 2002; Kakuda et al, 2006;

Chavez-Gutierrez et al, 2012), the substrate variants were first

assayed for cleavability. As shown in Fig 1B and C, assessment of

AICD generation revealed that the Bpa-containing substrates

remained essentially cleavage competent, showing that they are

recognized as substrates by c-secretase. Only very few of them

affected the downstream cleavage steps to cause an increased rela-

tive generation of Ab42 (Appendix Fig S1).

Next, to identify their molecular targets, the substrates were

incubated with CHAPSO-solubilized c-secretase and UV-irradiated

to induce crosslinking. Following the dissociation of the subunits

with SDS and urea, crosslinked c-secretase subunits were isolated

by affinity pulldown via the His6 tag present in the constructs

(Fig 2A). As shown in Fig 2B, by scanning the substrate for close

contacts with c-secretase, the PS1 NTF and CTF, NCT, and PEN-2

were identified as substrate-binding subunits. Due to the failure to

detect prominent crosslink bands for APH-1, this subunit was

considered to be non-substrate binding (see also Discussion). The

major substrate crosslink sites that were identified were V44 and

L49 within the c-secretase cleavage domain that crosslinked to the

PS1 NTF, M51 and L52 located near the cytoplasmic border of the

TMD that crosslinked to the PS1 CTF, H6 in the substrate extracel-

lular domain that crosslinked to NCT, and A30 in the TMD close to

its N-terminal border that crosslinked to PEN-2. Interestingly, M51

and L52 also weakly crosslinked to the PS1 NTF, showing that two

different binding populations existed for these residues. Notably,

crosslinking to PS was much more efficient than that to NCT and

PEN-2, consistent with the expectation that the primary substrate-

binding site should locate in the catalytic subunit. Specificity of

ª 2016 The Authors The EMBO Journal Vol 35 | No 15 | 2016

Akio Fukumori & Harald Steiner Substrate recognition by c-secretase The EMBO Journal

1629



these interactions was demonstrated by the lack of substrate

crosslinking in the absence of UV irradiation and in the presence

of Triton X-100, a detergent that dissociates the c-secretase
complex (Fig 2B). Moreover, excess amounts of parental C99 WT

substrate competed the crosslinking of the respective Bpa deriva-

tives, which provided a further control of binding specificity

(Fig 2C). Taken together, these data show that C99 contacts

several subunits of c-secretase and that V44, L49, M51, and L52

of C99 represent major substrate crosslinking sites with the

protease, which apparently cluster in the cleavage domain.

Comparing the crosslinking efficiencies over the whole range of

the APP sequence showed that the substrates crosslinked primarily

to the PS1 NTF (Fig 3). Besides the major interaction sites V44 and

L49, many additional residues were identified that crosslinked more

weakly to this subunit. Among these, E3 was identified as a promi-

nent crosslink site in the extracellular domain. Likewise, besides H6

and A30, a few additional also weakly crosslinking residues were

identified for both NCT and PEN-2, while crosslinking to the PS1

CTF was limited to M51 and L52 as major sites (Fig 3). Using phar-

macological analysis (see next paragraph), only K54 could be

A C

B

Figure 1. Cleavage of C99-Bpa constructs by c-secretase.

A Schematic representation of the genetic approach to site specifically incorporate the photoactivatable amino acid derivative Bpa into C99.
B C99-Bpa constructs remain essentially cleavage competent. Numbers denote the relative c-secretase cleavage efficiencies of C99-Bpa substrates as calculated from

the AICD/C99-Bpa ratios relative to that of WT C99, which was set to 1. Inefficiently cleaved substrates (cleavage efficiency below 20%) were mostly found for Bpa
substitutions in extramembranous domains. Specificity of substrate cleavage was confirmed by the inhibition of AICD formation in the presence of L-685,458.
Residues of the TMD are highlighted in orange here and elsewhere where appropriate.

C Values obtained in (B) were additionally plotted. Yellow line indicates the cleavage efficiency of WT C99, which was set to 1. ECD, extracellular domain; ICD,
intracellular domain.
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further validated of the very few additional residues that weakly

crosslinked to this subunit. Thus, we conclude that the primary

binding site of C99 is the PS1 NTF.

Pharmacological characterization of substrate binding reveals
distinct substrate interaction sites

To determine which substrate residues contact the active site of

c-secretase, we next investigated whether c-secretase inhibitors

(GSIs) would compete their binding. Two chemically distinct GSIs

were used, L-685,458, an active site-directed peptidic transition state

analog inhibitor, and DAPT, a dipeptide-type GSI whose binding site

partially overlaps with that of L-685,458 (Wolfe, 2012). As shown in

Fig 4A, crosslinking of A42, V44, I45, L49, M51, and L52, that is,

residues in the c-secretase cleavage domain, was reduced by the

GSIs, suggesting that these face binding pockets in the active site

region that are not accessible in the presence of the inhibitors.

Surprisingly, in contrast to the above residues, crosslinking of E3

and H6 as well as of A30 was increased by both GSIs (Fig 4B).

These results indicated that the prevention of access to the active

site caused these substrates to be trapped at exosites in the PS1

NTF, NCT, and PEN-2. By scanning all substrate crosslink positions

from residues D1–D68, we noted that crosslinking was increased in

the presence of the GSIs for a large number of substrates, primarily

with extramembraneously placed Bpa positions, whereas decreased

labeling was preferentially observed in the cleavage domain

(Figs 4C, EV1 and EV2). Finally, alignment of the interaction sites of

active site-directed inhibitors with the interaction sites of C99 in the

PS1 CTF suggested that the active site of c-secretase locates at the

e-cleavage sites of C99 (Fig EV3A and B), supporting the sequential

cleavage model of c-secretase (Morishima-Kawashima, 2014).

Taken together, these data establish that C99 is in direct contact

A

C

B

Figure 2. Identification of C99-Bpa interaction sites in c-secretase.

A Schematic representation of the substrate-photocrosslinking strategy.
B Identification of C99 interaction sites with c-secretase. C99-Bpa substrates were irradiated with UV light in the presence of CHAPSO-solubilized c-secretase.

Crosslinked substrates were captured by Ni-NTA affinity pulldown and bound subunits were identified by a ~10-kDa molecular weight increase compared to the
input. Results are shown for the major substrate crosslinking residues. Crosslink formation was not observed in the absence of UV irradiation or in the presence of
Triton X-100, which dissociates the c-secretase complex, proving crosslink specificity. Bracket indicates the molecular weight range of putative C99-APH-1 crosslink
bands. APH-1aL, long splice variant of APH-1a.

C Excess amounts of parental C99 WT substrate compete crosslinking of C99-Bpa substrates to c-secretase. Single and double asterisks indicate antibody
crossreactivities to C99 monomer and dimer, respectively.
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with distinct substrate-binding sites of c-secretase, that is, with

exosites and the active site, and identify the substrate residues

directly interacting with these sites. Moreover, they indicate that

exosite binding precedes substrate binding at the active site and

suggest that substrates accumulate at the exosites when access to

the active site is blocked by a GSI (Fig 4D).

PS1 FAD mutations cause mispositioning of the substrate
cleavage domain

While it is established that FAD mutants in PS cause an imprecision

of c-secretase cleavage of C99 leading to an increase in the ratios of

longer Ab42(43) species to total Ab (Scheuner et al, 1996), the

Figure 3. Quantitative scanning of C99-Bpa substrate interaction sites with c-secretase.
Quantitative crosslinking analysis revealed V44, L49, M51, and L52 as major interactions sites of C99with c-secretase with high crosslinking efficiencies ranging from ~2 to 8%
of input. While the PS1 NTF was bound by C99 over nearly the whole range of residues, only very few residues bound to PS1 CTF. Several residues in the substrate N-terminal
extracellular domain bound to NCT. PEN-2-binding residues clustered in the membrane-flanking extracellular and intracellular domains of C99.
Bars denote the mean � SE (n = 3).
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molecular cause of these cleavage alterations is still unknown. A

plausible reason, which previously has not been possible to directly

address experimentally, is that FAD mutants might cause altered

substrate binding, which could impact on the downstream process-

ing steps leading to a relative increase in the longer Ab species.

Since our above results identified the substrate residues that are in

close contact with c-secretase, we could now directly address this

question and thus investigated whether substrate binding might be

changed for PS1 FAD mutations. Two FAD mutants were chosen for

the analysis: the rather mild A246E mutant, which causes only a

small increase in the Ab42/Abtotal ratio (Scheuner et al, 1996), and

the strong PS1 L166P mutant, which causes a dramatic shift in the

Ab42/Abtotal ratio (Moehlmann et al, 2002). As shown in Fig 5A,

exosite binding was if at all not significantly altered for the FAD

mutants. In contrast, when scanning the whole c-secretase cleavage

domain, we found that the substrate crosslink patterns were qualita-

tively and quantitatively changed for this domain for both mutants

in the PS1 NTF (Fig 5B). In particular, crosslinking of L49 and L52

was reduced for both mutants. In addition, the PS1 L166P mutant

displayed altered interactions with reduced crosslinking of V40,

V44, I45, M51 and increased crosslinking of V46 and T48.

Strikingly, the L49 interaction site of PS1 WT was strongly shifted to

its neighboring site T48 in the mutant. The alterations in crosslink-

ing thus included apparently major changes at the initial substrate

cleavage sites, the e-site residues T48 and L49. No shifts were

detected for substrate binding to the PS1 CTF, which was strongly

reduced for both FAD mutants (Fig 5C). We conclude that FAD

mutants in the catalytic subunit of c-secretase affect the substrate

binding in the active site region causing mispositioning of the C99

cleavage domain (Fig 5D).

Passage of bound substrate to the active site for
substrate cleavage

To get further insight into the mechanism of how c-secretase
recruits substrates, we next sought to address the question whether

or not exosite binding may precede substrate cleavage. To this end,

we performed “substrate-binding chase” experiments and asked

whether substrates bound at exosites by crosslinking at 4°C (bind-

ing) could be cleaved when the temperature was raised to 37°C

(chase) (Fig 6A). As shown in Fig 6B, strongly reduced levels of

crosslinked substrates were observed in the chase condition for a

A

C

B D

Figure 4. Identification of pharmacologically distinct substrate-binding sites.

A Inhibition of substrate crosslinking by the GSIs identifies substrate residues binding in the active site. L, L-685,458; D, DAPT.
B Preventing access to the active site by GSIs identifies substrate residues interacting with the exosites by their increased labeling intensity.
C Summary of effects of L-685,458 on C99 binding to c-secretase. Note that crosslinking of almost all residues of the K54–I60 region to PEN-2 was increased in the

presence of L-685,458, indicating additional exosites in this subunit binding to the juxtamembrane region of the C99 intracellular domain. See also Figs EV1 and 2
and Discussion.

D Model of substrate binding in the presence of GSIs showing the substrate accumulation at exosites provided by NCT, PEN-2, and the PS1 NTF.
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A B

C

D

Figure 5. Mispositioning of the substrate cleavage domain by PS1 FAD mutations.

A PS1 FAD mutations display little or no effect on substrate interactions at the exosites. Asterisks indicate antibody crossreactivities to C99 monomer.
B PS1 FAD mutations alter the substrate binding to the PS1 NTF in the c-secretase cleavage domain. The weak PS1 A246E FAD mutation alters substrate interactions

predominantly at V49 and L52, whereas the highly pathogenic PS1 L166P FAD mutation causes more broad changes over the whole cleavage domain. Arrows denote
the changes in binding of individual residues. Corresponding quantitation of substrate binding is shown below the immunoblots. Bars denote the mean � SE (n = 3).
Yellow line indicates the level of substrate binding to PS1 WT, which was set to 1. Blue and red bars indicate the increases or decreases in binding, respectively.

C Both mutants decrease crosslinking to the PS1 CTF.
D Model depicting substrate mispositioning of the PS1 FAD mutants in the active site region. Red lightning mark indicates corresponding substrate miscleavage.
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number of substrates with extracellular placed Bpa substitutions

which crosslinked to exosites in the PS1 NTF. This suggests that

these substrates can access the active site to become cleaved.

Indeed, the presence of L-685,458 during the chase reaction

prevented the substrate cleavage (Fig 6B). So far, the chase experi-

ments thus indicate that substrates crosslinking to exosites in the

PS1 NTF can be, or already are, properly positioned for cleavage at

the active site. Surprisingly, however, when we next investigated

exosite binding of H6 to NCT and of A30 to PEN-2 in the same fash-

ion, we noted that both substrates were not cleaved in the chase

condition, suggesting that their access to the active site was

prevented when they were crosslinked to these subunits (Fig 6C).

This unexpected observation indicated that substrates could only be

processed when they are bound at the PS1 NTF, suggesting that

binding of NCT and/or PEN-2 may occur before the binding to the

catalytic PS subunit. To investigate this possibility further, we took

advantage of the observation that some substrates crosslinked to

NCT as well as to the PS1 NTF (Figs 3, 4C, EV1 and EV2); that is,

two binding populations existed for them. Strikingly, when such

substrates (E3, H6, G9, Y10) were further analyzed, we found that

they could only be efficiently cleaved in the 37°C chase condition

when crosslinked to the PS1 NTF, but not when crosslinked to NCT

(Fig 6D). Very similar observations were made for A21 and A30 that

crosslinked to the PS1 NTF and PEN-2, respectively (Figs 3, 4C, EV1

and EV2). These substrates could only be cleaved when they were

bound to the PS1 NTF (Fig 6E). Finally, we asked whether another

substrate, Notch1, could compete with C99 binding at the exosites.

As shown in Fig 6F, excess amounts of the well-characterized

recombinant Notch1-based c-secretase substrate N102-FmH

(Takahashi et al, 2003) competed C99 binding not only as expected

at the active site (Fig EV4), but also at the exosites despite having a

different primary sequence. This suggests that interaction with the

exosites represents a common substrate-binding step of c-secretase
and that yet unknown, structural features of substrates are recog-

nized by c-secretase at these sites. In summary, these data show

that substrate binding to NCT and PEN-2 occurs before PS1 NTF

binding. Together with our data showing that access from the

exosites to the active site is prevented in the presence of GSIs, they

suggest a mechanism of stepwise substrate binding and transfer

from exosites to the active site of c-secretase.

Discussion

Site-specific substrate crosslinking provides a powerful approach
to identify protease interaction sites

The lack of detailed information on the binding sites of any

intramembrane protease for their natural substrates presents a

major gap in our mechanistic understanding of intramembrane

proteolysis. It is thus unclear whether the substrate recruitment of

these proteases follows common principles or whether each class

of them employs unique mechanisms. In particular for the

AD-associated c-secretase, obtaining information on substrate-

binding sites is also highly relevant for our understanding of the

mechanism of FAD mutants and for substrate-specific drug develop-

ment. To identify substrate-binding sites and thereby provide insight

into the substrate recognition process of c-secretase, we have

applied a chemical biology approach to determine the interaction

sites of C99, the precursor of Ab, with c-secretase. By site-specific

photocrosslinking of purified C99-Bpa derivatives with CHAPSO-

solubilized enzyme, we found that most of the substrate interactions

occurred within the PS1 NTF, suggesting that this subunit provides

the principal substrate-binding site. The PS1 CTF, NCT, and PEN-2

were identified as additional substrate-binding subunits.

Identification of substrate residues binding to exosites in three
different subunits, PS1 NTF, NCT, and PEN-2

Photoaffinity scanning revealed that the extracellular and the

N-terminal TMD region of C99 contacts three different subunits of the

c-secretase complex: PS1 NTF, NCT, and PEN-2. The principal inter-

action sites in these regions of C99 were E3 for the PS1 NTF, H6 for

NCT, and A30 for PEN-2. Since these residues are far away from the

cleavage domain spanning residues G37-L49 of the TMD, the sub-

units contacted by E3, H6, and A30 should be those that contain

exosites. Consistent with this view, binding of these residues was

not inhibited when the active site was blocked by L-685,458,

demonstrating that PS1 NTF, NCT, and PEN-2 provide exosites for

substrate binding. Interestingly, rather than inhibiting substrate

binding, preventing substrate access to the active site by L-685,458

increased subunit labeling of E3, H6, and A30. Similar results were

obtained with DAPT and all other GSIs of various structural classes

that were tested (Appendix Table S1). Thus, substrate residence

times at the exosites and/or exposure of the exosites toward the

substrate are apparently enhanced when the active site cannot be

reached. Our scanning analysis revealed that C99 binding was

increased in the presence of GSIs over a broad range, showing that

numerous residues of the extracellular domain are in contact with

exosites in the PS1 NTF, NCT, and PEN-2. Interestingly, most Bpa

mutations that reduced c-secretase cleavage efficiency located in the

N-terminal extracellular domain, indicating that exosite interactions

with this domain influence the substrate recognition process. Since

the recent high-resolution structure in the presence of DAPT showed

only minor conformational changes compared to the inhibitor-free

form (Bai et al, 2015a), and since GSIs such as DAPT, as small mole-

cules, occupy only little space within the c-secretase structure, one

might finally also speculate that the cleavage domain of substrates

accumulating at the exosites in the presence of a GSI might locate

spatially very close to the active site, but can just not access it.

While NCT and PEN-2 were clearly identified as exosite-

providing non-catalytic subunits, APH-1 appeared not to be

involved in substrate binding. Although previous data suggested

that this subunit could interact with APP CTFs, implying a role in

substrate recruitment (Chen et al, 2010), binding of full-length APP

to APH-1 was reported as well, which conflicted with the known

requirement of c-secretase substrates to have short ectodomains

(Struhl & Adachi, 2000; Bolduc et al, 2016). Unlike observed for all

other subunits, we found that potential C99-APH-1 crosslink bands

were insensitive to L-685,458 (Appendix Fig S2). This observation,

together with the structural arrangement of the c-secretase subunits

(Sun et al, 2015), in which an APH-1-bound substrate would not

have an obvious transfer path to the active site, suggests that APH-1

is not involved in c-secretase substrate recruitment.

Previous studies using the short APP TMD-based helical peptide

GSIs D-10 and D-13 suggested that a c-secretase exosite, termed
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A
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C

F

E

D

Figure 6. Concerted action of exosites and active site in substrate binding and cleavage.

A Schematic representation of the substrate-binding chase experiment assaying whether C99 crosslinked at exosites (Exo) can be cleaved during chase incubation. Note
that crosslink product of substrates with Bpa placed in the Ab region cannot be recovered by Ni-NTA affinity pulldown after c-secretase cleavage in the 37°C chase.

B Substrates bound to exosites in the PS1 NTF at 4°C can be cleaved in the 37°C chase incubation in a L-685,458-dependent manner. Note that although many of
these substrates crosslinked only weakly at the exosites, their cleavage in the 37°C chase proved that these reflected functional substrate-binding states.

C Substrates crosslinking in the exosites to NCT and PEN-2 cannot be cleaved.
D, E Substrates can be cleaved when crosslinked to PS1 NTF, but not when crosslinked to NCT (D) or PEN-2 (E).
F Excess amounts of Notch1 substrate N102-FmH compete with exosite binding of C99. See Fig EV4 for competition of C99 binding in the active site region.
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docking site, locates very close to and overlaps with the active site

region in the PS NTF/CTF interface (Kornilova et al, 2005). Accord-

ingly, the exosites in the non-catalytic subunits PEN-2 and NCT are

distinct from the docking site. Since the C99 residues binding to

exosites in the PS1 NTF are distant from those binding in the active

site region, these exosites are very likely distinct from the docking

site. Consistent with this view, we found that the helical peptide

GSIs did not compete exosite substrate binding and rather increased

it (Fig EV5A), whereas they strongly inhibited the interaction of

substrates targeting the active site (Fig EV5B).

The major interaction sites locate in the cleavage domain and
face the active site region in the PS1 NTF and CTF

V44, L49, M51, and L52 in the C99 TMD represented the major

c-secretase interaction sites. These residues displayed extraordinary

high crosslink efficiencies compared to the other residues. While

V44 and L49 faced the PS1 NTF, M51 and L52 faced the PS1 CTF.

Additional more minor interaction sites with the PS1 NTF in this

region ranged broadly from V40–L52. Binding of these substrate

residues was inhibited by L-685,458 and DAPT, suggesting that they

are in contact with the active site in PS1. M51 and L52 crosslinked

also weakly to the PS1 NTF, suggesting that they bind directly at the

PS1 NTF/CTF interface. Residues V49–L52 of the cleavage domain

are thus very close to the active site interface formed by the PS1

NTF and CTF, which is consistent with the concept that substrate

cleavage begins at the e-site. Further subsite analysis showed that

non-prime site residues within the cleavage domain upstream of the

major e-site (e49) bind the active site in the PS1 NTF and prime-site

residues immediately downstream of e49 primarily at the PS1 CTF.

It should be noted that reduced crosslinking of more distant sites

(e.g. A42, V44) in the presence of inhibitor might also be the conse-

quence of inhibitor-induced conformational changes (Li et al, 2014;

Bai et al, 2015a; Elad et al, 2015) that could have reduced the

exposure of these crosslink sites.

Residues further downstream in the intracellular domain of the

substrate were predominantly bound to the PS1 NTF, but also to

PEN-2. Binding of most residues of the K54–I60 region to PEN-2

was increased when substrate access to the active site was

blocked in the presence of L-685,458, suggesting that these inter-

acted with additional exosites in this subunit. However, as the

crosslinking efficiencies of these residues were extremely low and

close to the detection limit, further mechanistic analyses were

precluded with our currently available techniques. Finally, it is

important to note that from all residues locating between the

e- and c-sites analyzed, V44 showed the highest crosslinking

efficiency, suggesting that it plays a key role in substrate anchor-

ing in the active site region.

Substrate passage from exosites to the active site

A key property of c-secretase substrates is that they have very short

extracellular domains of about 15–30 amino acids, typically as a

result of ectodomain shedding. Our results using C99 suggest that

the recognition of these domains involves exosites in the PS1 NTF,

PEN-2, and NCT, supporting a role of the latter subunit in substrate

binding (Shah et al, 2005). They further allow important novel

mechanistic insight into the functional interplay between the

exosites and the active site during substrate binding and catalysis of

c-secretase substrates. As summarized in Fig 7A, our data are

consistent with a model of a stepwise binding path. According to

this model, following ectodomain shedding, C99 will initially inter-

act with exosites in NCT and PEN-2 (stage 1). Release from these

sites will then allow the substrate to bind to exosites in the PS1 NTF

(stage 2). Following this stage, the substrate can engage the active

site for cleavage (stage 3).

Remarkably, although different in primary sequence, Notch1

competed exosite binding of C99, suggesting that it bound to the

same exosites as APP. This indicates that structural properties of the

substrate rather than specific sequence recognition motifs are recog-

nized by the exosites on c-secretase. This flexibility in exosite binding

may explain why c-secretase can recognize and cleave so many

substrates that are diverse in their primary sequence and indicates

that the substrate-binding path deduced here might be common for

all c-secretase substrates, although it is also possible that the exosite

usage is substrate dependent, thus impacting on substrate selectivity.

How do intramembrane protease substrates gain access to the

catalytic residues for their cleavage? Based on the currently avail-

able structural information, it is possible that intramembrane

proteases may switch between open and closed conformations of

the active site to allow substrate entry. Access of substrates to the

active site may occur by a gating mechanism, which may involve

either TMD movement as in the case of site 2 protease or as in the

case of rhomboids alternatively by opening of a lid formed by one

of the rhomboid loop domains or a combination of both (Strisovsky,

2013). For c-secretase, substrate access to the active site may

involve movements of TMD2 and TMD6 of PS, which display

substantial flexibility in the atomic structure of the enzyme (Bai

et al, 2015b) and which, interestingly, had been implicated earlier

in substrate binding by mutational analysis (Watanabe et al, 2010).

In particular, TMD2 is highly flexible, suggesting that it might be

involved in substrate entry to the active site—potentially acting as a

lateral gate. This view is supported by latest structural data showing

that the flexibility of TMD2 is greatly reduced upon binding of DAPT

(Bai et al, 2015a).

Previous biochemical data suggested that PEN-2 is in close prox-

imity to the PS1 CTF and possibly in the vicinity of the catalytic site

(Bammens et al, 2011). However, PEN-2 locates rather distant from

the active site in the atomic c-secretase structure (Bai et al, 2015b).

Considering our findings that C99 was also bound to PEN-2 before it

could access the active site, it is thus likely that conformational

changes in the enzyme will be required for the translocation of

exosite-bound substrates to the active site (Fig 7B and C). Besides a

potential lateral movement of PEN-2 toward the active site, such

changes could also involve NCT (Li et al, 2014; Bai et al, 2015b)

and would be consistent with the observation that c-secretase can

exist in different conformations (Bai et al, 2015a; Elad et al, 2015).

Conformational changes are also required to bring the catalytic

aspartates in TMD6 and TMD7 of PS, which are too distant for an

active aspartyl protease in the atomic structure, in closer vicinity to

catalyze peptide bond cleavage. Notably, concomitantly occurring

movements of PEN-2 and TMDs 3, 4, 5, and 6 of the PS1 NTF have

been reported recently (Bai et al, 2015a). Furthermore, conforma-

tional variations of TMDs 2 and 6 were visible in a substrate

binding-mimicking conformation with an additional TMD from a

co-isolated single-pass membrane protein (Bai et al, 2015a),
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supporting the concept that conformational changes occur during

the substrate recruitment. Interestingly, conformational changes

upon the substrate binding to an exosite have also been suggested

by kinetic analysis of rhomboid proteases, indicating that

these could be a common feature of intramembrane proteases

(Arutyunova et al, 2014).

A

B C

Figure 7. Model of a sequential substrate-binding path of c-secretase.

A C99 is first bound at exosites (pink) located in NCT and PEN-2 (stage 1) and then at exosites in the PS1 NTF (stage 2). When bound at these sites in the PS1 NTF, the
cleavage domain of C99 gets access to the c-secretase active site formed by the PS1 NTF/CTF heterodimer for peptide bond cleavage (stage 3).

B Potential substrate entry routes to the active site in the context of the c-secretase structure. Assuming larger conformational changes upon substrate binding, the
access of substrate to the active site appears possible from both convex and concave sides of the horseshoe structure of c-secretase (black arrows). Several
hypothetical substrate transfer routes (red arrows) from the exosites in PEN-2 and NCT to the active site are shown in bottom view. Dashed red arrows indicate paths
with potential barriers imposed by cytosolic loops between TMDs 2/3 and 4/5 of PS1. Catalytic residues are shown in yellow with side chains as spheres. For clarity,
only the TMD domain of NCT is shown.

C Hypothetical conformational movements of PEN-2 and PS1 TMD2 for the presentation of C99 to the active site from the convex side are shown by dashed red arrows.

Data information: Structural models of c-secretase in (B) and (C) are based on the 4.32 Å cryo-EM structure (Sun et al, 2015) and were generated with PyMol. Dark blue,
PS1 NTF; light blue, PS1 CTF; yellow, PEN-2; green, NCT, purple, APH-1aL. Light purple, PS1 TMD2.
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Finally, we suggest that the sequential usage of exosites shown

here for c-secretase might be a general mechanism of intramem-

brane proteases for substrate recognition and recruitment. Based on

experiments with rhomboid, intramembrane proteases may recog-

nize substrates primarily by TMD instabilities (Moin & Urban,

2012). Rhomboid patrols the membrane for such substrates using

an exosite termed “interrogation” site (Dickey et al, 2013). In a simi-

lar manner, c-secretase may presumably scan substrates for the

presence of permissive domains by the exosites in PEN-2, NCT, and

the PS1 NTF. Thus, exosites in intramembrane proteases may help

to identify conformationally more flexible substrates and discrimi-

nate them from less flexible ones. Substrate sampling by sequen-

tial binding to and release from exosites as shown here for

c-secretase may be a common mechanism of intramembrane

proteases to identify their cognate substrates and may also explain

why rhomboids and c-secretase are very slow enzymes (Dickey

et al, 2013; Arutyunova et al, 2014; Kamp et al, 2015).

Altered substrate binding of clinical PS mutants implies a
pathogenic mechanism for FAD

PS FAD mutants affect the efficiency of the carboxypeptidase-like

activity with which c-secretase processes the TMD of C99 (Quintero-

Monzon et al, 2011; Chavez-Gutierrez et al, 2012; Okochi et al,

2013; Fernandez et al, 2014; Szaruga et al, 2015). This manifests in

an increased ratio of Ab42 and Ab43 species over Ab40, the predom-

inant Ab species generated by c-secretase (Scheuner et al, 1996;

Chavez-Gutierrez et al, 2012). However, the mechanistic basis of

altered C99 processing by c-secretase caused by the FAD mutants

has not yet been established. Several FAD mutations including the

aggressive PS1 L166P mutant have been shown to display altered

transition state analog GSI binding, suggesting an altered active site

topography (Kornilova et al, 2005; Chau et al, 2012). In our study,

we made the important observation that the PS1 L166P mutant

causes several positional shifts of substrate crosslinking sites in the

active site mostly around the e-cleavage site. Similar but weaker

positional shifts were also found for the milder A246E mutation.

The occurrence of prominent binding-site shifts at the initial

e-cleavage sites is consistent with altered downstream processing

pathways leading to the production of pathogenic Ab species by the

FAD mutants (Morishima-Kawashima, 2014). Moreover, for both

FAD mutants, binding to the PS1 CTF was reduced. On the other

hand, substantial changes in exosite binding were not observed for

the FAD mutants, suggesting that they primarily affected the posi-

tioning of the substrate cleavage domain region. Our data thus

suggest that altered interaction of the C99 cleavage domain with

c-secretase is a decisive mechanism underlying the increased

relative levels of Ab42(43) observed for PS FAD mutants. Future

analysis of a larger spectrum of FAD mutations will show whether

or not these mutants affect substrate binding in a common way or

whether each FAD mutation will show an individual pattern of C99

binding alterations, which, as our data on two different mutations

indicate, might be more likely.

Taken together, besides altered C99 positioning in the active site

region, changes in the active site conformation, reduced processiv-

ity, or combinations of these effects impact mechanistically on the

generation of pathogenic Ab species by PS FAD mutants. Alterations

in binding of the C99 cleavage domain region could actually also

underlie the reduced processivity that is commonly observed for PS

FAD mutants. Independent of whether or not substrate binding of

C99 changes at the e-site, the ensuing Ab49/46/43 or Ab48/45
c-secretase substrates may continue to be improperly positioned or

not effectively bound for the subsequent processing steps to occur

efficiently, ultimately causing increased Ab42(43)/Ab40 ratios. This

is supported by previous observations that PS FAD mutations weak-

ened the binding of Ab42 and reduced the efficiency of c-secretase
for its conversion to Ab38 (Okochi et al, 2013).

Limitations

The introduction of Bpa into proteins for crosslinking purposes gener-

ates mutant proteins. This unavoidable intrinsic limitation of the

crosslinking approach could, besides the effects on overall activity,

also have caused alterations of C99 processing leading to a relative

increase in pathogenic Ab species as observed for many APP FAD

mutants (Weggen & Beher, 2012). However, the large majority of the

C99-Bpa substrates did not show this effect, showing that the intro-

duction of Bpa per se was not causing pathogenic APP processing.

Only very few of the C99-Bpa substrates caused relative increases in

Ab42 generation—mostly at positions known earlier to cause such

cleavage specificity changes for synthetic and clinical Bpa-related

phenylalanine mutants of the APP TMD (Lichtenthaler et al, 1999).

It should be further noted that although the use of CHAPSO-solu-

bilized c-secretase allowed the identification of substrate–protease

interactions of an active c-secretase, we cannot exclude that some

crosslink sites and/or intensities might change when alternative

complex-maintaining detergents would be tried. Although the cryo-

EM structure of c-secretase is nearly identical in digitonin and

amphiphol, ruling out major impacts by the detergent, minor trans-

membrane domain shifts have been observed (Sun et al, 2015)

which could alter the crosslink patterns observed in our study. It is

also possible that other substrate residues might be exposed due to

conformational adaptations of the complex when the complex is

reconstituted into model membranes of various lipid compositions.

Implications for protease research and drug development

To our knowledge, systematic, site-specific incorporation of the

photocrosslinkable amino acid Bpa using a genetic system has been

used here for the first time as a novel strategy to identify and map

the substrate-binding sites of a protease. While this powerful

approach will be generally applicable for any protease to identify its

substrate interaction sites, it could be particularly helpful for the

identification of substrate-binding sites of other intramembrane

proteases that have more difficult to analyze membrane-spanning

substrates. As shown here for C99, when authentic full-length

substrates are used, the identification of distantly located exosites

will be achievable, which is not possible in classical approaches

using short inhibitor-based substrate mimics that bind in the active

site region. Thus, a full spectrum of substrate–protease interaction

sites can be obtained with genetically engineered full-length

substrates extending previous analysis possibilities. Furthermore,

substrate-binding chase experiments could also be generally used to

elucidate substrate movements and to reveal potential substrate

paths from protease exosites to the active site. Finally, besides the

prime importance of elucidating the mechanism of substrate
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recognition by intramembrane proteases for our general understand-

ing of intramembrane proteolysis, especially for c-secretase as an

AD drug target, information on the substrate–protease interaction

sites is also key for the development of substrate-selective inhibi-

tors, since the lack of sufficient substrate specificity is one of the

likely causes of the failure of GSIs in clinical trials (Imbimbo &

Giardina, 2011). Here, the powerful substrate crosslinking approach

used in this study may be helpful to elucidate and identify dif-

ferences in the recruitment of diverse c-secretase substrates, which

could possibly be exploited to develop GSIs with improved selectiv-

ity or perhaps even substrate-targeting molecules. In addition, this

approach can be used to shed further light on the mechanism of

c-secretase modulators as well as to develop drugs that will restore

normal substrate positioning of PS FAD mutants.

Materials and Methods

Antibodies

The following polyclonal and monoclonal antibodies were used:

N1660 against NCT (Sigma), O2C2 against APH-1aL (Thermo Scien-

tific), 1638 against PEN-2 (Steiner et al, 2002), PS1NT against the

PS1 NTF (Capell et al, 1997; Covance), 5E12 against the PS1 CTF

(Kretner et al, 2016), and penta-His (Qiagen).

c-Secretase inhibitors (GSIs)

L-685,458 (Shearman et al, 2000) was obtained from Calbiochem.

LY-411575 (May et al, 2001) and III-31-C (Esler et al, 2002) were

purchased from Sigma. DAPT (Dovey et al, 2001), ELN594

(Liebscher et al, 2014), and begacestat (Mayer et al, 2008) were

kind gifts from Boris Schmidt, Technical University Darmstadt,

Guriqbal Basi, Elan Pharmaceuticals and Karlheinz Baumann,

Roche, respectively. D-10 and D-13 (Kornilova et al, 2005) were

synthesized by BEX (Tokyo, Japan).

Cell culture and cell lines

Untransfected HEK293 cells and single cell clones of HEK293 cells

stably transfected with Swedish APP and WT and mutant PS1 vari-

ants were cultured as described (Steiner et al, 2000).

Cloning, expression, purification, and in vitro cleavage of
Bpa-containing c-secretase substrates

Amber codons were introduced at the desired sites in the C100-His6
cDNA using standard cloning techniques. Constructs were co-

expressed in E. coli with suppressor tRNA and tRNA synthetase

allowing site-specific introduction of Bpa at the amber codon sites

and affinity-purified using Ni-NTA. Analysis of substrate cleavage

was performed using CHAPSO lysates of HEK293 cells as enzyme

source. Full details are given in the Appendix.

Substrate photocrosslinking

HEK293 cells (three 15-cm dishes) were lysed in 900 ll of 50 mM

HEPES, pH 7.5, 150 mM NaCl, 5 mM CaCl2, 5 mM MgCl2, 1%

CHAPSO, 1× PI mix without EDTA (Roche) for 1 h on ice. Following

ultracentrifugation at 100,000 × g for 90 min at 4°C, lysates were

diluted to 0.35% CHAPSO; 70 ll aliquots of the lysate were mixed

with 2 lM purified Bpa substrates and irradiated at 365 nm with a

3UV lamp (8 W, 230 V, 50 Hz; UVP, Upland, CA, USA) in ~1 cm

distance for 30 min on ice. Irradiation time was reduced to 15 min

for quantitation experiments. To confirm crosslink specificity, 1%

Triton X-100 was added to dissociate c-secretase. Water was added

to the control samples. To assess competition of substrate binding,

20 lM GSIs was added. DMSO was added to the corresponding

vehicle controls. After irradiation, the samples were immediately

mixed with 2 volumes of 50 mM Tris–HCl, pH 8.5, 500 mM NaCl,

5 mM CaCl2, 5 mM MgCl2, 1% SDS, and 2 M urea to dissociate the

c-secretase complex and mixed with Ni-NTA agarose beads. Follow-

ing 1-h incubation at RT with shaking, the beads were washed three

times with the same buffer and captured proteins were eluted with

2× SDS–PAGE sample buffer containing 2 M urea and 200 mM

imidazole. Samples were separated by SDS–PAGE and immunos-

tained with antibodies against the c-secretase complex subunits. For

competition experiments using substrates as competitors, 0.4 lM of

the respective photocrosslinkable substrates and 2 lM of competi-

tive APP and Notch1 substrates were used to avoid the presence of

excess SDS from the purified protein preparations. Negative control

samples received the same amount of elution buffer as vehicle. For

substrate-binding chase experiments, following UV irradiation, the

samples were supplemented with 20 lM L-685,458 or DMSO as

vehicle and immediately put into a pre-warmed water bath at 37°C.

After 1-h incubation, the samples were dissociated as above and

subjected to Ni-NTA affinity pulldown as described above.

Quantitative analysis and validation of substrate crosslinking

Intensities of crosslink bands were quantified from immunoblots

using luminescent image analyzer (LAS-4000; Fujifilm, Tokyo,

Japan). For all crosslink sites, additional validation experiments

were performed by 30 min UV irradiation in the presence or absence

of L-685,458.

Deglycosylation of substrates crosslinked to NCT

Following Ni-NTA affinity pulldown, the samples were additionally

washed twice with 50 mM Tris–HCl, pH 8.5, 500 mM NaCl, 5 mM

CaCl2, 5 mM MgCl2, 1% SDS. After the addition of 6 ll of 50 mM

HEPES, pH 7.5, 150 mM NaCl, 5 mM CaCl2, 5 mM MgCl2, 1%

CHAPSO, 1× PI mix without EDTA (Roche), and 5 mU endoglycosi-

dase H (Roche) and incubation overnight at 37°C, the samples were

analyzed by immunoblotting.

Expanded View for this article is available online.
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